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1. INTRODUCTION

Discussion on the reasons for the interphase characteristics to dependence on the
chemical nature and energy state of the electrode surface originated in the pio-
neering works of Borisova, Ershler and Frumkin [1, 2], where it was found that
the double layer characteristics to a significantly degree depend on the electrode
surface pretreatment. In 1967, A. N. Frumkin put forth an idea that double layer
and adsorption parameters calculated on the basis of experimental data for solid
electrodes with polycrystalline (PC) surface structure are of an apparent nature;
he also stressed the necessity of conducting the highly accurate electrochemical
measurements on individual faces of monocrystalline electrodes [3]. In 1972, the
quantitative analysis of the electric double layer, adsorption of ions and organic
molecules and the electrochemical kinetics of various reactions on different solid
metals have been studied in the Laboratory of Electrochemistry and Department
of Inorganic Chemistry reorganized to the Institute of Physical Chemistry of the
University of Tartu at 1991 [4]. It should by noted that the principal double layer
characteristics of the (111) face of monocrystalline Bi have been experimentally
studied by M. Parnoja, N. B. Grigoryev, and U. Palm under the supervision of
A. N. Frumkin at The Institute of Electrochemistry of the Russian Academy of
Sciences [5]. Systematic investigations on monocrystalline faces of Sb and Cd
have been started in 1987 [6, 7].

In order to determine the true adsorption characteristics in the systems under
study, elucidate crystallographic effects and produce modeling PC surfaces
with specified parameters, large-scale investigations were performed at the In-
stitute of Physical Chemistry aimed at studying the adsorption on various faces
of single crystals of Bi, Sb and Cd in aqueous solutions. These problems are
considered in this work [I-X1].



2. LITERATURE OVERVIEW

Adsorption of organic compounds at the metal |electrolyte solution interface is
attracting considerable attention of everyone concerning with theoretical and
applied electrochemistry. Indeed, unless the adsorption effects are taken into
account it is impossible to understand the mechanism of most of the processes
occurring at the mercury electrode and therefore to interpret the results of po-
larographic determinations.

Adsorption of organic compounds is widely used for regulating the proc-
esses of metal electrodeposition. It determines the behavior of organic com-
pounds at positive electrodes of fuel cells and therefore their suitability as elec-
trochemical fuel. The action of corrosion inhibitors is based on adsorption ef-
fects and they must also be taken into consideration in searches for new routes
of organic electrochemical synthesis. Adsorption effects are also met in the
general electrochemical industry. Investigations of adsorption phenomena at
electrode |solution interfaces are of theoretical interest, extending our know-
ledges about the structure of the electric double layer.

2.1. Methods for Determination of the Adsorption Parameters

As shown in [8], if the rate of the adsorption of organic compounds is limited
by diffusion, the equilibrium values of differential capacity at v = 0 can usually
be found of a sufficient degree of accuracy by the extrapolation of the

Cadd(coL/2) - curve (co = 2tiiv) to cov2 = 0. According to the method [9, 10], the

equilibrium values of differential capacity can be calculated by eqn. (1)
Cad(G) = 0) = Q ,d(G>)i?@(co)w2 + ¥{[C ak(w)p(co)oo- I1tfp(C0)G)J , (1)

where Cadd(to) and Rp(co) are the values of differential capacity and solution re-
sistance at co = const.

The components of the adsorption impedance have been calculated from the
impedance data of the cell used for the measurements (series circuit), i.e. Cs(co)
and Rs((0), following the procedure described in [8-11]. By extrapolating the
/?s(co)-values to co —>«> the solution resistance /?s(co)=/?S] has been determined.
Since the amount of organic compounds added is small and does not affect the
solution resistance, one can assume Rsoito be equal to the ohmic component Rs,
of impedance in the pure base electrolyte solution. Then the series equivalents
Ks(co) - Rso\ and Cs(co) of impedance were converted into the parallel equiva-
lents Cp + Ctrue and Rp via the relations given in [8- 11].



The charge density-potential aO(E£)-curve for base electrolyte solution has
been obtained by the integration of the C(£)-curve, starting from the potential
of zero charge E ~. The values of E6=0 for different singe crystal planes have
been obtained from the position of the diffuse layer minimum on an independ-
ently measured differential capacity curves for a dilute solutions of the base
electrolyte. The charge density-potential curves for solutions with different ad-
ditions of adsorbate have been obtained by back integration of the C(E)~curves,
starting from E- -1.8 V/SCE and assigning the value of a(E= -1.8 V) equal to
GoE=-1.8 V), because there is no adsorption at E- -1.8 V/SCE. The shape of
g(E)~curves is typical of the behaviour observed for the adsorption of neutral
organic molecules at ideally polarizable electrodes.

The values of the initial and final potentials for the potential step experi-
ments were chosen with the help of the C(E)- and j(E)-curves. The initial po-
tential E[ has been varied from -0.50 to -1.80 V/SCE. The final potential £f
was equal to -1.60 V/SCE for cog” 0.01 M and -1.80 V/SCE for cog> 0.01 M.

The chronoamperometric curves were integrated digitally to obtain the
charge transients. The chronocoulometric curves display an initial fast-rising
section, corresponding to the charging of the edl followed by a quasi-plateau in
which the charge varies slowly and linearly with time. The slope of this seg-
ment is small (due to a very slight hydrogen evolution reaction). These linear
segments of the transients have been extrapolated to zero time to obtain the
relative charge densities Aa. In this way, the faradaic contribution from hydro-
gen evolution was minimized. The relative charge densities [Ja have been deter-
mined from these step measurements:

Ao(E) =6(Ei)-c(Ed. @)
In egn. (2) a(£;) and a(£f) are the charge densities at the metal side of the inter-
face at potentials E\ and Ef, respectively. Knowing the value of £ ¢c=0, determined
by impedance measurements in the dilute solutions of base electrolyte [12], the

absolute charge densities have been calculated for each value of E by using the
formula

9(E) = Aa(f) - Aa(£0=0) (3)

Capacitance curves have been twice back-integrated to obtain a surface ten-
sion (y-yo) decrease as a function of the electrode potential and adsorbate con-
centration [13]. The second integration was performed from the same negative
charge at first, assigning the value of zero to the surface tension at the pzc in
the base solution.

The pressure of the film of adsorbate s can be determined as

E E
Z(E) =yc=0-Y c=JacdE- Jac=0dE (4)
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where subscripts ¢ and ¢ = 0 indicate the presence and absence of adsorbate in
the bulk of the electrolyte, respectively, and y is surface tension.

The film pressure data have been used to calculate the relative Gibbs surface
excess (). First the film pressure is plotted against log cag at E - const. The
curves display a long linear section, its slope giving the limiting value of ' Tax

(6)

As in the rising part of the curves, the slope changes dramatically, therefore, the
related Gibbs excesses for the intermediate coverages have been determined
from the electrode charge densities using the well-known formula

The values of (oy -crr=0) have been obtained by the extrapolation of the lin-

ear sections of the o(E)- curves.

Differential capacity C\ at the maximum coverage has been obtained by ex-
trapolating 1/C vs. 1/corg plots to (I/cog) -» 0. The data taken at the potential of
maximum adsorption Emex lie satisfactorily on a straight line. This is a proof
that capacitance in the region of maximum adsorption is negligibly affected by
problems of reversibility.

Since the surface pressure data are to some degree not quantitatively reli-
able, the surface coverage at E - E » has been first estimated from eqn. (7)
based on Frumkin’s two parallel condensers model [8, 11, 13-15]

0=(Co-Ce)/(Co0-Cj), )

where Coand C\ are the capacitances at 0 = 0 and 0=1, respectively. The next
step is the test of the Frumkin isotherm (log[0/(1-0)c] vs. 0 plot) to derive the

adsorption parameters. The standard Gibbs energy of adsorption AG s at £ mx

has been obtained by eqn. (8)
AG°ds =-RT In(55.5 Bn). ®

The adsorption isotherms at various E = const, and o = const, have been cal-
culated by the methods described in [8, 11, 16-19].

If the Frumkin-Damaskin model [8, 11] is accepted, further information on
adsorption parameters can be obtained from an analysis of the adsorption-
desorption peaks. The following analysis is not unquestionable per se. First,
frequency effects are included; secondly, the validity of the formulae entails in
particular a congruence of isotherms with respect to the potential and constants
Co and C|. However, the analysis is carried out in order to compare the adsorp-
tion of the same compound at the various planes of the same metal, using the
same experimental variable. The values of Cnex at (*™ have been obtained by
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using eqn. (1) and the value of CO has been obtained by extrapolation of
Co(col)-dependence to co-»0.

d (cmax - CO)/d logcorg = 2.3(Co- C,)/(2- a). 9)

Since Co and C\ are known independently, a value of a at E ~ Emax can be ob-
tained from eqn. (9).
The intercept is given by

intercept = slope (log Bm +a/2.3) + (Co+ Q )/2 , (10)

By using the values of a obtained from eqn. (9), and a value of log Bm, the ad-
sorption equilibrium constant at can be obtained from eqn. (10).

According to Frumkin’s model, (Emex- E *) 2 should be linearly related to
log ¢ with a slope given by

d(Em* -£ 'max)2/dlog e=4.6/?7Tmax/(C0- C,). (11)

Since Coand C\ are known, I'ta* can be estimated from eqn. (11). According to
the data of the systematic analysis compounds adsorption on Bi, Sb and Cd sin-
gle crystal plane electrodes it has been found that at the first approximation the
Frumkin— Damaskin adsorption theory [8, 11] is valid.

2.2. Adsorption of Organic Compounds on Mercury,
Gold and Silver Electrodes

The electrosorption behaviour of the same organic compounds on different
metals and on different single crystal planes of the same metal under all the rest
identical conditions can help to establish a scale of metal-water and water-
water interactions for these various electrode materials. To this end the organic
compounds must satisfy the requirement being weekly physisorbed on the metal
surface. Whereas monofunctional aliphatic compounds (alcohols, amines,
ethers, esters, ketones and carboxylic acids) are usually convenient candidates
for this purpose, pyridine and more generally organic compounds with conju-
gated double bonds or sulphide groups are not suitable for this purpose, since
they thend to form weak chemical bonds with the metal: this explains why the
latter compounds often exhibit trends opposite to those shown by simple ali-
phatic compounds [20].

The adsorption of various aliphatic compounds on mercury, gold and silver
electrodes has been investigated by several research groups. Differential capa-
city measurements have been used by Damaskin et al. [8] and Moncelli et al.
[21] to investigate the adsorption of aliphatic alcohols at mercury drop elec-
trode. Differential capacity measurements have been used by Damaskin and co-
workers [22-28] to investigate the adsorption of esters, ketones, amines,
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pyridine and carboxylic acids at mercury drop electrode. Beltowska-Brzezinska
and co-workers [29-31] used the tensametric method to characterize the ad-
sorption of a number of primary and secondary alcohols on polycrystalline gold
electrode. Tucceri and Posades [32] investigated the adsorption of n-pentanol
on thin gold film electrodes using capacitance and conductance measurements.
Differential capacity measurements have been used by Dutkiewicz et al. [33,
34] to investigate the adsorption of carboxylic acids at gold single crystal
electrodes. Chronocoulometry has been employed by Lipkowski et al. [35] to
study diethyl ether adsorption and by Richer and Lipkowski [36-38] to study
tert-pentanol adsorption at gold surfaces with low single crystal index. Petit et
al. [39] and Hamelin and Valette [40-42] investigated pyridine adsorption of
polycrystalline Au and the low index single crystal surfaces of gold, respec-
tively, using differential capacity method.

Vitanov and co-workers determined the adsorption isotherms of n-nexa-
nol [43], iso-butanol [44] and n-pentanol [45] on Ag(111) and Ag(100) at the
potential of maximum adsorption from differential capacity measurements us-
ing the extrathermodynamic approach based on the two parallel capacitors
model. Systematic studies of pyridine adsorption at silver single crystal elec-
trodes have been carried out by Hamelin et al. [46-48].

2.3. Influence of the Crystallographic Structure and
Roughness of the Electrode Surface
on the Adsorption of Organic Molecules

It is commonly accepted that the electrochemical properties of a solid metal
surface significantly depend not only on the chemical composition but also on
the crystallographic structure of the surface of a metal studied. The discovery
of the splitting effect of the adsorption-desorption maxima for organic com-
pounds [49, 50] played an important role in developing the theory of electric
double layer (EDL) and adsorption for the solid PC surface. On the basis of
these data, A. N. Frumkin, V. V. Batrakov and B. B. Damaskin with co-workers
[50, 51] developed the theoretical background for the quantitative description
of experimental results on EDL and the adsorption of organic molecules at PC
electrodes. In essence, the physical meaning of modern theories on the PC
structure of solid electrode surface involves its modeling description as a com-
bination of different monocrystalline faces [51-53]. As a first approximation,
these models may be classified into two groups [51]. The first group treats the
PCE surface as consisting only of relatively large monocrystalline regions with
linear parameter y* » 10 nm (y* is so-called characteristic length), which cor-
responds to macropolycrystallinity. Within these regions, both the compact and



the diffuse layers at different homogeneous areas can be viewed as independent
ones, and accordingly

12

where C/P refer to unit area of the apparent surface of the electrode, Xt is the
share of face i on the surface, f x is roughness factor, CHi and CDj are the inner

layer and diffuse layer capacities for the plane i, respectively. This is the so-called
model of independent diffuse layers (IDL) [51-53]. In terms of the second model,
the PC surface comprises only from the small crystallites (y* < 10 nm) whose size
is comparable to parameters of EDL [54, 55]. In the case of such electrodes, com-
pact layers in different monocrystalline areas are considered independent,
whereas the diffuse layer is common for the entire surface of PCE and depends on
the charge A <7, averaged over the PC electrode surface and

(13)

This model is called the model of common diffuse layer (CDL) [54]. The influ-
ence of the base boundaries between the individual monocrystalline regions at
PC electrode surface on the EDL capacity has been theoretically discussed in
Ref. [51].

A new approach to the electric double layer capacity properties on rough
electrodes was given in the papers of Daikhin, Komyshev and Urbakh [56-58]. It
was shown that the competition between the Debye length and the characteristic
sizes of roughness will modify the Gouy-Chapman result for the diffuse layer
capacitance. Obviously, the limiting value of the capacitance at short Debye
lengths (K 1) should follow the Gouy-Chapman result, but with replaced by
Sreai = fl-Sgeom Thus, the diffuse layer simply follows every bump or dip of the
electrode, which surface looks flat at the Debye scales. In the limit of long Debye
lengths (dilute solutions) the roughness can not be manifested in the capacitance
which would obey the native Gouy-Chapman expression and the analogy with
macroscopic capacitance can be used [56-58]. Thus, when the distance between
plates is much greater than any scales of micro-roughness of the plates, the latter
can not affect the capacitance. These two statements are based on the simple
geometrical arguments, i.e. on the interplay between the scales of roughness and
the Debye “yardstick”. As shown by Daikhin, Komyshev and Urbakh [56-58] the
crossover between these two limits can be simulated by the equation

C —R(k)Cgc (14)
where the roughness function, R(k), varies between R (0)- 1 and

r (oo) = R>]; Kk is the Gouy length, i.e. the inverse Debye length.
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It was demonstrated [56-58] that the Parsons-Zobel plot is not the most
convenient tool for the characterization of surface roughness and the more in-

formative would be the plot of R(k) wversus k. According to [56-58] the

roughness function can be expressed as

1 1
A0O- (15)

‘exp C, (e¥e
where Q is evaluated from the measurements at high electrolyte concentration
according to Valette-Hamelin approach [53]. In the case of weak non-fractal
surface roughness the two universal limiting approximations are valid: (14) at
high electrolyte concentrations, when the Debye length k ] is shorter than the
smallest characteristic length of surface inhomogeneity Inm(i.e. kK 1« Inm), the
roughness function can be expressed as

Ruq~R1-1 O”ﬂ (16)
2R

where (h 2" is the mean square curvature of surface.

Equation (16) shows that the roughness function R(k) approaches the geo-

metrical roughness factor R at small Debye length k'l (large concentrations).
With the increase of k-1 (the decrease of concentration) it decreases with re-
spect to R, and the correction is proportional to the square of the Debye length,
i.e. itis inversely proportional to the charge carriers concentration.

In the range of large Debye lengths (low electrolyte concentrations) the
roughness function can be expressed as

Kh
R(K)*1 + K2h2 (17)

where h is the height of the characteristic size of roughness in the z-direction
(h denotes the root mean square departure of the surface from flatness); L is the
length which is in the order of the maximal correlation length I~ (/mx is a
measure of the average distance between consecutive peaks and valleys on the
rough surface). As expected, at very low electrolyte concentrations (k'—>
K1 » /max) the roughness of surface is not detectable in the capacitance and the
first correction to the flat surface result is linear in k [56-58].
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3. RESULTS AND DISCUSSION

The adsorption parameters of various organic compounds were established. It
was found that at the first approximation the adsorption process of various ali-
phatic compounds at the Sh, Bi and Cd electrodes can be described by the
Frumkin-Damaskin adsorption theory [8]. The systematic trends of dependence
of attractive constant, limiting surface concentration and the shift of zero
charge potential, due to the displacement of surface monolayer of H20 by ad-
sorbate molecules, on the chemical nature of metal and organic compound
structure were established and discussed.

3.1. Comparative Behaviour of Adsorption of Cyclohexanol,
Cyclohexanone and Cyclohexancarboxylic Acid on Antimony
and Bismuth Single Crystal Plane Electrodes

Adsorption of cyclohexanol (CH) [I, IlI, VI], cyclohexanone (CHN) [II] and
cyclohexancarboxylic acid (CHCA) [IV] was studied by measuring the imped-
ance in aqueous solution of surface-inactive electrolyte. The adsorption pa-
rameters were calculated by the Frumkin-Damaskin adsorption theory [8, 59].
The values of adsorption parameters indicate that the structure of the adsorption
layer significantly depends both on the electrode surface and on the geometrical
structure of the adsorbate molecules. The data in [IV] show the attraction con-
stant a to grow upon going from Sb to Bi and from Cd to Zn [I4V, 60, 61].
Higher values of C and lower values of Fmand A for the (101 ), (21 1) and
(011 ) faces and a decrease of £N in the series of faces (111)>(001)>(01 1 )>
(21 1)>(101) points to a more pronounced horizontal component in the distri-
bution of molecules on the abovelisted faces as compared with the (111) face.
The value £'Nis also dependent on the structure of the hydrocarbon radical and
the functional group of organic compounds. The value EN grows in the se-
quence CHCA< CH< CHN [I4V], i.e. with growing effective dipole moment
of the adsorbate.

In order to evaluate the role of the functional group in the adsorption bond-
ing between an adsorbate molecule and the surface, included in [IV] the differ-
ences between the adsorption energy for the face studied (x) and the less active

(111) face, [(AG&S)(® - (- AG&s)(LW)]. It follows from [IV] that the difference

[(AG&k)(X)] increases with growing adsorption activity of the adsorbate. Such a

result suggests that, although adsorption of organic molecules is primarily gov-
erned by the squeezing out effect, the chemical interaction of the adsorbate with
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the surface also plays some role. This conclusion is confirmed by the data in
[IV] which shows that the difference between the potential of zero charge Ea=0
and the cathodic maximum of the adsorbate adsorption £nex at cad=const de-
creases in the sequence of electrodes as follows: Sh(21 1)< Sb(Qil )<
Sb(l 11) < Sb(001)< Bi(2I1T)< Bi(0Oil) < Bi(l 11) < Bi(OOIl) < Cd(0001)<
Cd(1010)< Cd(2110) < Zn(0001) < Zn(10I0)< Zn(2MO0). According to
modeling concepts mentioned in [62] this sequence corresponds to a decrease
in hydrophilicity of the electrodes upon going from Zn(21 10) to Sh(21 1).
Anomalous position of the (Enex - Ea=0) vs. log ¢ dependences for the (111)
faces of Sb and Bi is principally due to very strong structure of the adsorption
layer, which breaks down at higher negative potentials.

Our analysis has shown that regularities of the adsorption of organic mole-
cules to a considerable degree depend on the chemical nature and crystallo-
graphic structure of the electrode surface as well as on the nature and molecular
structure of the solvent molecules and the adsorbate. Mutual effect of the elec-
trode material on the surface state of molecules of the adsorbate and the solvent
as well as the effect of the adsorbate and the solvent on the state of the electron
gas in the near-surface layer do actually exist, and to disregard these interac-
tions is unjustified. On the one hand, the existence of the effects that are char-
acteristic of a polycrystalline surface is due to the anisotropy in double layer
parameters of energy homogeneous regions of the polycrystalline surface. On
the other hand, these effects are brought about by specific features in the
structure of the polycrystalline surface (the size of homogeneous regions, their
vicinal or nonsingular nature, anisotropy of energetistic characteristics).

3.2. Adsorption of Propanol, Normal Hexanol and Isomers
of Butanol on Bismuth Single Crystal Plane Electrodes

The adsorption behaviour of n-propanol [X], n-butanol, s”c-butanol, iso-
butanol, terf-butanol [V] and n-hexanol [XI] at singular Bi(111), Bi(001) and
Bi(01 1) has been studied by cyclic voltammetry, impedance and chronocou-
lometry methods. The presented results indicate that the adsorption parameters
of n-PA, /i-HA and isomers of butanol depends on the crystallographic structure
of Bi planes.

The comparison of the Gibbs energies of adsorption for various organic
compounds shows that the adsorption activity of organic compounds at the
Bi Isolution interface increases in order n-PA < n-BA < CH < CHE < CHCA <
BAC < PY as the adsorption of organic compound at the air |solution interface
rises, except PY. The anomalous position of PY is mainly caused by the weak
chemosorption of this compound at Bi planes [VII], as well as on Ag and Au
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planes [20, 40-42, 46-48]. It was found that the difference between the adsorp-
tion activities of various Bi planes increases in the sequence of adsorbates
n-PA < n-BA < CHE < CHCA < CH < BAC < n-HA if the adsorption activity
of organic compound at the air | solution interface, as well as at the Bi |solution
interface rises. This is mainly caused by the result that with the decreasing of
the molar volume of adsorbate the changes in the adsorbed layer structure,
caused by the adsorption of one molecule, decreases in comparison with the
adsorption of more large surfactants. Comparison of the adsorption data of

various aliphatic organic compounds shows that the value of ACp increases in

the order of electrodes Zn(21 10) < Zn( 101 0) < Zn(0001) < Ag(110) < Ga<
Ag(100) < Ag(111) < Cd(1120)< Cd(lOl0) < <C€d(000))< Bi(111) <
Bi(001) < Hg< B i(211)< Bi(OIT) < Sb(l 11) < Sh(001)< Sh(21T) as the
hydrophilicity of electrode surface decreases [8, 20, 46, 63].

The positive values of the lateral interaction constant a for n-PA, a?-HA and
isomers of butanol means that the surfactant-surfactant and water-water inter-
actions are much more attractive than the surfactant-water interaction. At the
potentials of the adsorption-desorption maxima, the molecular interaction pa-
rameter a mdecreases in the sequence of planes (001) > (111) > (01 1) as the
superficial density of planes increases and the limiting Gibbs adsorption de-
creases. The dependence of the attractive interaction constant a on E is ap-
proximately parabolic and the value of a increases in the sequence of elec-
trodes Bi < Hg < Zn.

The value of a increases in the order of adsorbates n-PA < tert-BA <
n-BA < s”"c-BA < is0o-BA < n-HA < BAC [71] < CH as the molar volume of the
adsorbate molecule increases, except /zzHA. The lower value of a for n-HA
molecules than that for CH and BAC probably indicates that the hydrocarbon
tail of this compound in the adsorption layer is not linear or /zzHA molecules
will have the more tilted orientation. If we assume at the first approximation
that the water-water and the organic compound-water interactions are inde-
pendent of the aliphatic compound studied then the attraction between the ad-
sorbed aliphatic alcohol molecules rises in the presented order of adsorbates.

The limiting Gibbs adsorption ITax increases in the order of electrodes
Bi(01 1) < Bi(111) < Bi(001) as the superficial density of planes decreases.
The projected area Smm decreases and [Tax increases in the order n-HA <
n-BA < CH < n-PA. The decrease of I'tax and of the limiting potential shift £N
values and the increase of Smex as the number of carbon atoms in the aliphatic
alcohol molecule increases, can be explained by an increasingly tilted orienta-
tion of n-HA molecules compared with n-PA at the single crystal Bi(001) and
Bi( 111) planes, as well as at Hg [VII, 8, 63] electrodes. Very low values of I'Ttax
and the £Nvalues for /z-PA and n-HA at Bi(01T) plane will indicate that the
n-PA and n-HA molecules probably have a practically flat orientation on the
most active Bi plane investigated.
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3.3. Adsorption of Pyridine on the (111), (001) and (011)
Faces of Bismuth

The experimental investigations [VII] indicate that the shape of the differential
capacity curves is very sensitive to the crystallographic structure of electrode
surface studied. As in the case of cyclohexanol [Ill, 60, 61, 64, 65] and butanol
isomers [V] studied the height of adsorption — desorption maxima increase in
order of planes Bi(011) < B i(lll) < Bi(001) as the superficial density of sur-
face atoms decreases. The values of attractive coefficient a obtained from the
height or width of these adsorption — desorption maxima are in a good agree-
ment with one another and the values of a increase in the sequence of planes
Bi(011)< Bi(lll) <Bi(001), i.e. with the decrease of the interfacial density of
atoms.

As for Hg electrode [66], the maximum adsorption of pyridine (PY) on Bi sin-
gle crystal planes takes place at the noticeably negatively charged electrode sur-
face (-<7=9 - 11 jUCcm-2). The potential of maximum adsorption £, rax shifts to-
wards the more and more negative values of E if cPy increases. The same ten-
dency is valid for Hg electrodes [66]. If the PY adsorption at Ag or Au electrodes
takes place, the EmaXwith increasing cPY shifts towards the more positive values of
E [20, 46-48, 67, 68]. The opposite sign of E~x for these two groups of metals
suggest that the PY molecules assume opposite orientations at the noble metal
(Au, Ag) and Hg-like (Hg, Bi) metal surfaces. The established values of the shift
of zero charge potential ZN, due to the displacement of surface water monolayer
by PY molecules are positive for Hg and Bi electrodes, indicating that the pyri-
dine molecules are oriented with the aromatic hydrocarbon ring towards the elec-
trode surface. The same orientation of benzene and toluene molecules is valid at
polycrystalline bismuth [69] and Hg [66] electrodes. The limiting capacity C\ de-
creases and the maximum surface coverage 'Tax increases in the sequence of me-
tals Bi < Hg < Ag < Au [20, 46-48, 66-68, 70] if the adsorption activity of elec-
trode increases. The higher value of FtaXfor Bi(l 11), in comparison with the val-
ues of Mupx for Bi(001)and Bi(011 ) planes, indicates that at this plane the PY
molecules have more pronounced vertical orientation than at the Bi(00!) and
Bi(01 1) planes. The values of for Bi(l 11), Bi(001) and Bi( O il) are an in-
termediate between the values expected for the flat (IF'Ma= 4.5-10-10 mol cm-2)
and for the vertical (Ftax = 6.5-10“10 mol cm-2) orientation of PY [VII], and there-
fore it may be assumed that PY molecules have a tilted orientation at the surface
of Bi single crystal planes.

The orientation of the adsorbate at the metal|solution interface is a result of
competition between interactions of the functional group with the metal and the
solution phase. The adsorption activity of aliphatic compounds increases in the
sequence of metals Au < Ag < Bi < Hg, as the hydrophilicity of electrodes
decreases. Therefore, as the absolute value of free energy of adsorption of PY
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on Au planes is noticeable higher (15-20 kJ rnol') than for Bi, Hg and Ag we
can conclude that there is a weak chemical interaction of PY molecules with the
surface atoms of Au [20, 67, 68]. The absolute value of free energy of adsorp-
tion of PY on Ag is somewhat lower (3-5 kJ mol-1) than for Bi and Hg
electrodes, which is caused mainly by the higher hydrophilicity of Ag elec-
trodes. The absolute values of free energy of PY adsorption on Bi [69, 70] and
Hg [66] are comparable and, accordingly, the differences between the metal-
adsorbate interaction are not large and the adsorption activity of PY increases,
when the hydrophilicity of electrodes decreases in sequence Bi(!11) > Hg>
Bi(001) > Bi(01 1). The adsorption activity of PY on bismuth planes increases
(except Bi(l 11)) if the superficial density of atoms increases. Just as in the case
of cyclohexanol [Ill, 60, 61], butyl acetate [71], butanol isomers [V] and n-
hexanol [XI] adsorption, the basal plane Bi(l 11), where the surface atoms are
chemically saturated, has the lowest adsorption activity of PY, and the most
active one is the singular Bi(01 1) plane, where unsaturated covalent bonds are
distributed uniformly over the whole surface. The decreasing of a and I It
values with the decreasing of the negative charge density of metal shows that
the orientation of PY molecules becomes less vertical and therefore the
nitrogen atoms are moving towards the electrode surface, if a increases. In the
case of positively charged Bi electrodes the weak chemical interaction

(-AG”g.py =2 5-3 ki mol-1) is possible, but it is very weak in comparison with
the PY-Au interaction (-AC”"ePY= 15-20 kJ mol-1).

3.4. Influence of the Surface Pretreatment
of Bismuth, Antimony and Cadmium Electrodes
to the Adsorption Characteristics of Organic Compounds

The systematic investigations [VIII] at variously prepared (electrochemically
polished (EP) single crystal Sb, Bi and Cd planes, cleaved (C) at the tempera-
ture of liquid nitrogen, Bi(lll), Sb(lll) and Cd(0001), electrochemically
etched (ECE) at high anodic currents Bi single crystal electrodes, chemically
etched (CE) Bi, Sb and Cd electrodes, mechanically polished (MP) with AbO3
and therefore electrochemically polished or chemically etched electrodes,
wedge-shape two plane model polycrystalline electrodes (WME) with known
crystallographic heterogeneity, solid drop (DE) Bi and Sb electrodes with
remelted (R) and without additional remelting (WR) of surface) electrodes
show that the electric double layer and adsorption characteristics systematically
depend on the geometrical structure of the electrode surface (roughness) and
energetic inhomogeneity of electrode surface. It was found that the value of
differential capacity at the potential of diffuse minimum increases (cei = const)
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if the surface roughness increases in the order of electrodes (BiDEJR< EP single
crystal < cut single crystal < ECE single crystal < DEWR< CE single crystal <
MP single crystal < MP and CE PC. The deviation from linearity of Parsons-
Zobel plots, as well as the values of Parsons-Zobel factor/Pz increase in the
same order. The values of the inner layer capacity, as well as the values of fit-
ting coefficient increase in the same order of electrodes. In the case of ECE, CE
and MP electrodes it is impossible to establish the “correct” values of the fitting
coefficient / Pz, at which the CHcr)-curves will have smooth shape. The com-
puter simulation of the electric double layer and adsorption data of many elec-
trodes shows that in the case of (BiDER EP single crystal planes, ECE single
crystal planes and CE single crystal planes, the independent diffuse layer (IDL)
model is valid. The linear parameter of homogeneous surface regions which
prevail at the surface of EP, ECE and (BiDE)Relectrodes y * » 10 nm. Probably,
the surface of MP CE polycrystalline electrodes and (BiDE)UR consists mainly
of many very small crystallites, which y*< 10 nm, and therefore for these elec-
trodes the common diffuse layer (CDL) model would be valid.

The so-called “Debye length dependent roughness function” has been calcu-
lated, and using the non-linear regression analysis the various surface rough-
ness models (sinusoidal corrugation, random Gaussian roughness, periodical
system on linear defects, rectangular grating proposed in [56—58J) have been
simulated.

As found in the case of EP single crystal, the surface roughness is very small
(R~ 1.03-1.06) and it is impossible to choose the “true” surface roughness
model. According to the result of AFM studies, the surface of cut at the room
temperature of self made Bi(111)c consists from monoatomic or somewhat
higher steps (0.257-0.55 nm) (root mean square roughness h = 0.29 nm) and
from small terraces with the medium lateral characteristic length (linear pa-
rameter) y* > 10 nm. The theoretical simulation of so prepared Bi(11 I)c and
Sbh(l Il)c surfaces shows that these surfaces might be an interesting object of
the experimental studies with the aim to select out the “best” (more probable)
theoretical roughness model. In some experiments the edl properties of elec-
trochemically etched (ECE) Bi, Sb (KI + HC1 + H20, /eic> 1.5 A cm“2) and Cd
(H3PO4 + H20, fdc> 0.5 A cm”2) have been studied. Electron microscopic and
AFM images demonstrate the surface pittings with linear parameter
y* > 0.8 /um on the surface of Bi(l 11)ECE The medium depth of these surface
pittings varies from 2.5 to 250 nm depending on the time of electrochemical
etching (30 sec. or 3 min.). In the region (bottom) of the surface pitting the
steps with height from 0.3 nm to 10 nm have been found. The same situation
was valid for Sb (Ill1)ECE electrode. The surface of electrochemically etched
Bi(001)ECE has a more complicated structure than B i(lll)ECh and on the
Bi(001)ECE surface the pyramids have been found. The surface of chemically
etched (HNO3+ NH4NO3 + H20) Bi(l 11)CE as well as Bi(001)CE Sb(111)CE
and Cd(0001)€E electrodes has a more rough structure in comparison with the
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electrochemically etched, cut or electrochemically polished single crystal plane
electrodes. The experimental AFM studies and theoretical simulations of MP
and MP CE electrodes show that the model of random Gaussian roughness or
the periodic system of linear defects [56] would be valid. But it must be noted
that the future experimental investigations of differently prepared PC electrodes
in converted electrolyte solutions and theoretical simulations of experimental
results using various roughness models are inevitable.

3.5. Adsorption of Organic Compounds and Hydrophilicity
of Bismuth, Cadmium and Antimony Electrodes

The systematic analysis of the influence of the chemical nature of electrode
metal as well of hydrocarbon chain structure and functional group nature to the
adsorption characteristics of organic compounds at various electrodes has been
carried out in [IX]. The ingredients of the standard Gibbs energy of adsorption,
such as Gibbs energy of adsorption at the absolution interface; the increase of
Gibbs energy of adsorption at metallelectrolyte interface caused by the addition
of surface inactive electrolyte to the solution; the metal-organic compound in-
teraction energy and the metal-water interaction energy have been calculated. It

was found that the values of A(AG® ) = AG® - AG® (where AG® was ob-

tained by using the generalized Frumkin isotherm and corresponding to the
standard state the unit mole fraction of the organic species in the bulk of solu-
tion and monolayer coverage BA= 1 of ideal noninteracting adsorbate) very
weakly depend on the chemical nature of adsorbate: on the chemical properties
of the functional group and on the structure of adsorbed layer. This effect was

explained by the weak dependence of A(AG” ) on the value of I/llux. The sys-

tematic analysis shows that the interaction energy of functional groups >C=0,
-COOH, and -COOR with Bi, Cd, Sh, Hg and other “Hg-like” metals is very
weak and is practically independent of the length of the hydrocarbon chain
(except HCOOH and CbbCOOH). It was found that the standard Gibbs energy
of adsorption of neutral organic compound which interacts weakly with metals
can also be used as a measure of their hydrophilicity. In the case of higher ali-
phatic alcohols adsorption the more pronounced interaction of-OH group with
surface atoms is possible [16, 19]. But this interaction is very weak in compari-
son with the interaction established in the case of aromatic compounds stud-
ied [63,67,72,73].

The hydrophilicity of electrodes increases in the sequence of metals
PC-Sb < PC-Bi < Hg < In(Ga) < PC-Sn < PC-Pb < Ag(111) < Ga< PC-Cd <
Zn(0O0OQ0I). However, the dependence of AGjJe.Hi0 on the chemical nature of

metal is very weak, and only for the chemically more different electrodes (for
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example PC-Sb and Zn(OOOQOl)) the difference in AG{J,e.Hi0 values is noticeably

higher than the summary error of obtaining the A( AGj[ ) values. Approximately
the same order of hydrophilicity of metal has been established in [I—XI, 6- 8,
16, 17, 19, 20, 74-76]. According to the data of cyclohexanole adsorption the
hydrophilicity of “mercury like” and single crystal plane electrodes increases in
order Sb(0IT )< Sbh(001)< Sb(lll) < Bi(0olT)< Bi(2TT)< Bi(001) <
Bi(l 11) < Pb(l 11) < Pb(100)< Pb(110)< Sn(l 10) < Cd(0001) < Cd(1010)<
Cd(1120)< Zn(0001)< Zn(1010)< Zn(1120) i.e. with the decrease of the
reticular density of planes, except all Pb planes, Bi(lll) and Sb(lll). The
anomalous position of Bi(lll) and Sb(lIl) is mainly caused by the different
electronic structure of this plane [I-XI, 6,7, 77]. According to the data of ali-
phatic alcohol adsorption the hydrophilicity of single crystal planes increases in
order Bi(011)< Bi(001) < Bi(l 11) < Ag(111) < Ag(100)< Ag(110) <
Zn(0001) < Zn(1lolo) < Zn(1120).

The hydrophilicity of electrodes has been tested using the work function
values We into UHV as well as the electrochemical work function values We,
obtained according to Trasatti's conception [17, 62, 74, 75, 78]. The established
relative values of so-called interfacial parameter AX (AX - (S/s+ 5XxMm)HE~
(8"s+ O£m)Mm) increase in the order of electrodes Hg < Sh < Bi < In(Ga) < Sn <

Pb < Ga < Cd < Zn. Using the established AX values and A(AG”" ) values for

various aliphatic compounds for different metals the A(AG” ), AX-dependences
have been constructed. At the first approximation these dependences can be

considered linear and A(A ) decreases when the value of AX rises. But the

slope of A( AGj{ ),AX-plots decreases if the adsorption activity of organic com-
pound at the absolution interface decreases and for n-propanol the difference

between A(AG” ) values for chemically very different metals (for example, Sb
and Zn(0001)) is only somewhat higher than the total error of obtaining the

A(AG% ) values. This result is in a very good agreement with the data obtained

from A(AG” ), AG~ir-dependences.

As in the literature there are no work function data for single crystal elec-
trodes, prepared from “mercury-like” metals with low melting point, the elec-
trochemical work function values We*and corresponding AX* values have been
obtained according to Trasatti's conception [17, 62, 74, 75, 78]. As found the

value of AX* increases in the order Sh(21 1) < Sb(001) < Sb(111) < Bi(0IT) <
Bi(21T)< Bi(001) < Bi(l 11) < Sn(001)< Pb(112) < Pb(110) < Pb(100)<
Pb(l 11) < Cd(0001) < Cd(K)TO0)< Cd(1120) < Ag(111)< Ag(100)<
Ag(110) < Zn(0001)< Zn(1010)< Zn(1120) as the interfacial density of
planes decreases, except single crystal Pb planes, Bi(111) and Sb(111) [IX].
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Using the obtained AX* values and the data of cyclohexanole adsorption at dif-
ferent single crystal electrodes the A(A ), AX*-dependence has been con-

structed. As found, at the first approximation the adsorption behavior of cyclo-
hexanole at Sbh, Bi, Pb, Cd and Zn single crystal plane electrodes can be de-

scribed by a common linear A(AG” ), AX*-dependence and accordingly the hy-

drophilicity of single crystal plane electrodes increases in the order Sb(211) <
Sb(001)< Sb(l11) < Bi(Oil)< Bi(21T)< Bi(0OOIl) < Bi(l 11) < Pb(l 11) <
Pb(100)< Pb(110)< Cd(0001)< Cd(IOIO) < Cd(1120)< Zn(0001)<
Zn(1010)< Zn(1120). Thus, the two different approximations used in this
work give practically the same order of the hydrophilicity of electrodes.

It must be noted that the further extensive theoretical and experimental in-
vestigations at the metallUHV, metallsolution and absolution interfaces are

inevitable to obtain the correct quantitative AG~e.Hi0 values for single crystal

Sh, Pb, Sn, Cd, Ag and Zn electrodes.

3.6. Conclusions

1. Comparison of the Gibbs energies of adsorption for various organic com-
pounds shows that the adsorption activity of organic compounds at the
Bi Isolution interface increases in order n-PA < n-BA < CH < CHE K<
CHCA < BAC as the adsorption of organic compound at the air |solution
interface rises.

2. The value of attractive interaction constant a increases in the order of adsor-
bates n-PA < tert-BA < n-BA < sec-BA < iso-BA < n-HA < BAC [71]< CH
as the molar volume of the adsorbate molecule increases, except rc-HA and
CH. The lower value of a for n-HA molecules than that for CH and BAC
probably indicates that the hydrocarbon tail of this compound in the adsorp-
tion layer is not linear or n-HA molecules will have the more tilted orienta-
tion.

3. At the potentials of the adsorption-desorption maxima, the molecular inter-
action parameter a mdecreases in the sequence of planes (001) > (111) >
(O il) as the superficial density of planes increases and the limiting Gibbs
adsorption decreases. The dependence of the attractive interaction constant
a on £ is approximately parabolic and the value of a increases in the se-
quence of electrodes Bi < Hg < Zn.

4. The limiting Gibbs adsorption I'tax increases in the order of electrodes
Bi(01 1) < Bi(l 11) < Bi(001) as the superficial density of planes decreases.
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The projected area Smex decreases and increases in the order n-HA <
n-BA < CH < n-PA.

. The systematic analysis shows that the interaction energy of functional
groups >C=0, -COOH, and -COOR with Bi, Cd, Sb, Hg and other
“Hg-like” metals is very weak and is practically independent of the length of
the hydrocarbon chain (except HCOOH and CH3COOH). It was found that
the standard Gibbs energy of adsorption of neutral organic compound which
interacts weakly with metals can also be used as a measure of their hydro-
philicity. In the case of higher aliphatic alcohols adsorption the more pro-
nounced interaction of -OH group with surface atoms is possible [16, 19].
But this interaction is very weak in comparison with the interaction estab-
lished in the case of aromatic compounds studied [63, 67, 72, 73].

. According to the data of cyclohexanole adsorption the hydrophilicity of
“mercury like” and single crystal plane electrodes increases in order
Sb(0olT)< Sbh(oot)< Sb(lll)< Bi(Oil)< Bi(2TT)< Bi(00l) <
Bi(l 11) < Pb(l111) < Pb(100)< Pb(l 10) < Sn(110) < Cd(0001) <
Cd(l010) < Cd(1120)< Zn(0001) < Zn(1010)< Zn(1120) i.e. with the
decrease of the reticular density of planes, except all Pb planes, Bi(l 11) and
Sb(IIl). The anomalous position of Bi(l 11) and Sb(l 11) is mainly caused
by the different electronic structure of this plane.

. The hydrophilicity of electrodes increases in the sequence of metals
PC-Sbh< PC-Bi< Hg< In(Ga) < PC-Sn< PC-Pb < Ag(l1ll) < Ga<
PC-Cd < Zn(0001).

. It was found that the value of differential capacity at the potential of diffuse
minimum increases (c€] = const) if the surface roughness increases in the or-
der of electrodes (BiDE)R< EP single crystal < cut single crystal < ECE sin-
gle crystal < DEwr < CE single crystal < MP single crystal < MP and CE
PC. The deviation from linearity of Parsons-Zobel plots, as well as the val-
ues of Parsons-Zobel factor/Pz increase in the same order. The values of
the inner layer capacity, as well as the values of fitting coefficient increase
in the same order of electrodes.
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ORGAANILISTE UHENDITE ADSORPTSIOON
ANTIMON-, VISMUT- JA
KAADMIUM-ELEKTROODIDEL

Kokkuvote

Kéesolevas t66s wuuriti elektrokeemilise impedantsi, kronokulonomeetria,
elektronmikroskoopia ja AFM-meetodiga monokristalsete ning erisuguse pinna-
téotlusega Bi-, Sh-ja Cd-elektroodide faasidevahelise pindkihi omadusi. Tahel-
dati pinna eelneva tod6tluse moju tahke faasi pinna karedusele ning energeeti-
lisele ebathtlusele.

Uuriti tstikloheksanooli (CH) [I, IV, VI], tsukloheksanooni (CHE) [ll],
tsikloheksaankarboksiitilhappe (CHCA) [lll], butanooli isomeeride (BA) [V].
puridiini (PY) [VII], n-propanooli (n-PA) [X] ja n-heksanooli (n-HA) [XI]
adsorptsiooni seaduspdarasusi Sb ja Bi monokristalli eri tahkudel. Adsorptsiooni
parameetrid arvutati Frumkini-Damaskini teooria alusel. Tulemustest jareldati,
et adsorptsioonikihi ehitus sGltub oluliselt elektroodi pinnast ja adsorbaadi
molekulide geomeetrilisest struktuurist. Erinevate orgaaniliste Uhendite Gibbsi
adsorptsioonienergiate vdrdlemisel jouti jareldusele, et orgaaniliste tUhendite
adsorptsiooniaktiivsus Bi|lahus-piirpinnal suureneb reas n-PA< n-BA< CH<
CHE< CHCA< PY, samas reas kasvab ka adsorptsioon 6hk|lahus-piirpinnal,
v.a. puridiinil. PY anomaalne asend on tingitud peamiselt selle ihendi osalisest
kemosorptsioonist Bi tahkudel. Leiti, et Bi tahkude adsorptsiooniliste aktiiv-
suste erinevus suureneb adsorbaatide reas n-PA< n-BA< CHE< CHCA< CH<

n-HA. Alifaatsete Uhendite vordlusel leiti, et Gibbsi energia AG® suureneb

jdrgnevas elektroodide reas: Zn(21 10) < Zn(1010) < Zn(OOOI) < Ag(110) <
Ga< Ag(100) < Ag(l11) < Cd(l 120) < Cd(1010)< Cd(0001)< Bi(l 11) <
Bi(001) < Hg< Bi(2I1T) < Bi(0IT) < Sb(l 11) < Sb(001) < Sb(21T), seega
elektroodide pinna hudrofiilsuse vdhenedes. Leiti, et atraktsioonikoefitsent a
suureneb adsorbaatide reas n-PA< n-BA< n-HA< CH, seega adsorbaadi mole-
kuli moolruumala suurenedes, valja arvatud n-heksanoolil. Viimase madaiamad
a vdartused nditavad, et nende Uhendite susivesinikahel on adsorptsioonikihis
mittelineaarne voOi osaliselt viltu orienteeritud. Kui esimeses lahenduses voeti,
et interaktsioonid vesi-vesi ja orgaaniline Uhend-vesi ei s6ltu uuritud orgaani-
listest Uhenditest, siis leiti, et adsorbeerunud alifaatse alkoholi molekulide
vaheline atraktsioon kasvab eespool kirjeldatud adsorbaatide reas.
Elektrokeemilise impedantsi, elektronmikroskoopia- ja AFM-meetodiga
uuriti erisuguse pinnatéotlusega (elektrokeemiliselt ja keemiliselt poleeritud,
vedela ldmmastiku temperatuuril I6hestatud, elektrokeemiliselt ja keemiliselt
sfovitatud, mehhaaniliselt poleeritud ja seejarel keemiliselt sédvitatud) Bi-, Sh-
ja Cd-elektroodide faasidevahelise piirkihi omadusi [VIII]. T&heldati pinna eel-

8 29



neva tootluse mdju tahke faasi pinna karedusele ja energeetilisele ebathtlusele
ning viimase sistemaatilist mdju elektrilise kaksikkihi karakteristikutele, nagu
diferentsiaalmahtuvus, difuusse kihi miinimumi potentsiaal, Parsonsi-Zobeli
faktor, elektrilise kaksikkihi tiheda osa mahtuvus, pinna fraktaalsuse aste ning
karedusfaktor. Vastavalt Daikhini-Komysevi-Urbakhi mudelile arvutati erine-
valt téddeldud elektroodide jaoks vdalja Debye ekraneerimispikkusest séltuv
karedusfunktsioon. Saadud andmete pdhjal jareldati, et Debye ekraneerimis-
pikkusest s6ltuvat karedusfunktsiooni v@ib suhteliselt kontsentreeritud elektro-
litdilahuste korral (0,03M<cNoF<0,IM) lahendada Gaussi juhusliku pinnakare-
duse mudelile vdi lineaarsete defektide perioodilise sisteemi mudelile. Elektro-
keemiliselt ja keemiliselt poleeritud monokristalsete Bi-, Sb- ja Cd-elektroodide
karedus on vdga vdike, mistdttu osutus vdimatuks eristada pinna karedust kirjel-
davaid eri mudeleid ning seega kindlaks teha nende rakendatavus suhteliselt
siledate pindade korral. Mitmesuguste teoreetiliste mudelite abil arvutati poli-
kristalsete elektroodide pinnal prevaleerivate homogeensete alade ligikaudsed
lineaarm&dtmed, mida vorreldi elektronmikroskoopia meetodil saadud tulemus-
tega. Leiti, et AFM-meetodil mé&aratud monokristalse ala keskmistatud pikkus
on heas koosk®las teoreetiliselt arvutatuga.

Kéesolevas toos [DC] analtisiti ststemaatiliselt elektroodi metalli, susi-
vesinikahela struktuuri ja funktsionaalse rihma mdju orgaaniliste Uhendite
adsorptsiooni seaduspérasustele. Anallls néitas, et >C=0, -COOH ja -COOR
interaktsioonienergia kdrge llepingega metallide jaoks on védga ndrk ja prakti-
liselt sGltumatu susivesinikahela pikkusest (v.a. HCOOH ja CH3COOH).

Elektroodide hidrofiilsuste vdrdlemisel kasutati elektroni valjumistédde
vaartusi vaakumis We. Leitud faasidevaheline parameeter AX, mis iseloomustab
lahusti toimet metallile, suureneb elektroodide reas Hg < Sb < Bi < In(Ga) <
Sn < Pb < Ga< Cd< Zn. Et kirjanduses praktiliselt puuduvad elektroni val-
jumistod vaartused monokristalsete elektroodide jaoks, siis leiti vastavalt Tra-
satti kontseptsioonile [17, 62, 74, 75, 78] elektrokeemilised véljumist66 vaar-
tused We ja vastavad suurused AX*. Leiti, et AX* suureneb monokristalli tahu
retikulaarse tiheduse vahenedes (v.a. Pb monokristalli tahud, Bi(lll) ja
Sb(lIl)) reas Sb(21T)< Sb(001)< Sb(l11)< Bi(0lIT)< Bi(2l1T)<
Bi(OOIl) < Bi(l 11) < Sn(OOIl) < Pb(112) < Pb(110)< Pb(100)< Pb(111) <
Cd(0001) < Cd(IOIO0) < Cd(1120) < Ag(l11)< Ag(100)< Ag(l10)<
Zn(0001) < Zn( 10 10) < Zn( 1120). Selgus, et kaks tdiesti erinevat mudelit [IX]
annavad praktiliselt sama elektroodide hudrofiilsuse rea, mis nditab, et vee
adsorptsioonienergia kasvab eeltoodud reas.
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Abstract - Impedance measurements were used to study the characteristics of the double-layer structure and
the cyclohexanol adsorption on the faces of an antimonium single crystal and the polycrystalline surface of a
soiid-drop antimonium electrode. The values of zero-charge potential, compact-layer capacitance, and also

cyclohexanol adsorption parameters were determined for faces (011). (111), (001), and (21T) of an antimo-
nium single crystal. It was found that the spread of zero-charge potentials and parameters of cyclohexanol
adsorption on the faces of an antimonium single crystal is somewhat higher than the spread for corresponding

bismuth single-crystal faces.

INTRODUCTION

In this work, we continued the studies started in [1 - 7]
and, using the impedance method, studied the charac-

teristics of the double-layer structure on the (011) and

(211) faces of an antimonium single crystal in order to
obtain a deeper understanding of the role of the elec-
tronic and crystallographic surface structures and retic-
ular density of the faces of metal single crystals in elec-
trochemical processes. We also studied the cyclohex-
anol (CH) adsorption on singular F-faces (001) and

(111) and non-singular Af-face (21 ) of a Sb single
crystal, as well as a polycrystalline solid-drop antimo-
nium electrode (DAE), the surface of which was addi-
tionally remelted (DAE-1) or remained unchanged
(DAE-II). We chose antimonium electrodes and Sb sin-
gle-crystal faces as the subject for our study because of
the low symmetry of the Sb crystallographic structure
(rhombohedral syngony) and the presence of two types
of bonds, i.e., semiconductor intralayer (s-p* valent
state) and metallic interlayer bonds (with the participa-
tion of h>brid sp'd" orbitals) between the atoms in the
hitice, which leads to a sharp anisotropy both of vol-
ume and surface properties of individual cryst.illo-
graphic faces of Sb [8 - 10]. The presence of covalent

Table 1. Double-layer characteristics for the faces of a Sb single crystal and a solid-drop;

Electrode 4m0-V Cg°°, pF/lcm1
(01 1) -0.35010.01 25.910.9
(211) -0.33010.02 25.0+ 1.0
(001) (6) -0.360 +0.005 262 +05
(M1) (6) -0.450 1 0 005 23.0+0.4
DAE [13, 14 -0.41 +0.01 25.6*0.4

semiconductor bonds between the atoms in the Sb and
Bi lattices fixes the position of the surface atoms more
rigidly than in the case of typical metals (for example,
Au and Pb); therefore, the surface structure of Sb and
Bi single-crystal faces proves to be more stable com-
pared to Au single-crystal faces [11]. The high repro-
ducibility of experimental data for the faces of Sb and
Bi single crystals [4 - 6] is precisely due to their stable
surface structure.

EXPERIMENTAL

Single-crystal and polycrystalline Sb electrodes were
made using the method described in [1 - 7, 12 - 14].
All the reactants used were purified by the repeated
rectification (water, cyclohexanol) or calcination (salts
of high purity) at high temperatures [2]. A saturated
calomel electrode (SCE) served as the reference elec-
trode.

DOUBLE-LAYER STRUCTURE ON THE FACES
OF AN ANTIMONIUM SINGLE CRYSTAL

As an illustration. Fig. 1 >hou-s :hc dependences of
the differential capacitance C on the electrode potential

ium elcctiodc (DAE)

C«*°,pFlenr Ff-r BErm
aiogc
15.810.6 1.18 + 005 30
15.410.5 1.2510 07 50
164 +0.3 104 +0.02 20
152+0.3 106 +002 10
146 +0.3 1.03
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Fig. 1. C versus £-curves for lMacc (21 1) of single crystal
SbatcNtR; M (1) 0.1; (2)0.05; (J) 0.02; (4) 0.01; (53 0.005;
and (6) 0.002.

£ for singular K-face (21 1) of a Sb single crystal in
acidic (0.0005 M HC1) solutions of NaF. Similar lo
those on faces (001) and (111) [6, 7], the capacitance
curves of faces (Oil) and (211) exhibit a well-pro-
nounced minimum in the potential region from-0.30 to
Y'K60 V. The depth of this minimum decreases as the
NaF concentration in the solution increases. However,
in contrast to the singular F-face Sb(l 11) and Bi(l 11)
and similar lo faces (001), (Tol), (Oil), and (21 T) of
a Bi single crystal [2 - 4], the potential of the diffuse
minimum E”a for Sb(001), Sb(OIT), and Sb(211)
shifts to negative values by 20, 30, and 60 mV, respec-
tively, in the NaF concentration region cki# - 0.001 -
0.02 M. Since the dependence of on cNIFis mainly
determined by the weak specific adsorption of F*
anions on these faces in the vicinity of £,« 0, Table 1
shows the £7J0 data obtained from the dependence of

~mioon (Q 13 by extrapolating the found line to (c)IJ = 0.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 30 No. 3
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A comparison of the data of Table 1 with those of [2 - 4]
shows that the scattering of £,.0 values for the faces of
an antimonium single crystal is somewhat higher than
the scattering in the case of bismuth single-crystal faces
and is caused by the increase in the electronic and crys-
tallographic anisotropy when one goes from Bi to Sb.
It is evident from the data shown in Table 1 that, as
in the case of bismuth single-crystal faces [2 - 4], the

dependence of £~ © on the recticular density for faces

(001), (011), and (211) of a Sb single crystal is weak
(A£EN“0 < 50 mV) at the same electronic configura-

tion. However, when comparing faces (001), (211),
and (011) with the basal face (111), the difference

A £7«0 amounts to 70 - 120 mV. This is-probably due

to the different surface states of the mentioned faces,
i.e., to the fact that the surface atoms of faces (001),
(011), and (211) have unsaturated covalent bonds
(j~-valent state), while all covalent bonds of the sur-
face atoms of face (111) are chemically saturated, and
these atoms tend to form bonds by means of hybrid
jpV-orbitals [8 -10].

On the basis of £,,;,, values at different cNIF, the
af~/6logec-dependences, which are practically linear,
were plotted. As in the case of Bi single-crystal faces

[2 - 4], the nonsingular face (211) of a Sb single crystal
demonstrates the highest adsorption activity, which can
be attributed to the stronger adsorption of F'* anions on
a stepped surface than on a smooth surface. This result
also agrees with the data of [1,15], in which the authors
found that the stepped surface of the face (110) of an Ag
single crystal exhibits the highest adsorption activity
with respect to F* anions. However, according to the
dEmn/9logc values in Table 1, the F* adsorption on
antimonium single-crystal faces is relatively weak, and
the effect of the discreteness does not show up.

On the basis of experimental C values at various sur-
face charges q = const, the so-called Parsons-Zobel
dependences were plotted. For faces (01!) and (21 1),
the obtained dependences arc linear in the concentra-
tion intervals 0.003 < cNIF<0.1 M and 0.007 < cNar <
0.1 M, respectively. The deviation of the C~\

Cjl-dependences from liner,rity for faces (21 1) and
(01T), as well as the increase of the reciprocal of the

slope/p.z for these faces compared wiih the data for
faces (111) and (001) are caused by the substantially

weaker specific adsorption of F~ anions on faces (011)
and (21 1) and also by the crystallographic heterogene-
ity of face (211). In this case, it should be noted that
the deviation of C"1 Q'-plols from linearity is also

due to experimental errors [4, 16], but, in our opinion,
the different behavior of various Sb faces is probably
mainly due to their different surface characteristics.
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STRUCTURE OF THE ELECTRICAL DOUBLE LAYER

As io the case of faces (001) and (111) of a Bi single

crystal, for faces Sb(0ll) and Sb(2IT), a small
decrease in the/ Prvalue is observed with the increase
in the ac frequency V and negative value of q. This
result points to the fact that the increased/ P z values at
gq =0 and q > 0 arc caused by the weak specific adsorp-

tion of P*anions on faces (Oil) and (21 1) of a Sb sin-
gle crystal. Therefore, the adsorption activity of F~
anions increases in the sequence (111) < (001) <

(011)< (211), i.e., [with the exception of face (111)]
as the reticular density of the faces increases in the

sequence (001) < (111) < (Oil) < (2! 1).

From C versus £-curves, on the basis of the Gouy-
Chapmao-Stem-Grahame (GCSG) model [1, 16] and
using the technique of [17], we calculated the depen-
dences of the compact-layer capacitance CHon the sur-

face charge g for faces (011) and (211) of a Sb single
crystal in the interval of from 0.1 to 0.01 M.
According to data of Fig. 2 and Table 1, just as in the
case of Bi single-crystal faces [2 - 4], the tendency
holds for the decrease of the compact-layer capacitance

(Ch*0 atq < 0 and Cj*° at q = 0) in the sequence

(001) > (011) Z (21 1) > (111). Therefore, except for
face (111), a rigorous rule [18] holds that is theoreti-
cally based on the model of rigid spheres and states that
the more close-packed faces have the lowest capaci-
tance of the metal-electrolyte contact. Bearing in mind
that Sb is a semi-metal, the anomalous position of the
CHversus "-curve for face (111), as compared to faces

(011) and (211) of a Sb single-crystal, is probably
associated with different semiconductive properties of
individual faces, i.e., with the fact that apart from the
real capacitance of the compact layer, the CH values
also include the capacitance of the metal phase, which
depends on the crystallographic orientation of the
faces. The lower values of the compact-layer capaci-
tance for the faces of a Sb single crystal compared to
the corresponding value for Bi are, as in the case of
polycrystalline clectrodes [2 - 4, 6, 7, 14], due to the
less pronounced hydrophily of the surface of Sb elec-
LTodes and to the more pronounced influence of the
metal-phase capacitance in the case of Sh.

CYCLOHEXANOL ADSORPTION ON THF. FACES
OF AN ANTIMON1UM SINGLE CRYSTAL

Figure 3 shows the dependences of the capacitance
C on the potential £ on faces Sb(001), Sb(111), and
Sb(211) in the presence of CH in different concentra-
tions in 0.1 M aqueous solutions of NaF. It is evident
from Figs. 3a - 3c that C versus £-curves on Sb(001),
Sb(l 11), and Sb(211) have the usual shape with sharp
cathodic adsorption-desorption maxima at the poten-
tials £ n* and with the height increasing in the sequence

RUSSIAN JOURNAL OF ELHCTROCHHMISTRY  Vol. 30
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CH nl-'/cm2

-g, pClemJ

Fig. 2. Ch versus ~-curves in 0.1 M NaF for faces of single
crystal Sb: O) (001); (2) (0L \); (J) (2U ); and (4) (111).

C, nF/cm2

Fig. 3. Cversus E-curves for faces: (a) Sb(001), (b) Sh(l 11).

and(c) Sb<2T 1)in (7)0.1M NaF and with additions of CH:
(2)0.02: (3) 0.05; and «>0.1 M.

(2M) < (001) < (111). A similar tendency was also
observed in the case of Bi single-crystal faces [19- 21].

According to Fig. 3, an increase in the energy non-
uniformity of the Sb-electrode surface leads to a
decrease in the height of the adsorption-desorption
peaks and an increase in their width in the sequence

(111) < (001) < (211) and, therefore, to a decrease in
the effective value of the attraction constant a, which is
calculated from the width of the caihodic maxima of
the CH adsorption in the sequence (111) > (001) >

(21 1) for the faces of a Sb single crystal. The attraction
constant at the potential of the maximum adsorption <m
decreases in the same sequence. Similar to the case of
bismuth singlc-ciystal faces, the dependence ofa on £

No. 3 1994
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logcfM) (@)

logcfM] (b)

4T, jiCleml

Fig. 4. The dependence of the adsorption-dcsorplion peak potential on logc CH (a) for the electrodes: (1) Zn(l 120); (2) Zn(0001);
(J) Bi(001); (-0 Bi(ll); (5) Hy; (6) Sb(001); (7) Sb(in); and (S) Sb(211). The dependence of qg“* on logc CH (b) for

(/) Sb(111), (2) Sb{o01), ind (J) Sb(2L 1).

during the CH adsorption on Sb(OOI), Sb(lll), and

Sb(2n) has a parabolic shape, which, according to
[22, 23], is due to a decrease in the area 5 per adsorbed
molecule as the surface coverage increases. It should be
noted that on the faces of a Sb single crystal, as on a Bi
single crystal [19 *21], the attraction constant increases
inthe sequence (2T 1) < (001) < (111) as the hydrophilic
properties increase in the same sequence. A similar rela-
tionship is observed at the adsorption of organic mole-
cules on the faces of zinc [1, 24] and lead [25] single
crystals, and also on metals that differ in their hydroph-
ily (a0 increases in the sequence Sb < Hg < Bi <
Zn(0001) < Ga [2, 6 - 30]).

Figure 4a compares the dependences of the ;>oten-
tials of the adsorption-desorption peaks in the relative
scale (E"“ - E4,,q) on the logarithm of cydohexanol
concentration logc for Sh-crystal faces with the corre-
sponding data for Bi-crystal faces [19 - 21], Zn [24],
and Hg [26]. According to [28 - 30] and F'ig 4a, the
surface hydrophilic properties decrease in the fol-
lowing sequence of electrodes Zn(l 120) > Zn(0001) >
Bi(001)> Bi(lll) > Bi(2T T) > Hg > Sb(001) >
Sb(l 11) > Sb (211).

Figure 4b shows the dependences of the surface
charge in the supporting-electrolyte solution at the

potentials of the adsorption-desoiption peaks on

the logarithm of CH concenliation for the faces of an
Sb single crystal. It is evident from Fig. 4b that the

H SSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 30  No. 3

observed tendency [28 - 30] for the independence of the

charge of the cathodic desorption peak q“ from the
nature of metal (its hydrophily) applies to the Sb crystal
faces with a lesser degree of accuracy. In 0.1 M CH

solutions on face (211), the cathodic peaks are situated
at more negative charges than those of face (111), and
face (001) occupies an intermediate position. This is
indicative both of a strong interaction of CH molecules

with face (21 1) and of aless pronounced hydrophily of
face (21 1).

Using the C versus E-curves for Sb single-crystal
faccs and the technique of back integration, we
obtained g versus E-curves in the presence of CH in the
solution. According to 122, 23, 30]. the fact that the g
versus E-curves for the faccs of a Sb single crystal
intersect with the curve in the supporting-electrolyte
solution at the same potential indicates that Ov C ver-
sus £-curves are in equilibrium arid that the model of
two parallel capacitors can be applied for describing the
CH adsoiption on Sb single-crystal faces.

From C versus E-curves, using the relationships that
follow from the model of two parallel capacitors [22],
we calculated the CH adsorption isotherms (Fig. 5) at
the potential of the maximum adsorption E = E ~. The
limiting electrode capacitance C at the surface cover-
age 9 = 1was found by extrapolating the dependence of
1/Con 1/c at E = Em, to 1/c = 0. The other parameters
of the CH adsoiption were found using the technique of
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Frumkin-Damaskin [22] and are shown in Table 2,
which uses the generally accepted symbols.

In Table 2, the values of the adsorption parameters
point lo a substantial difference in the adsorption
behavior of CH on the studied faces of a Sb single
crystal.

According to the values of Bm - [1 C *“ and c0. o, the
adsorption activity of CH increases in the sequence

(111) < (001) < (21T). A similar sequence was also
found for the CH adsorption on Bi single-crystal faces
[19 - 21]. A somewhat higher adsorption activity of face
(001) than that of the face (111) can be attributed to the
stronger adsorption bond between CH molecules and
(001) surface atoms, each having one unsaturated cova-
lent bond which increases the chemical activity of the
surface [19 - 21]. Among the studied faces, die face

(211) has the highest adsorption activity and is ener-
getically nonsingular due to crystalographic factors
[8, 9, 31]. There are a great number of steps on face

(21 1) as well as three types of antimonium atoms hav-
ing 0, 1, and 2 unsaturated covalent bonds from the
three possible for each atom [8,9,31]. As in the case of
Bi(lll), all the atoms of the antimonium basal face
(111) are chemically saturated, and the CH adsorption
is mainly of a physical nature [19-21]. Moreover, the
low adsorption activity of Sb(lIl), as compared with

face Sb(211), is associated with its highest hydrophily.

ADSORPTION OF CYCLOHEXANOL
ON A POLYCRYSTALLINE SURFACE
OF ANTIMONIUM ELECTRODES

When studying the CH adsorption on polycrystal-
line antimonium electrodes (PC-Sb), we found that
the shape of the adsorption -desorption peak on the C
versus E-curve substantially depends on the preparatio-
ns! technique of a solid-drop antimonium electrode.
According to the experimental data (Fig. 6), for a DAE
with an additionally remelted surface (DAE-1), as in the

In[0(L -0)c]

g. 5. Isotherns of the CH adsorption on (7) Sh{211),
(2) Sb(OOl) and (3) Sh(1V).

case of asolid drop bismuth electrode with an addition-
ally remelted surface (DBE-1) [12 - 14, 32 - 36], the
effect of the splitting of the adsorption-desorption
peaks is observed. This effect is most pronounced at
concentrations Cch=0.02 - 0.05 M, while comparatively
narrower and higher adsorption peaks are observed in
more concentrated CH solutions (Cch > 0.1 M).
The maximum difference between the potentials of the
splitted peak AEmix is observed at cGH= 0.02 M and is
0.18 V, which is somewhat higher than the correspond-
ing value for DBE, 0.14 V [36, 37]. This is indicative of
a higher adsorption nonuniformity of the DAE-I sur-
face as compared with the DBE-I surface, which is

Table 2. Parameters of the cyclohexanol adsorption on the faces of a Sb single crystal

. ce=05 -fc A=
Electrod : - F
ectrode a, £ 0.05 C\ |[iIF/cm moL/dm3 dm-*/mol 13mol VOT M CH)
(001) 0.95 441 01 0.0051 +0.0003 683 201 £0.2 0.54 + 0.01
(111) 110 39+0.1 0.0071 +0.0002 41 2 189+0.2 093 +0.01
21 1) 0.70 36+0.2 0.0049 + 0.0004 86+3 ?0.7£0.2 0.99 £0.01
Table 3. Parameters of the CH adsorption on the polycrystalline surface of Sb electrodes
Electrode om+ 0.1 C 0.2, L7 ce=05 AG™, o
Uienr polidms  Bmdm¥mol Kol V(0.LMCH)
DAE-I 10 5.0 0.007 10.001 60+5 199 0.2 0.83 £0.01
DAE-1 0.6 54 0.009 +0.001 52 +5 196 +0.2 0.89 +0.02
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 30 No. 3 19%4
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C, pF/lcm2

Fig. 6. Cversus £-curvdts for (a) DAE-1 and (b) DAE-TTin (/) 0.1 M NaF and wiih CH additions: (2) 0 02; (i) 0.05; and (*) 0.1 M

associated with the greater difference between the zero-
charge potentials of different faces of an Sb single crys-
tal as compared with the Bi crystal faces as well as the
more pronounced dependence of the adsorption energy
of the organic substance and water on the crystallo-
graphic structure of the surface in the case of Sh.

As in the case of electrochemically polished plane
PC-Sb electrodes, solid-drop antimoniurn electrodes
with heat-untreated surfaces (DAH-1l) are character-
ized by deformed, low, and widened adsorption -des-
orpiion peaks. Optical and electronographic studies
showed that, as in the case of DBE-I [33], along with
defective polycrystalline regions consisting of numer-
ous fine crystals, the DAE-I surface includes relatively
large geometrically (energetically) uniform regions
with surface characteristics (including the adsorption
properties) approaching those of individual faces of an
antimoniurn single crystal. However, the heat-untreated
surface of DAE-II is characterized by a highly devel-
oped geometrical roughness (fPz > 1.30; /v > 1.35).
Well-developed polycrystallinity and the energy non-

RUSSIAN JOURNAL OF ELIICTROCIH-MISTRY  Vol. 30

uniformity associated with it encourage the appearance
of a wide spectrum of adsorption interactions in the
adsorption layer, and this leads not to the splitting of the
adsoiption peaks but to their widening [32 - 39].
According to 132 - 37, 39] and Fig. 6, the factor benefi-
cial for the splitting of adsorption peaks is the micro-
scopic nature of crystallogrsphic heterogeneity (non-
uniformly heterogeneous surface) of the DAF.-1 addi-
tionally remehed surface, which is characterized by the
presence of relatively large geometrically and energet-
ically uniform (single-crvs'.al) regions with distinctly
different adsorption properties.

Figure 7 compares logc versus £'nu - E. -0-curves
for DAE-I and DAE-11 with corresponding curves for

faces Sb(001), Sb(l 11), and Sb(21T). As in the case of
a solid-drop bismuth electrode [36, 37], the potentials
of the less negative individual maximum of the split
peak for DAE-I, with an accuracy of up to 5 - 10 mV,
coincides with the potentials of the maxima on the
C versus E-curve for face (001). However, the polen-
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tials o' the more negative maximum on the E** - £, .0
versus logc-curve for DAH-1 do not coincide with the
potentials on the corresponding dependences for

Sb(lll), Sb(21 1), or Sb(OIl) and, most probably,
characterize the adsorption and desorption on the more
active defective (single-crystal) regions of DAE-I.

According to fig. 7, the £ - £ , « Oversus logc-curve
for the heat-untreated surface of DAE-II, like that of
DBH-11, occupies an intermediate position between the
corresponding dependences for Sb(001), Sb(l11), and

Sb(21 1). Most likely, the position of the E™* -E f. Over-
sus logc-curve for DAE-Q does not characterize the
adsorption and desorption of CH in any actual surface
site with definite crystallographic structure and adsorp-
tion energy. Therefore, the peak potential is determined
by the overall adsoiption-desorption process over the
whole micropolycrystalline surface of DAE-I and is a
mean (apparent) value.

Figure 8 compares the statistically processed iso-
therms of CH adsorption on DAE-I and DAE-II with
the corresponding adsorption isotherms for Sb (Ill)
and Sb(001). As in the case of DBE-I, with the addi-
tionally remelted surface [36, 37], the isotherm of CH
adsorption on DAE-I is nonlinear at low surface cover-
ages Qpe~O.l and bends towards lower values of
IntSpe/O - Opc)c]. This is associated with the preferen-
tial adsorption of CH on more active defective regions
of the DAE-I surface at 8" < 0.1. At surface coverages
0.1 < Ope S 0.65, the isotherm of CH adsorption on
DAE-I is almost linear and coincides relatively well
with the isothermof CH adsorption on Sb(001). Table 3
shows the adsorption parameters determined from the
linear region of the isotherm. The other parameters of
CH adsorption on DAE-I and DAE-IT are also given in
this table. At surface coverages 0.65 < 6" <0.80, abend
is observed in the isotherm. This is characteristic for a
macropolycrystalline surface or for two-faced model
polycryslalline electrodes [34 - 37,40].

According to theoretical calculations and experi-
mental data for two-faced model polycryslalline elec-
trodes of bismuth [35 - 37, 40], the presence of linear
region? and clearly pronounced bends in the isotherms
of CH adsorption on DAE-1 is indicative of the macro-
scopic nature of the surface crystallographic heteroge-
neity. On the basis of Tables 2 and 3, £nf* - £ ?. Oversus
logc-dcpendences and adsorption isotherms, we can
assume that uniform surface regions, the adsorption
properties of which coincide with the characteristics of
Sb(001), prevail on the DAE-1 surface.

According to the experimental data of Fig. 8, the
isotherms of CH adsorption on DAE-II are nonlinear at
surface coverages 0~ <0.4 and bend towards lower val-
ues of InfG~/O - 0Op.)c]. At surface coverages 0.4 <
Op < 0.75, the isotherm of CH adsorption on DAE-II is
practically linear, and parameters of CH adsorption
determined from this region arc shown in Table 3.

RUSSIAN JOURNAL OF ELKCTROCIfEMISTRY  Vol. 30
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log c[M)

Fig. 7. The dependence of the adsorption-desorplion
peak potential on logo CH for (/; 5) DAE-I, (3) DAE-T],

(2) Sb(001), (4) Sh(! 11). and (6) Sh(2! 1).

In[6/(1 - 0) c]

0.5 10 6

Fig. 8. Ki'Lhuras of the CH adso.ption on (J) PAE-L
(4) DAE-11. (/) Sb(2i 1). (?) S!x001). r.nd (5) Sh(l 11).

A comparison of Tables 2 and 3 shows that the Bmvalue
for DAE-II occupies an intermediate position between
the Smvalues for faces (001) and (111), while the effec-
tive value <imfor DAE-11 is substantially lower than that
in the case of individual faces of an Sb single crystal.
Similar isotherms are also observed for DBE-11 and
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328 LUST
chemically treated faces of Bi and Sb single crystals.
As was shown by modelling, these isotherms arc asso-
ciated with the preferential adsorption of CH in more
active defective surface sites (with sufficiently different
adsorption energies) at 0" < 0.4 and the preferential
adsorption in less active (but energetically more uni-
form) surface sites at 9~ 2 0.4 [34 - 40].

CONCLUSION

Our results point to a substantial dependence of the
characteristics of the double-layer structure and CH
adsorption on the crystallographic and energy factors
of different faces of an Sb single crystal and a polycrys-
talline surface of Sb electrodes.
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Ons 6onee rny6oKoro MOHWMaHWSA PONU 3neK-
TPOHHOW ¥ KpucTanaorpapunyeckoi CTPyKTypbl no-
BEPXHOCTW W CTPOEHWUSI CKeneTa YrieBO4OPOAHOrO
pagvkana B afcOPOLUOHHBIX SIBNEHWSX B MPOJOXKE-
Hue pa6oT [1-6] 6blna uccnefoBaHa afgcopobLMs LMK-
norekcavoHa (LIFH) Ha cuHrynspHbix F-rpaHsx

(001) un (111) n Ha HecuHrynspHow /I-rpann (211)
MOHOKpuUcTannos Bi u Sh. MeToguka un3mepeHui,
NOAroTOBKa 3M1eKTPOAOB ¥ 0YNCTKA peaKTUBOB OMu-
caHbl paHee [3 - 6]. 9NeKTPOAOM CPaBHEHUSA CNYXWUN
HaCbILWEHHbI KanoMenbHbIN 3N1eKTPOA (Hac. K. 3.).

Ha puc. 1 npuBeAeHbl KpuBble 3aBUCUMOCTU M-
koctn C oT noTeHumana £ Ha paHax Bi(111) —a) n
Sb(111) - (6) B npucyTcTBMM LIMTH pasnmyHbIX KOH-
ueHTpauwnii 8 0.1 M BoagHoM pacTBope NaF. 13 puc. 1
BWAHO, YTO Ha rpaHn (111) moHokpuctanna Bi u Sb
C\E-KpuBble UMeKT 00bI4YHYIO (HOPMY C OCTPbIMU
KaToAHbIMWN MaKcMMyMaMu agcopbuunmn-gecopbunm c
noTeHymanom £"°\ BbicOTa KOTOPbIX 3aKOHOMEPHO
BO3pacTaeT C POCTOM KOHUeHTpauyumn LIFH. Cornac-
HO fJlaHHbIM pUC. 1, yBennyeHne aHepreTU4eckon He-
Of{HOPOAHOCTN MNOBEPXHOCTN CYPbMSAHOIO 3/IeKTPoAa
(No cpaBHEHMIO C BUCMYTOBbIM 3/1€KTPOLOM) NPUBO-
ANT K YMEHbLUEHWIO BbICOTbI U PacLUVpPeHnio NMKOB
afcopbuun-gecopbumnmn. Habnogaetcs yBennyeHue
BbICOTbl KaTOAHbIX MaKCUMyMOB B psify rpaHei

(2 11) < (001) < (111). Mopo6HasA 3aKOHOMEPHOCTb
MMeeT MecTo npu agcopbuun umknorekcanona (LN
Ha rpaHsx moHokpuctanna Bi n Sb [3, 5. 6].

MapameTpbl agcopbumn LIFH 6b1nn paccunTaHbl
n3 C, £-KpuBbIX MO MeTOAMKe pacyeTa PpymMKUHa-
[amackuHa (7]. ocHOBbIBaloLLeiica Ha Mojenun ABYX
napansenbHbIX KOHAEHCATOpPOB. 3HayeHWs mMony-
YeHHbIX MapaMeTpoB NpuBefeHbl BTabnuue, rae oHv
comnocTaBneHbl C COOTBETCTBYKOLMMMN  fAHHbIMU
ans Hg 12].

Kak cnefyeT 3 NpuBefeHHbIX BTabnuue napame-

TpoB, rpaHn (111) n (2 11) nmeloT BecbMa pasHble
afcopbuMoHHbIe cBolicTBa, a rpaHb (001) 3aHMMaeT
NPOMeXyTOUYHOE MOMI0XeHNe Mexay rpaHamu (111)

n (2 11). MopobHas TeHAeHUMs HabnogaeTca u npu
apcopbumm LM Ha pasHbIX rpaHAX MOHOKPUCTanNioB
Bi n Sb 13.5, 6, 8].

648

Pasnnuue B afCcopbLUMOHHbBIX CBOWCTBAX UCCNeAM
BaHHbIX rpaHeii MOHOKPUCTAaNI0B BUCMYTa U CypbMbl
0CO6EHHO HarnsiAHO MpPOSABAAETCA Ha puc. 2a, rae
npeAcTaB/ieHbl 3aBUCMMOCTM MNOTEHUMaNoB MaKCcu-
MyMa agcopbumnmn-gecopbuynn B palmoHanbHoOR Wka-
ne (£ - £n.0)oT norapmdpma KoHueHTpayun LIMH
Ige onsa rpaHeit MoHoKpucTannos Bi un Sb. CornacHo
npeAcTaBneHnsm pa6ot [9 - 11] n faHHbIM puc. 2a.
rMApPodUIbHbIE CBOWCTBA MOBEPXHOCTU YMeHbLUa-
loTcs B pagy anekTtpogosB Bi(lll) > Bi(001) >
> Bi(2 M) > Sb(l 11) > Sb(001) > Sh(211).

Ha puc. 26 npuBefeHbl 3aBUCUMOCTY 3apsaja no-
BEPXHOCTU B (POHOBOM pacTBOpe 3/71eKTponuMTa npu
noTeHumanax afcopbLNOHHO-AeCOPOLNOHHBbIX MaK-
cumymoB oI oT norapudma KoHueHTpauuun LIFH
ONs rpaHeli MoOHOKpucTannoB Bi n Sb. N3 pucyHka
cnepyeT, UTo o6HapyxeHHas BpaboTax [9-11] 3aKo-
HOMEpPHOCTb, KOTOpas 3ak/4aeTca B He3aBUCMMOC-
TV 3apsija KaTofHOro mMakcumyma fecopbuun o™4
0T NMPUPOAbI MeTanna, MeHee TOYHO MPUMeEHUMA K
rpaHaM MoHoOKpucTannos Bi n Sb. 3ToT pesynbTar
coBnagaeT ¢ BbIBogamu paboTtbl [12], rae obHapyxe-
HO, 4TO 3Heprusa afcopoLNN OpraHMyYecknx coefuHe-
HWA NpyU OTpULATeNbHbIX 3apsjax MoBEePXHOCTH 3a-
BUCUT OT XMMWUYECKON npupogbl (rMAPOGUILHOCTH)
meTanna. MoHwxeHHan afcopbLUMOHHAA aKTUBHOCTb
rpaHu (111) obycnoBneHa MeHee aKTUBHbIM MOBEPX-
HOCTHbIM COCTOSIHWEM, MOCKOMbKY Ha MOBEPXHOCTU
3TO rpaHu BCe aTOMbl XWMUWYECKW HacbllleHbl "
afcopobumns umMkKaorekcaHosa HOCUT YMCTO Pusnyec-
Kuii xapakTep (6, 8, 13]. CornacHo npeAcTaB/eHUAM
pa6oT [10, 14] v gaHHbIM puc. 26, TMAPODUIbHbIE
CBOICTBA NOBEPXHOCTN 3/1eKTPOAOB YMEHbLLAKTCS B

pagy rpaHeii Bi(l 11)> Bi(001) > Bi(21! )> Sb( 111) >
> Sb(001) > Sh(211)

Ha ocHoBe C. /I-KpvBbIX ANs rpaHeil MOHOKpUC-
Tannos Bi n Sb B pacTBOpe hoHa MeToA0M 06paTHO
ro MHTerpupoBaHuns 6bi1n NOCTPOEHbI 0,£-KPUBbIE B
npucytcTBum LIFH B pacTBope. Bbifo HaligeHo, 4To
AN HeboNbLINX A06aBOK OPraHWYeckoro coefuHe-
Hus C,£-KpuBble B HEKOTOPOW CTenmeHU SBASOTCA
HepaBHOBecHbIMW. Mpu cagdl > 0.07 M, a,E-KpuBble
cnuBarTCa ¢ 0,,.£-KPUBON Npu NoTeHUKMane £ Mes, 4To
CBUAETEeNbCTBYET 0 paBHOBeCHOCTU C',£-KpUBbIX.



AAQCOPBLUMA UMKNOITEKCAHOHA

C, MK® cm"2

C, MK® cm'

Puc. 1. C,£-kpuBble Ansa rpaHeit Bid 11)(a) v Sb(l 11)(6) B0.1 M pacTtBope NaF (/) uc gobaBkamu LIFH, M: 2- 0.05; J -0.1; 4 -0.2.

e~ - CeuwN B

MKKn cm

Puc. 2. 3aBUCMMOCTb NoTeHLmana aAcopOLMOHHO-AeCOPBLMOHHBIX MakcumyMmoB oT lg< LIFH (a) ans anekTpogos: | - Bi( 111>

2-Bi@211)

Bi(00l); 4 - Sb(111); 5-Sh(0()I); 6-Sb(2 M ). 3aBucumoctb 0™ " oT lac LLM I (™) Ha rpaHAx MOHOKpUCTanna:

/- Bit!11); 2 - Sh(i11);.? - Sh(00!); 4- Sh(2 M); 5- BittlOl); 6 - Bi(2] 1).

[0 COOTHOLWEHWAM, BbITEKAKOLWMUM W3 MOAeNn
[BYX napannenbHbiX KOHAEHCATopoB |7]. Ha OCHOBe
C/;-KpuBbIX OblM paccunTaHbl M30TepMbl afcopb-
UMM nNpy  noTeHUMane MaKcyManbHOW afcopbummn
E - E"T. CTaTucTuyeckn o6paboTaHHble M30TEPMbI
agcopbunn LIIFH npeactaBneHbl Ha puc. 3. Cyaa no
3HayeHusm Bu, - A n ce=(s. agcopbumoHHas ak-

ONEKTPOXUMNA  Tom 31 Ne 6 1995

TuBHOCTb LIMH pacTteT B psigy rpaHeii (111) < (001) <

<(211). Hawumbonblwyw afCcOPOUMOHHYI aKTUB-

HOCTb CPEeAM M3YyUeHHbIX FpaHeil nmeeT rpaHb (211),
KOTOpasi HECUHTYNApHa W ABSETCS 3HepreTUYecKu
HEeoAHOPOAHOM Mo KpucTanaorpapuyeckum npuymn-
Hawm 115, 16].
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MapameTpbl aAcop6LMM LHKIOrEKCaHOHa Ha pasHbIX FPaHsiX MOHOKPUCTau10B Bi n Sh

DNeKTpoa a,, + 0.05 C, Mk®/cm2  ce, 05 monb/gml Bu.gm’/mons  -A,C*, k[x/Monb B£(O 1M£ﬁl9|—'|)
Bi(lll) 1.04 48+02 0.0060 + 0.0003 60 £3 19.8+0.2 0.94 £0.01
Bi(OOI) 0.99 6.610.3 0.0058 + 0.0003 68 +3 201 £0.2 101 £0.01
Bi(2M) 0.92 6.4+0.3 0.0028 + 0.0005 174 +8 22.4+0.2 0.97 £0.01
Sh<111) 1.02 54+£02 0.0040 + 0.0(H)3 98 £5 21.0+0.2 1.09 £0.01
Sh(OOI) 0.83 7.0+0.3 0.0020 + 0.0004 2008 22.4+0.2 112+ 001
Sh(2IT) 0.64 6.6+0.3 0.0022 + 0.0005 239+ 10 228+02 123 +0.01
Hgl[2] 0.574 - 0.00592 95.5 21.0 R

BugHo, yTo agcopbumnoHHan aktusHocTb LIFH cy-  Bi(lll), Bi(001), Bi(211) mu Sb(lll). Ha rpaHsx

LLIeCTBEHHO Bbille Ha MOBEPXHOCTU rpaHeli MOHO-
KpucTanna CypbMbl, YeM Ha MOBEPXHOCTW rpaHeli
MOHOKpUcTanna BucmyTa. MoHMXeHHaa afcopbuu-
OHHas aKTUBHOCTb rpaHeli MOHOKpUCTasna BUCMyTa
obycnoBneHa 605ee BbIPaXeHHON rnapouabHOC-
Tbto. CpaBHeHMe ¢ AaHHbIMK paboT [3, 5, 6, 8] noka-
3bIBaeT, YUTO afcopbuMoHHasa akTMBHOCTb LIFH He-
CKO/IbKO BbILUE, 4YeM aAcopbLMOHHAs aKTUBHOCTb
L. Ha puc. 4 npuefeHbl rpaguky 3aBUCUMOCTM aT-
TPaKUWOHHOW NOCTOSSHHOW a oT E pana rpaHei

Puc. 3. M3oTepmbl agcop6uvm [U'l | Ha rpaHax MOHOKpUC-

Tanna: / - Sb(2il); 2- SOK) 13- Bi(211); 4- Sh(111);
5 - BifOOl): 6 -B id 11).

13

Sb(001) n Sb(211) 3Ty 3aBUCMMOCTY He OMUCHIBAIOT-
cs1 Teopuent agcopbunn dpymknHa-famackmHa, no-
CKOMbKY a 3aMeTHO MeHblle 1. Mo Bceil BeposATHOC-
TN, 3TO CBSI3AHO C MeHee BbIPaXXeHHON rnapodnib-
HOCTbIO MOBEPXHOCTU 3TWUX rpaHei, a Takxe
B/IMSHUEM  KpuUCTannorpauyeckoin  CTPyKTypbl

rpaHu Sb(2IT).
W3 puc. 4 BUAHO, 4TO 3aBMCMMOCTb a OoT E npu
agcopbumm LIFH Ha rpaHax Bi(001) n Bi(21 1) nmeeT

15

1.0

10 15
-£, B

Puc. 4. 3aBMCUMOCTb aTTPaKLMOHHOWM NOCTOAHHOM a 0T £
npu aacopbumn LIFH Ha rpaHax moHokpucTanna: 1 -

Bid 11): 2- Bi(00I):3- Bi(2 M );4- Sh(l 11).

ONEKTPOXUMNA  Tom 3L Ne6 1995
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napa6onuueckuii Bug. Mogo6Has TeHAeHUNSI Ha60-
faetcsa v npu agcopbummn LT Ha rpaHsix MOHOKpUC-
Tanna Bi n Sb 13, 5, 6, 8]. MpuunHoli TaKoW 3aBucK-
MOCTW ABNSETCA YMeHbLUEHMe NAoWwaan v, Mpuxoas-
Lelica Ha OfHY Monekyny agcop6arta, C poCTOM
3anonHeHus 0. CpaBHeHWe 3Ha4yeHWl a, paccyuTaH-
HbIX M3 LUMPUHBI KaTOAHbIX MakKCUMyMoB A1 LIFH n
LI [3,6], noka3biBaeT, 4TO aTTPaKLMOHHOEe B3aMMO-
neiicTBMe aacop6upoBaHHbIX -MoneKyn LT HeCKo/b-
KO BblLUe, Yem npu agcopbumm LIFTH. 3To 0b6ycnos-
NIEHO 0COGEHHOCTAMU CTPoeHUs Mmonekyn LI un
LIFH, a TakXe pasnuuusiMu B CTPYKType ux afcop6-
LIMOHHBIX CN0OEB.

B 3aK/t04eHMe OTMETUM, YTO pesy/ibTaTbl HAcTo-
sillel paboTbl CBMAETENLCTBYHOT O CU/IbHON 3aBUCHK-
MOCTU 3aKOHOMEPHOCTEW afcopbLMmM OpraHnYecKmnx
COeAMHEHWNI OT KpuUcTannorpapuyecknx v aHepre-
TUYECKUX XapaKTepUCTUK pasHbiX rpaHeii. MoBbiLue-
HUWe afcop6LMOHHON aKTUBHOCTM rpaHeli MOHOKpUC-

Tannos Bi n Sb B pagy (111) < (001) < (211) BocHoOB-
HOM CBSi3aHO C YMeHbLUEHWEM T[UAPOPUIbHbBIX
CBOWCTB B 3TOM )Xe psgy rpaHeid. TMoHMXeHHas
afcopbUMOHHAn aKTUBHOCTb rpaHu (111) moxeT
6bITb 00yc/ioB/ieHa KpoMe 60/1ee BbIpaXeHHOW rug-
PO(UNABLHOCTU €€ MeHee aKTUBHbIM MOBEPXHOCTHbIM
COCTOSIHUEM.
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BNNAHWE KPUCTANNOIMPADUNYECKOW CTPYKTYPbl MOBEPXHOCTMU
3MEKTPOAA HA CTPOEHWE ABOWHOIO 3/IEKTPUYECKOIO C/oA
N AQCOPBUNIO OPFTAHNYECKUMX MOJIEKY

© 1995 .

3. M. NycT, K. K. AycT, A. A.-A. SHec

TapTyCcKWil yHUBEPCUTET, SCTOHUS
Moctynuna B pegakuymio 08.11.94 r.

M3n0oxeHbl pe3ynibTaTbl CUCTEMATUYECKOTO WCCIEAO0BAHUSA BAMSHUS KPUCTa/IINYECKOTO CTPOEHUS Mo-
BEPXHOCTM Bi-, Sh- 1 Cd-31eKTPOAOB Ha 3aKOHOMEPHOCTW CTPOEHWS JBOHOMO 3NEKTPUYECKOTO C/osi B
BOAHOM 1 HEBOAHOM PacTBOpax NoBEePXHOCTHO-HEAKTUBHOTO 371eKTPONINTA. VI3yHeHO BAUSIHYE XapaKTepu-
CTVIK NMOBEPXHOCTY 3/1EKTPOAA Ha 3fCOPOLIVIOHHOE MOBefeHMe Pa3IMUHBIX OPraHNYeckux MoneKy . YcTa-
HOB/EHbI 06LLME 3aKOHOMEPHOCTM BAVISIHISI XMMUYECKOM MPUPOAbLI M KPUCTaNI0rpaduyeckoii CTpyKTypbl
NOBEPXHOCTU Ha CTPOEHME ABOHOIO C/I0S U Ha aACOPOLMI0 OPraHUYECKNX COEAVHEHUIA.

BBEAEHWE

Bonpoc 0 MpUuYMHax 3aBUCMMOCTU MexXdasHblX
XapaKTepuUcTUK 0T XUMUYECKOW Npnpoabl U aHepre-
TUYECKOr0 COCTOAHNA NOBEPXHOCTMW 3/1EKTpOAa cTan
o6cyKaaTbCcs, HaunHasa ¢ paboT BopucoBoii, JpLu-
nepa un ®pymkumuna [1,2], rge 66110 yCTaHOBAEHO, YTO
[BOWHOC/NOHbIE XapaKTePUCTUKN B CYLLLECTBEHHOM
Mepe 3aBUCAT OT NpeABapuTenbHOM 06paboTKM Mo-
BEPXHOCTW 3nekTpoga. B 1967-m rogy A.H. dpym-
KWH BbICKas3a/ll MbIC/b 0 KaXyLIeMCA XapakTepe
paccumTaHHbIX W3 3KCMepUMeHTaNbHbIX [AaHHbIX
[BONHOCNONHBLIX U aACcOPOLUMOHHBbIX NapaMeTpoB B
cny4vae TBepAblX 3/1EKTPOAOB C NOAMKpUCTanInyec-
kum (MK) cTpoeHrem MoBEPXHOCTU U MOJUEPKHYN
Heob6x0AUMOCTb MPOBeAEHNS MPELU3NOHHbIX 31eKT-
POXMMUYECKUX W3MEPEHWU Ha OTAENbHbIX FpaHaX
MOHOKpUCTanIM4yecknx anekTpogos [3]. HaumHas ¢
1972 r. B nabopatopuu 3nekTpoxumun TapTycKoro
yHMBepcuTeTa 6bII0 HA4aTO cMCTeMaTU4eckoe wuc-
CnefjoBaHNe CTPOEHWUA [BOWHOrO 3/1eKTPUYECKOro
cnosa (A43C), a TakXe aacopbuMmM NOHOB M MOJIEKYN
Ha pasHbIX FpaHsix MOHOKpucTanna sucmyTa [4]. He-
06X0ANMO OTMETUTb, YTO OCHOBHblE ABOWHOCNON-
Hble XapaKTepucTukun rpaHn (111) moHokpucTanna
Bi 6bl1n aKcnepuMMeHTanbHO usyyeHbl M. MsApHoS,
H.B. F'puropbeBbiM 1 Y. ManbMoM Mo4 PYyKOBOACT-
BoM A.H. ®pymkuHa B VIHCTUTYTe 3NeKTPOXUMUK
AH CCCP [5]. C 1987 r. 6blnn HayaTbl cMcTemMaTu-
YecKue UccnefjoBaHUs Ha rpaHax MoHokpucTanna Sh
n Cd [6, 7]. OfHOW 13 rNaBHbIX Leneil JaHHOTo uc-
cnefoBaHus 6bI1N0 fanbHelillee pasBuTue TeopeTun-
KO-MOZeNbHbIX KOHLUenuumii cTpoeHms MK noBepxHo-
CTW, PacrnpocTPpaHeHHbIX B KUHETUKE peasibHbIX
anekTposoB. OTKpbITME 3deKTa paclienneHms
MaKCMMyMOB afcopbunmn-fecopbLmnmn opraHnyecknx

MoceALLaeTcA CTONETUIO CO AHA poxaeHus A.H dpymKuHa.

coefiHeHNiA [8, 9] urpano 60nbLYI0 PONb B pasBu-
Tum Teopun A3C n agcopbumm Ha TBepgoli MK-no-
BepXHoCcTU. Ha ocHoBe 3TUX AaHHbIX A.H. ®pymKu-
HbIM, B.B. BaTpakoBbIM, B.5. [lamackuHbIM C cOTP.
[9, 10] 6bINM pa3BMTbI TeOpeTUYECKNE OCHOBbI A/1S
KO/IMYECTBEHHOTO OMWCAHNA 3IKCMEPUMEHTaNIbHbIX
pe3ynbTaToOB MO aAcop6LMn opraHnyecknx MoneKysn
n O3C Ha MONMKPUCTA/INYECKNX 3MeKTpojax
(MK3). Mo cyuiecTBy (ur3nyeckoe cogepxaHue
COBPEMEHHbIX Teopuii cTpoeHus MK noeepxHocTH
TBEPAOro 3NeKTpoda 3aK/loyaeTcsi B MOJe/IbHOM ee
OMMUCaHWMN KaK COBOKYMHOCTU pas3finyHbIX FpaHeii
MoHoKpucTanna [10 - 13]. Mpu 3ToM B MepBOM Npu-
GNVKEHUN 3TU MOAeNN MOTYT GbiTb pasfefieHbl Ha
nBe rpynnbl [13]: a) noBepxHocThb MK anekTpoga co-
CTOMT M3 OTHOCMTE/IbHO 60/bLUKNX NO pasmepam Mo-
HOKpUCTanImyecknx obnacteli (x > 10 HM - MaKpo-
NONMKPUCTaI/IMYHOCTb), B KOTOPbIX KaK MN/OTHbIE,
Tak U auddysHble CI0M Ha pasHbIX OAHOPOAHBIX
yyacTKax MOryT CUMTaTbCA He3aBUCUMbIMUK (TakK Ha-
3blBaemMasi MOfeflb  He3aBUCUMbIX 3M1eKTPOAOB -
MH2J3) [10 - 12]; 6) nonukKpucTananyeckas no.epx-
HOCTb COCTOUT M3 MEeNKUX N0 pasMepam Kpuctaniu-
T0B (X < 10 HM), pasmepbl KOTOPbIX COM3MEPUMbI C
napameTpamu fiBoiiHoro cnosi [13]. B cny4ae Takmx
MK-3neKTpojoB MN/0THbIE CNOM Ha Pa3HbIX MOHO-
KPUCTa/IINYECKNX ydacTKax CUMTaloTCA He3aBUCK-
MbIMK, a AUDAY3HBIA CNON ABNAETCA efUHBbIM MO
Bceil noBepxHocTU MK3 1 siBnsieTca yHKLUMER cpea-
Hero no nosepxHocTn MK3 3apsga 6 nK = 1X;0, (Mo-

nenb eanHoro guddysHoro cioa - ME/A). B obenx
MOAENSAX CyLLLeCTBEHHYIO PO/ib UTPAIOT KaK pasHoCTb
noTeHUManoB Hynesoro sapaga = Tak u ux /A
pPOMNBLHOCTb, T.6. EMKOCTb NMI0THOTO cnosi C,,[M - 13).
OCHOBHbIM Hej0CTaTKOM 06enx KOHLEenuunin ABnseT-
cA nNpeHebpeXKxeHWe pofblo rpaHnL, Mexgy oTAeNb-
HbIMW MOHOKPUCTa//IMYECKMMM YyHacTKaMu, nx pac
npegeneHvem Ha MK3, NOBEPXHOCTHOW MUrpauuei.

876
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YrnybneHHoe TeopeTu4yeckoe 0606leHne 3TUX
nepBoHayanbHbIX KOHLENUWUA 6b1N10 OCyLLECTBAEHO
B uccnegoBaHusx M.A. BopoTblHueBa [14].

[na onpeAeneHNs UCTUHHbIX ABOMHOCNOMHBIX U
afcopOLMOHHBIX XapaKTePUCTUK B UCCIEAYEMbIX CU-
CTeMax, BbISICHEHUSI BAWSHUA KpucTannorpagpmyec-
Kux 3 (heKTOB M co3jaHnsA MogenbHbix MK-noBepx-
HOCTeli C 3ajaHHbIMK NapameTpamu B nabopatopumn
3NeKTpPoXMMnn TY npoBefeH 60MbLIOKA LUMKA paboT
Nno M3y4YeHWIO [BOMHOrO CM0s 1 afcopbuumn Ha pas-
HbIX FPaHAX MOHOKpUCTaNa BUCMYTa, CypbMbl U Kaj-
MUSi B BOAHbIX Y HEBOAHbIX pacTBopax [15 - 20]. AaH-
HbIM Npo6aemam noceBsLLeHa HacTosALas paboTa.

METOAVNKA MPOBEAEHUNA
OKCMEPUMEHTA

[Na N3roToBeHNA MOHOKPUCTANINYECKUX 3MeK-
TPoAoB 6bIIM UCMONBb30BaHbI MacCUBHblE MOHOKPUC-
Tannbl u3 Bi, Sb n Cd, BbipaLieHHble No meTogy Yo-
xpanbckoro (Bi) nav no metogy 30HHOI nnasku (Sb
n Cd) B IHCTUTYTe Npo61em MUKPO3NEKTPOHUKN U
0c060 umncTbix Bewects PAH. MeTogmka BonbTam-
nepoMeTPUYECKUX U UMMEeJaHCHbIX N3MepPeHUiA, noa-
roToBKa 3/1eKTPOAOB M 04NCTKa pacTBOpUTeneW, co-
neil N opraHNyYecknx CoefMHeHN onuncaHbl paHee B
[15 - 20]. B gaHHOM MeCTe N1Lb OTMEeTUM, 4TO onpe-
AefeHne Kpuctannorpapuyeckoin opueHTauuu, no
KOTOpOW pa3pesasncs (MeTo[0M aHO[HOro pacTeope-
HVSA) MOHOKpUCTana, MpPOBOAMIOCE C MOMOLLbIO
PEHTreHOCTPYKTYpPHOro MeToga. [nsi aKcnepuMeH-
TaNlbHbIX UCCMef0BaHNIA 6bIAN UCMNONb30BaHbl 3/1EK-
TPOAbI, AN KOTOPbIX Yron pasopueHTauum a < 0.2°.
B 0CHOBHOM wuccnefoBaHns Obliv NpPoBefeHbl Ha
9/1EKTPOXUMUYECKN MOMMPOBAHHBIX MOBEPXHOCTAX
Bi-, Sb- n Cd-anekTposoB. B HeKOTOpbIX OMbITax
6blNN TaKXe MccnefoBaHbl MOHOKpUCTaNAn4eckme
noepxHocTu rpaHeid Bi(lll), Sb(lll) n Cd(0001),
noslyyYeHHble MeTOA0M CKa/lblBaHUS NPy TemnepaTy-
pe Xugkoro asoTta. [loslyyeHHble MOBEPXHOCTU
6b1N1 NccnesoBaHbl MPU NOMOLLLM 371eKTPOHHOTO MK-
Kpockona JEOL JSM-35 CF B pexxume amuccum ce-
KyHAapHbIX 3/1eKTPOHOB. COrnacHo faHHbIM puc. 1la,
Ha YPOBHE YyBCTBUTE/IbHOCTU 31EKTPOHHON MUKPO-
CKOMUMN 3/1EKTPOXMMMNYECKMN MOIMPOBAHHbIE, a TaK-
e ¥ nofyyeHHble METOAOM CKa/lbIBaHWA MOBEPXHO-
CTV ABNAIOTCSA COBEPLUEHHO FNafKUMW.

[nsa aKkcnepuMeHTanbHOW MPOBEPKKU COOTBETCT-
BYIOLLMX TEOPeTUYECKUX MpeAcTaBeHnin 06 3neKT-
poxmmMmnyeckmnx csoicteax MNMK-noBepxHOCTM 3/1eKT-
pogoB B pab6oTax [21 - 23] pa3paboTaHa meToaMKa
VN3rOTOBMIEHNA [BYrPaHHbIX MOAENbHbIX 3/1€KTPO-
foB. Viccnegyemble 3neKTpoAbl 6bIN M3FOTOBMEHDI

(001),
(101) wam (111) n3 MaccMBHOro Kycka MOHOKpWC-
Tanna Bi n pa6oymMun NoBepxHOCTAMM CAYXUAN 60-

KOBble FpaHW KauvHa (KNMHOoo6pasHble ABYrpaHHble
MofenbHble 31eKTpoabl - KAM3). MogenbHble ane-

BbIpe3aHuemM Komb6uHauun rpaxei. (011),

ONEKTPOXUMNA  Tom 31 Ne8 1995

Puc. 1. 3neKTPOHHO-MUKPOCKONuYyeckue cHUMku (JEOL,
JSM-35 CF) NoBepXHOCTN 3N1eKTPOAOB: a - 31eKTPOXM-
MWYECKU MONMpOBaHHas noBepxHocTb rpaHn Bi(lll)
(x 10000); 6 - 3NEKTPOXMMUYECKN MOMMPOBAHHAsA Nepe-
X0fiHas o6nacTb (CTbIK AByx rpaHeil) gna KOM3
(x 10000); B - XMMMW4YECKM TpaB/ieHHas MOBEPXHOCTb
rpaHu Bi(111) (x10000).

KTpogbl TuNa KAMOS umeloT B 06n1acTu BepLUMHbI
CTbIK ABYX rpaHeii, 1 31eKTPOXMMMYeCKas NoaMpoB-
Ka NPMBOAUT K 0YeHb CMIOXKHOI (CTyneH4aToli) Tono-
NIOFUM MOBEPXHOCTYW BepLUMHbI 31eKTpoga (puc. 16).
Mo3ToMy B jaHHOI pa6oTe 6bIAN NPOBeAeHbI UMMe-
[laHCHbIEe U3MEPEHNA U HA MOJENIbHbIX 3/IEKTPOAax,
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COCTOALWMX U3 ABYX pa3fiefleHHbIX NMPOCTPAHCTBEHHO
rpaHeii MoHOKpucTanna BucMyTa (ABY3NeKTPOAHbIE
MOfeNbHble 3nekTpoabl - A3M3). B cnyuae OM3I
OTCYTCTBYET CThIK [BYX pPas/IMUHbIX rpaHeil n rpaHn
HaxoAATCA B 31€KTPUYECKOM KOHTaKTe TONbKO Ye-
pe3 pacTBOpP 3/IeKTPONNTA U Yepe3 BHELLHIOK Lenb.

[nsa 3aMeTHOro yBenMYeHWA [JONWN NEepexofHoW
o6nact Mexpay OTAeNbHbIMU MOHOKpUCTanInuec-
KUMU yyacTKaMu (rpaHAMM) Ha MOBEPXHOCTU 31EKT-
pofoB M3MepeHWA 6biNN MPOBefeHbl W Ha 3NeKT-
posiax ¢ MK-NoBepXHOCTLIO, MOMYYEHHbIX Nepeceye-

HueM 30Hbl (111) - (OM) NNOCKOCTbIO,HaxoaALLelica
nog yrnom 1, 3, 5, 10 n 15° OTHOCUTENbHO rpaHu
(111) (T.e. BULMHANbHbBIE UM HECUHTYNAPHbIE 3/1EK-
Tpoabl B3-1), a TakXe mnepecevyeHUeM 30HbI

(001) - (011), Haxopauieiica nog yrnom 1, 3, 5, 10 un
15° oTHOCUTeNbHO rpaHun (001) (B3-H). SnekTpoxu-
Muyeckas nonnposka B3-1 uan B3-U npusoguT K
0YeHb CMIOXKHON (CTyNeHYaToi) TONONOrNM NOBepPX-
HOCTU, TAe Kaxfas CTyneHbka Takoli BULUHaNbHOM
VAWM HECUHTYNAPHOW NNOCKOCTM (B aTOMapHOM Mac-
wrabe) orpaHnyeHa rpaHbio C HU3KUM UHAEKCOM.

Ha puc. 1B npusefeH HOTOCHUMOK XUMUYECKU
TpaBneHHoW (HNO3+ NH4N 03) noBepXHOCTH rpaHm
Bi(lll), Ha kKoTopom BUAHbLI 06pa3oBaHHbie Npu
TpaBNeHWWN TPeyronbHUKWM C pa3mMepamMn MeHblue
10 MKM. Mexay fMKamu TpaBfieHWs MOBEPXHOCTb
rpaHu Bi(111) aBnseTca NpakTUYeCKMN FNagKoii.

CTPOEHWE ABOWHOTIO
QNEKTPNYECKOIO C/Nod HA TPAHAX
MOHOKPUCTANNA Bi, Sbh 1 Cd

Hanb6onee BaxHOW 3afayeli Npyu N3y4yeHnm cTpoe-
HUA 1BOIHOTO 3N1eKTPNYECKOT0 CNos ABASeTCA onpe-
fleneHne ¢ BbICOKON TOYHOCTbIO 3HAYEHUSA MOTEHLM-
ana Hynesoro 3apsaga Ea,O, u4T0, coOrnacHo
A.H. ®pymKuHy, saBnsetca (GyHAameHTanbHOW no-
CTOAHHOW B anekTpoxumuu. C 3Toi Lenbio metofa-
MU LMKANYECKOW BONbTaMNEpPOMETPUM W 3NEKTPO-
XUMUYECKOTo nMnegaHca coTpyHuKamu naboparto-
pun  anekTpoxumuum TY  GbiAM  UCCNefOBaHbI
3aKOHOMepHOCTM cTpoeHus [O3C Ha 0OTAeNbHbIX
rpaHax moHokpuctanna Bi, Sb u Cd B BogHbIX pac-
TBOpax NOBEPXHOCTHO-HEAKTUBHOTO 3N1€KTPONNTA, @
B Cnyyae rpaHeii Bi u B HeBOAHbIX pacTBOpax
(B meTaHone - MeOH; B aTaHone - EFOH; B n3onpo-
naHone - i-PrOH v B ayetoHnTpune - ACN) [15 - 25].
OnpefeneHHble OCHOBHble XapakTepucTukm [3C

npeAcTaBneHbl B Tabn. 1,rge (?H~° 1 CH* 0 - eMKo-
CTU NNOTHOTO cnos HO Mogdenun pama [26] npu EgT0

nnoTeHymnane KaTog4HOro MMHumMyma (ct< 0); C™" -
eMKOCTb MeTannmyeckoi asbl no mogenn Amo-
KkpelitHa-baguanu [27] npu runotese, 4YTO eMKOCTb
npocnoiiku pacteoputens C, = const;/P.?- dakTop
“lLIepoxoBaToCTM”, oOMNpeAeneHHblli M3  rpaduka

MapcoHca-Lo6ens [28]; D - adhdekTuBHas dpak-
TanbHas pasMepHoCcTb No mogenu [29]. Ana ucknio-
YEHMNS BO3MOXHbIX CNyyaliHbIX OWMNGOK M3MepPeHUit
BpaboTax [18,19] npoBegeHa ctaTucTuyeckas obpa-
60TKa 9KCMepMMeHTanbHbIX €eMKOCTHbIX (C,E-)
KPMBbIX, @ TakXe pacCYMTaHHbIX U3 HUX a,E- u
C,,,0-KpNBbIX. BblNIO YCTAaHOBNEHO, YTO MPUMEHEH-
Hag MeTOAMKa W3roTOBNEHWUA MOHOKpUCTanamMyec-
KNUX 3N1eKTPO/J0B 1 NPOBEAEHNA N3MEPEHNIA MO3BONA-
eT onpeAennTb BeMUYUHbI C, 0 M CH C JOCTAaTO4YHO
BbICOKON TOYHOCTbIO (OTHOCUTENbHbIE OWMUGKM Na-
pameTpoB He npeBblWaloT 1-4%).

Ha ocHoBe LMKAMYECKOW BONbTaMMNEpPOMeTpuun
yCTaHOBNEHO, 4TO B 06NacTu naeanbHol nonspusye-
MOCTV MOBEPXHOCTHAA CTPYKTypa rpaHeil MOHOKpK-
ctanna Bi n Sh asnsetcs 6onee cTabunbHoli, yem B
cnyyvae rpaHeit moHokpucTtanna Cd maun Au [30, 31].
O6ycnoBneHO 3TO TeM, YTO B peweTke Sh n Bi kpo-
Me MeTanM4yecKnx CBA3eN CyLLeCTBYOT TakXe W KO-
BaseHTHble CBA3W, MNOBblWalUWMe CTabUNbHOCTb
KPUCTannnyeckoi cTpykTypbl Bi u Sh. Mpobnema
BO3MOXHOTO NMepPecTpyKTypUpOBaHWA MOBEPXHOCTMN
Cd- (Bi- u Sb-) anekTponoB TpebyeT AanbHelWmnx
BCECTOPOHHUX 3KCMEePUMEHTanbHbIX MCCef0BaHNN
metogamum STM n AFM.

CornacHo gaHHbiM [15 - 25], 13MeHeHWe 4acToThbl
nepemeHHoro Toka v ot 110 go 1100 'y conpoBoxaa-
eTcs gucnepcueil eMKOCTH, He nNpeBbllato e 3-4%

C
ana Bi(lll) (te/v= —#t—u =

A1100 iy
Bi(001), (101) u (Oil) fv= 1.05 - 1.07. Ans rpaHei
MOHOKpucTanna kagmus/y= 1.05-1.08, a ans rpaHeit
Sbh/v=1.04-1.12. Mo mogenwn [29] Hamun 6bINK onpe-
feneHbl 3HaYeHUs 3 PeKTUBHOI hpaKTanbHON pas-
mepHocTn D, npeAcTaBneHHble B Ta6n. 1. CornacHo
faHHbIM Tabn. 1, 3HayeHusa ana rpaHein Bi, Sb n Cd
NNLWb HECKONbKO BbILWE, YEM 415 UfeanbHO rnajgKoi
nosepxHocTn (D - 2). CnegoBaTenbHO, U3YUYeHHbIe
HaMM 3M1eKTPOAbl Ha YPOBHE YYBCTBUTENBHOCTU UM-
nefjaHCHOro MeTo/fa ABNATCA DaKTUUeCKN rnagku-
MU 1 CBOBOAHBLIMU OT NCTOYHWUKOB NCEBAOEMKOCTH.

1.03 - 1.04), a gnsa

N3 npuseAeHHbIX B Tabn. 1 gaHHbIX BUAHO, 4TO
3HayeHus Eawl rpaHeil MoHokpucTanna Bi, Sb n Cd
3aBUCAT OT KpucTannorpa@uyeckoin CTpyKTypbl no-
BEPXHOCTW, OT XUMUYECKON MPUPOAbI N 3NEKTPOH-
HblX XapakTepucTUK MeTanna, a Takxxe oT NPUpoabl
cpefbl. PasHOCTb NOTEHUWanoB HyneBoro 3apsja
AE,, .0 rpaHeii mMoHoKpucTanna Sb cyulecTBeHHO
6onbwe [6,32, 33], uem B cnyyae rpaHeii Bi [15, 16],
4YyTOo 06YCNOBNEHO MOBbIWEHNEM 3N1EKTPOHHON 1
KpucTannorpaguyeckoih aHM3oTpoNnumu Npu nepexo-
ge oT Bi k Sb. Mofo6Has TeHAEHUNA NMeeT MecTo 1
B cfyyae rpaHeid Zn (AEa.0 = 90 mB) [34] u Cd
(AE,.0o=60mB)[7, 19].

W3 Tabn. 1 BugHo, 4To B cnyuae rpaHei (001),
(011) m (211i) Sb n Bi 3aBucumocTb EaT00TPETUKY-

OJIEKTPOXMMNA Ttom 31 N, 8 1995
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Tabnuua 1. Xapaktepuctukn A3C gns rpaHeit MoHokpucTtannos Bi, Sd n Cd

PacTtBopuTtesnb Anektpog -£0-0.B
H2D Bi(lll) 0.655 -
[15, 16,19,20, 38]  Bi(lOl) 0.585
Bi(001) 0.595 -
Bi(OIT) 0.590
Bi(2IT) 0.570
[6, 19,20, 32,33]  Shb(lll) 0.46
Sh(001) 0.37 -
Sh(Oll) 0.39
Sh(211) 0.34
(7,19, 20] Cd(0001) 0.95
Cd(10T0) 1.01 -
Cd(1120) 1.00 -
ACN Bi(lll) 0.50 0.16
[18,20] Bi(Tol) 0.42 0.16
Bi(001) 0.41 0.19
Bi(0ll) 0.42 0.17
Bi(2IT) 0.41 0.16
MeOH Bi(lll) 0.52 0.14
[20] Bi(001) 0.45 0.14
Bi(OIT) 0.47 0.12
EHOH Bi(lll) 0.45 0.20
[17, 20,24] Bi(001) 0.42 0.18
Bi(Oll) 0.44 0.15
Bi(2H) 0.46 0.11
[17,20] Sbh(ll) 0.26 0.20
Sh(001) 0.19 0.18
i-PrOH Bi(lll) 0.45 0.20
[25] Bi(001) 0.41 0.17
Bi(011) 0.46 0.15

NAPHOW NNOTHOCTM aTOMOB CETKU NpW OAMHAKOBOM
S2?3 3/IEKTPOHHOW KOH(UTrypaLuumn HesHaunTenbHa n
HabntoAaeTcs NUWb TEHAEHUWSA YMEHbLIEHUS OTpU-
LlaTeNbHOro 3HaYeHUA £0=0 MpWU pocTe PeTUKYNAp-
HOW MNOTHOCTM CeTKW rpaHeii. OfHaKo pasHOCTb
Ea=0[/15 Ha3BaHHbIX Bbllle rpaHell No CpaBHEHUIO C
6a3ncHoli rpaHbto (111) coctaBnseT 70 - 120 MB ans
Sb n 55 - 75 mB gnsa Bi, uTo, No BCeil BPOSTHOCTH,
06YyCNOBNEHO Pa3INYHbIMW NMOBEPXHOCTHBIMW COCTO-

3NIEKTPOXUMUSA  Tom 31

Ne 8 1995

o_ (40 «0 "
8 £ min c _0 c™A
51gc MK®D MK®P MKP fp-z D
(mB) " o™ r "

5 25.6 184 32 104 203
15 25.8 19.2 36 107 2.05
20 28.4 19.9 37 1.06 2.05
15 27.0 18.7 36 105 204
20 26.8 189 36 114 2.06
10 23.6 15.2 24 1.06 2.04
20 26.2 16.4 27 104 204
30 259 15.8 26 118  2.08
50 25.0 15.4 26 1.25 2.10
20 38.0 17.0 59 1.09 2.05
10 47.8 171 74 1.10 2.05
10 44.6 16.9 68 112 2.07

5 148 11.2 35 106 204
15 15.3 10.8 38 1.01 2.04
10 174 12.8 40 0.98 2.03
15 16.3 12.0 38 108  2.06
20 16.2 119 38 103  2.05
10 19.8 8.2 26 1.05 -
20 23.0 8.7 30 1.07 -
30 21.2 8.6 29 1.10 -
10 151 6.9 24 103 2.04
20 16.4 7.9 29 108 207
20 158 7.5 29 1.07 -
25 158 7.2 30 1.12 -
15 11.0 6.7 19 1.01
20 13.4 7.3 21 1.04
10 15.9 6.0 - 1.02
25 18.4 6.8 - 1.07 -
30 13.7 6.6 - 1.03 -

AHUAMN Ha3BaHHbIX rpaHe|7|, T.e. Y NOBEPXHOCTHbIX

atomoB ¢aHel (001),(101), (Oll)m (2! 1)cywecTBy-
10T HEHACbILL eHHble KOBANEHTHble CBA3N (M BaNeHT-
Hble COCTOSIHUS), @ Y NOBEPXHOCTHbIX aTOMOB rpaHu
(111) BCe KOBaNeHTHblIe CBA3M XUMWUYECKN HacblLye-
Hbl 1 OHU CKNOHHbI K 06pa3oBaHuio CBA3N NpK NoMo-
wn rubpuaHbix .y/A”-opbutanein [35]. Mopo6Has
TEHAEHLMA UMEET MECTO TakXe W B CNlyYae HEBOAHbIX
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pacTBopuTenein. N3 tabn. lcnegyet, uTo AE0=0B03-
pactaeT B pagy f-PrOH = EtOH < MeOH < HD <
< ACN. Ecnun B nepBOM A0BONbLHO rpy6bom mpubnu-
XKEHUN [ONYCTUTb, YTO PasHOCTb paboTbl BbIXoAa
371eKTPOHa B pacTBOp ANs rpaHeii Bi He 3aBuCuT OT
npupogbl PacTBOPUTENA, TO HUBENIUPOBAHWUE 3HaYe-
HWii £0=0yKa3blBaeT Ha 3aMeTHOe YMeHbLUEHNe pa3-
ANYNi B NMOMUNLHOCTW pasNnNyHbIX rpaHeil Bi B
i-PrOH unn EtOH no cpaBHeHuto ¢ ACN unun Ha 60-

Nee CUNbHYI0 afcop6umio aHuoHoB CHO* Ha rpaHsx

(011) n (2T1) n3 EFOH nnn 1-PrOH no cpaBHeHMIO C
OCTa/lbHbIMM rpaHAMu. OHAKO, K COXaNeHuto, nps-
Moe conocTaBfeHue abCOMOTHbIX 3HadyeHWn £a=0
ANA BOAHOW W HEBOAHOW cpej HEBO3MOXHO, mMo-
CKONbKY £a=0[n7 HEBOJHON Cpefbl M3MepPeHbl OTHO-
CUTENbHO BOJHOI0 HACbILEHHOTO0 Ka/NoMe/bHOro
3NeKTpoAa M 3HayeHMs £0=0 yCTaHOBNEHbl NNLWb C
TOYHOCTbIO [0 He W3BECTHOr0, HO MOCTOAHHOIO B
npejenax OfHOro pacTBOpPUTENA CKauyka MOTeHLMa-
na XWAKOCTHOTO coefunHeHus. Moatomy B Ta6bn. 1
npeAcTaB/eHbl BEMUYMHbBI CKayka noTeHuuana npu
nepexofe ot HA K paccmaTpuBaeMoMy pacTBopuTe-

N0 X, T.e. BeNnUnHbl £ak0\ ConocTaBneHune faH-
HbIX Tabn. 1c gaHHbiMK ana Hg n Bi [24] noka3biBa-
eT, YTO W3MEeHeHWe NMOoUNLHOCTU rpaHein (001),
(101) n (111) npun nepexofe oT H2 K HeBOAHOM cpe-
fle NpaKkTM4ecku coBnafaeT C COOTBETCTBYHOLLUMU
n3meHennamu ana NMK-Bi n Hg. HaumeHbwwne casu-
v O£, =0 1404 rpaHeit (O1l) n (271) obycnosneHbl
60nee cunbHoll agcopbuneii Monekyn pacTBopuTens
(EFOH wnnn /-PHOH), a Takxe cnaboit cneyunduyec-
KO agcopbumeit aHnoHoB CHO* Ha MOBEPXHOCTU XM~

MUYeckun 6onee akTUBHbIX rpaHeid (011) n (211) Bi
1 Sbh. B nonb3y nocnegHero BbiBoAa rosopaT Hanbo-
Nnee BbICOKWE 3HauyeHMs KoahduuneHTa EcuHa-
MapkoBa (QE™/3lgc) B Tabn. 1 ana (Oll) n (211)
Sb u Bi.

MNHTepecHO 0TMeTUM, YTO, KaK W B Cnyyae rpaHei
MOHOKpuctanna 2Zn [34, 36], gna Cd(1010) wu
Cd(1120) 3aBucMMOCTb £0=0 OT peTUKYNAPHON
NNOTHOCTW CETKN He3HaunTenbHa, a BeINUNHbI £a=0
ans 6a3ncHbIX rpaHeit Zn(0001) n Cd(0001) cABWHY-
Tbl COOTBETCTBEHHO Ha 90 1 60 MB B aHOAHYO CTOPO-
Hy. CnepoBaTenbHO, MOBbIWEHWE PETUKYNAPHON
NMOTHOCTK CeTKM Zn- n Cd-3neKTpof0B NPUBOANT K
caBury £0=0B aHOAHYIO CTOPOHY.

Ha 0CHOBE eMKOCTHbIX AaHHbIX MPW PasNUYHbIX
0= const 6biAn nocTpoeHbl C-1,C/r1-3aBUCMMOCTH,
rae Co - emKocTb Audy3HOro cnos, T.e. rpaduku
MapcoHca-Lo6ens [28]. Mony4yeHHble 3aBUCUMOCTH

(kpome Bi(211) n Sb(211)) B nuntepsane 0.003 M <
<ca< 0.1 M ABNATCA NUHERHBIMU C KOTAHFEHCOM
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yrna HaknoHa/P_2= 101 - 1.12 [19]. AnA aneKTPOA0B

Bi(211) n Sb(21l) rpadpukn TapcoHca-Lo6ens
ABNATCA NUHelHbIMM npu 0.007 < can < 0.1M.
B faHHOM MecTe Heo6X04MMO OTMeTUTb, 4TO (ak-
Top fp_z ABNAETCA CNOXHOW KOMMNEKCHOW Bennuun-
HOVi 1 B CyMMapHOM ONMUCbIBaeT OTK/IOHEHWE peanb-
HOW (3KCMepUMeHTaNbHO) CUCTEMbl OT WUAeanbHOW
cuctembl cfp_z = 1.00 [11 - 22, 37, 38]. OTKNOHEHNE

C~'.C~l -rpaMKoB OT SINHEAHOCTN MOXeT O6biTb
06yCNOBNEHO TakXe W 3KCMepuMeHTaNbHbIMU Mo-
rpewHocTaMu [37, 38], o4HaKO, Ha Haw B3rnsag, pas-
NUYHOe NoBefeHWe pa3HblX rpaHeil MOHOKpuUCTanna
Bi, Sb n Cd, no Bceli BEpOATHOCTU, B OCHOBHOM 00YycC-
noBneHo cna6oit cneynduyeckoit agcopbuymeid aHmo-
HOB (hOHa, a TakXe reoMeTpUYeckoi n aHepreTunye-
CKOW HEOAHOPOAHOCTbIO rpaHeii. ATOT BbIBOA MOA-
TBepXAaeTcs Tem (QakToOM, 4TO Mpu pocTe vV W
oTpuLaTeNbHOro 3apsfa NOBEPXHOCTU HabnofaeTcs
yMeHbleHune/,, z.

Ha ocHoBse C,£-kpuBbIx no mogenun lNyun-Yanme-
Ha-LW TepHa-Ipama (FTYLWIT) [26] n meTOoANKe pabo-
Tobl [11] 6bIAK paccuynTaHbl CH,a-KpUBble, NpeACcTaB-
NEeHHble N1 HEKOTOPbIX CUCTEM Ha puc. 2. CornacHo
AaHHbIM puC. 2a 1 Tabn. 1. 4Ns BOJHOW cpefbl BeNun-

YynHa C°~0 yBennumeaetca B pagy Sb < Bi< Cd < Zn,
4YTO COOTBETCTBYET POCTY FMAPOPUNLHOCTM B NpuUBe-
fAeHHOM pagy meTannos [39,40]. BennymHa eMKoOCTH
NNOTHOrO cfiost CH Npu o < 0 yBeAu4yuBaeTcs B pagy
1-PHOH < EtOH < MeOH < ACN < HD (puc. 2), 4to
COOTBETCTBYET BO3pacTaHWI0 MaKpPOCKOMUYECKOIi
AVANEKTPUYECKOW NMPOHULLAEMOCTN U YMEHbLUEHUIO
NUHEeHbIX pasMepoB MOneKyn pacTBopuTenei

ee0
(B nepom npubavmxennn CH— -j-). B cnyyae Sh-u
Bi-anekTpogos BennynHa Cu (puc. 26) ysenmunsaeT-

ca B pagy rpaHeit (111) < (211) < (O11) < (001), T.e.,
3a UCKMOYeHWem rpaHu (111), cob6nofaeTcs OCHO-
BaHHOE Ha MOJenun XecTKux chep npasuno [41], uto
6onee NNOTHO yNakoBaHHble FPaHN UMeT HanboNb-
WY eMKOCTb KOHTaKTa MeTann/anekTponut. AHO-
ManbHOe pacnonoxeHue CNOKpMBOW rpaHu (111)

no CpaBHEHUIO C rpaHamm (011) u (21 1) MOHOKpHC-
Tanna Sbh v Bi kak nonymeTtannos 06ycnoBAeHO pas-
NVYHBIMWN MeTanInyeckuMmn CBOMCTBAMU OTAEeNbHbIX
rpaHeit [20, 42], T.e. 3Ha4yeHNa CH BK/OYalOT Kpome
UCTUHHOW eMKOCTM NNoTHOro cnos C5(C, - eMKoOCTb
nNpoCnoiKN pacTBOPUTENA) TakKKe M eMKOCTb MeTan-
nuyeckoit asbl Cm (1/CH - 1/C, + 1/Cwm), 3aBucCH-
Wy OoT Kpuctannorpa@uyeckoil opueHTauuu
rpaHei.

[na onpegeneHns Cme pabotax [20,42] 6binmn nc-
Nnonb30BaHbl pasinMyHble MOJAeNbHble npeAcTaBne-
HUSA, 04HAKO B AaHHOM cTaTbe (Tabn. 1) npuBoAATCA

NMnWb 3HayeHus C™I', HalifeHHble Mo MoZenu AMo-

ANEKTPOXUMWNA  Tom 31 Ne 8 1995
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CH, MK® «cm’

Puc. 2. CH c-kpueble B HO (/ -6) nBACN (7.8) gns anektpogos: | —Cd( 10 10); 2 -Cd(OOOI); 3,7 - Bi(00I); 4,8 - Bill 11);
5-Sh(001); 6 - Sb<111) (a); Ans rpaHn Bi(001)(/ - I)h Sh{001)(4) ans pacTBopuTeneii: | -i-PrOH; 2,4 - EtOH; j - MeOH (6).

KpeiiHa-Baguann npu gonyuieHnn, 4To BennynHa C,
onpefenseTcs TONbKO CBOWCTBAMU pacTBOpUTENs
(T.e. C, ABNAETCA YHMWBEpPCaNbHON) W He 3aBUCUT OT
npupoAbl MeTanna W OT KpucTannorpaduyeckoi
CTPYKTYpbl MOBEPXHOCTW rpaHeil. HA OCHOBe faH-

HbIX pacuyeTa (Tabn. 1) [20] BennunHa CAnysennun-

Baetca B pagy Sb < Bi < Hg < Cd, T.e. BKnag metan-
nuueckoi hasbl B CyMMapHyl eMKOCTb CH YMeHb-

waetcs npu nepexofe ot Sb k Cd. BennunHa CA'n
ana Sb(l 11) v Bi(l 11) cywecTBEHHO HMXe, YeM ANs
oCTalbHbIX FpaHeli COOTBETCTBYIOLWMUX MeTannos.
O/iHaKo 0Ka3blBaeTCs, 4TO BenUnHa Cm3aBuCKT OT
npupoAbl pacTBOPWUTENS, U 3TOT pe3ynbTaT yKasbl-
BaeT Ha TO, 4YTO AONYylU|EHMEe O YHWBEpCanbHOM
xapaktepe C, He BbinonHsetcs. CnepoBaTenbHO,
B3aMMOAeNCTBNE MeTannoB C pacTBOPUTENAMU pe-
anbHO CyLLecTBYyeT M UTHOPWPOBATbL 3TO ABNEHMWE He-
060CHOBaHO.

AACOPBUMNA OPTAHMYECKWNX MOJIEKYN
HA TPAHAX MOHOKPWUCTANA Bi, Sb  Cd

Agcopbumns ynknorekcaHona (L) [6, 7, 33, 43],
H-rekcaHona (HI) [44], uywmknorekcaHoHa (LLFH)
[45], umknorekcaHkap6oHoBOW kucnotel (LMFKK)
[46], 6yTnnaueTata (BA) [47], HopmanbHoro (HBC),
BTOpnyHoro (BEC), nsobytunosoro (MEC) [48] n
TpeTuyHoro (TBC) [49] cnupToB nccnefoBanach me-
TOOM W3MepeHWs uMMedaHca B BOAHOM pacTBope
8 O3/IEKTPOXUMMUA

TomM 31 Ne8 1995

NOBEPXHOCTHO-HEAKTUBHOMO 31eKTponuTa npu T =
= 293°K. MMapameTpbl agcop6uuu (tabn. 2) 6binmn
paccumTaHbl No MeToguke ®pymKuHa-flamacknHa ¢
npumeHeHnem mogenn 0606LWeHHOr0 NOBEPXHOCT-
Horo cnos [50] (o603HaueHuns aBnawTCA obwenpu-
HATbIMK). MMapameTpbl 0606l eHHO Mogenn no-
BEPXHOCTHOrO €0 B 06l EM Mano oTanyatrTCca OT
efiMHWNLbI, W, CNef0BaTeNbHO, aACOPOLNA U3YUYEHHbIX
COeJMHEHNI C XOpOLWUM NPUGANXKEHWEM OMUCHIBa-
eTcsA B pamkax Teopun ®pymknHa-flamackuHa.

3HayeHMs afCcopOLNOHHBIX MapaMeTpoB B Ta6A. 2
CBMUAETENbCTBYIOT O CYLLECTBEHHOW 3aBUCUMOCTU
CTPOEHMs afCcOPBLMOHHOTO CNOS KaK 0T XUMUYECKOIi
npupoabl 1 KpucTannorpaguyeckoid CTpyKTypbl no-
BEPXHOCTN 3MeKTPOAA, TaK W OT FeOMeTpUYecKoro
CTpOeHus Monekyn agcop6ara.

CornacHo faHHbIM Tabn. 2, aTTpakyuoHHas no-
CTOSIHHAA a yBennumusaeTcs npu nepexoge ot Sh k Bi.
a Takxe npu nepexoge ot Cd k Zn [43 - 49, 5], T.e.
C POCTOM TUAPOGUABHOCTN 31eKTPOAHOr0 MeTanna
B psgy Sb < Bi < Cd < Zn [39, 40].

Mpn agcopbuMn opraHuMYeckMx Monekyn Ha
rpaHsx Sh n Bi a Bo3pacTaeT B pagy rpaHeit (2 11) <

<(0M) <(ToT) < (001) < (111) [43 - 49, 51], Te. C
pocTOM TUAPOMUABHOCTA TpaHell B NpPUBEAEHHOM
pAgy W, 3a uCKNlo4YeHuem rpaHu (111), mo Mepe
CHMXeHuna peTMKyﬂHpHOﬁ NNOTHOCTN YNakKOBKW.

Huskune 3HauyeHms a ana rpaHun (211) o6ycnosneHsbl
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Tabnuua 2. MapameTpbl aAcopoLyM OpraHNYeCcKNX COeANHEHNIA Ha rpaHaX MOHOKpucTannos Bi, Sb n Cd

C MK® " S o (iii)
Cucrema  paHb n.s NMx10° - _npc ~
oz © o %)0>M0nb wons  A(-ACX)
Bi/HEC (111) 130 345 0.35 - 4.9 14.0 N
[48] (Tol) 138 476 0.28 - 5.9 14.44 0.44
(0o01) 138 441 0.30 - 5.3 14.20 0.20
(011) 116 476 0.34 - 76 15.10 1.10
Bi/MBC  (111) 160 357 0.34 . 3.0 12.66 B
[48] (To!) 134 435 0.24 - 4.4 13.70 1.04
(001) 168  4.44 0.32 - 3.0 12.70 0.04
(on) 123 481 0.32 - 6.1 14.52 1.80
(20) 120 472 0.32 - 5.3 14.20 154
Bi/BBC (111) 157 388 0.42 - 35 13.14 -
M) (o) 142 476 0.26 - 48 13.95 0.81
(001) 157  3.86 0.38 - 3.6 13.20 0.06
(oih) 132 4.83 0.36 - 6.1 14.52 1.38
(20) 125 488 0.30 - 58 14.38 1.24
BI/TBC  (iii) 153 4.03 0.49 4.6 2.6 12.2 -
[49]  (101) 153 4.8 0.28 43 4.0 13.0 0.8
(001) 126 4.40 0.46 4.7 31 12.6 0.4
(oil) 0.85  4.48 0.36 4.4 46 136 14
Bi/BA  (iii) 153 425 0.26 41 40 189 -
471 (‘o) 153  4.60 0.29 4.0 104 21.3 14
(001) 135 415 0.31 4.4 78 20.5 0.6
(oil) 105 503 0.24 41 150 221 2.2
BIlHE  0il) 15 35 0.21 4.9 % 21.2 -
44  (oil) 13 33 0.19 44 132 22.0 0.8
(20) 13 3.6 0.18 41 113 21.7 0.3
Bi/LC  (in) 183 4.0 0.49 55 20 171 .
(43511 (lo!) 165 41 0.34 51 43 19.0 19
(001) 149 38 0.44 51 34 185 14
(oil) 145 42 0.39 4.6 70 20.1 3.0
(20) 135 46 0.36 46 39 186 15
Sb/UI  (111) 110 39 0.55 - 48 18.9 -
[32.33] (0o01) 0.95 4.4 0.50 - 68 20.1 1.2
(20) 0.70 36 0.42 R 86 20.7 18
Cd/yr  (oo01) 157 57 0.38 - 14 16.2 -
[ (iolo) 140 54 0.28 - 22 174 1.2
(1120) 137 52 0.27 - 21 173 11

ONIEKTPOXUMNA  Tom 31 Ne 8 1995
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Tabnuua 2. OKoHYaHue
mk® rmx 1010, — o = @
Cuctema TpaHb  « » 5 en,b 5 R A —oATR  —
o] cM Mofb -
Bi/L|MH (111) 104 48 0.55 60 198 -
(45] (001) 0.99 6.6 0.51 68 20.1 0.3
(211) 0.92 6.4 0.45 174 22.4 2.6
Sb/LIMH (illy 102 5.4 0.65 98 21.0 -
[45] (0o1) 0.83 7.0 200 224 14
(217) 064 6.6 - 293 228 1.8
Bi/UFKK  (1n) 148 3.0 0.51 49 193 -
[46] (0o1) 135 31 - 68 20.1 0.8
(211) 121 31 - 96 21.0 17
Sb/UTKK  (wp 131 31 0.55 105 20.8 -
[46] (001) 0.92 35 143 21.6 0.8
(211) 0.70 3.6 166 22.3 15

CTynmeH4yaTol TOnmonorueit moeepxHocTu [43, 51].
B cnyuae Cd- n Zn-anektpogos [52] nputaratensHoe

B3aMMofeicTBue yBennuyusaetca B pagy (1120) <

<(1070) < (0001), T.e. C YBENNYEHUEM peTUKYNAp-
HO NNOTHOCTM YyNaKoBKW rpaHeii. N3 Tabn. 2 cnegy-
eT, YTo NpuTAraTeNbHOe B3auMofeiicTBne B afcopob-
LIVOHHOM C/l0€ 3aBUCUT Kak OT A/INHbI U CTPOEHUSA YT~
NeBOAOPOAHOrO pajukana, Tak 1 0T pacnonoXeHuns
N XMMWNYECKOW NpupoAbl PYHKLMOHANbHOW TPynmbl.
B obuem a yBennuusaetca B pagy HEC < BBC <
<WUBC <TBC < UrKK < HF < UIrH < LI, natoT
psAf NpakTUYeckn coBnafaeT ¢ yBeAnyeHnem cTepu-
yecknx apekToB npu nepexoge oT HBC Kk HI un
panee k LLT [53].

[oBbIWEeHHbIE 3HAYEHNA C Y MOHUXEHHbIE BENN-

YnHbl Tumn A Ha rpaHax (lo 1), (211) n (Oil), a Tak-
Xe yMmeHbleHue £, B pagy rpaHein (111) > (001) >

>(01T) > (217) > (To!) ykaseiBaeT Ha Gonee
BblpaXXeHHbI FOPU3OHTaNbHbIi KOMMNOHEHT B pac-
MOMOXXEHUW MOJIEKY/1 HA HAa3BaHHbIX FPaHAX MO CPpas-
HeHuto c rpaHblo (111). BennuunHa £,, 3aBUCUT Takxe
OT CTPOEHUA YINeBOJOPOAHOTO pafnKana n GyHKLUM-
OHanbHOM rpynnbl OPraHU4eckoro COeAUHEHUs W
yeennunsaetca B pagy HIF < UFrKK <Ur<uyrHus
cnyyae 6yTunosbix cnuptos B pagy MBC < HBEC <
<BBC < TBC [43 - 49, 51], T.e. c yBennyeHuem ag-
(heKTUBHOIO AMNONLHOTO MOMEHTa ajcopbara.

Bo3pacTaHue 3HaueHuit BOu-4,C 4 B pagy rpaHei

(111) < (001) < (101)<(211) < (O Il) ykasbiBaeT Ha
BO3pacTaHue afcopbLUMOHHON aKTUBHOCTU W3YYeH-

SNEKTPOXMMUNA  Tom 31  Ne 8 1995

HbIX OpPraHU4yecknx MONeKyn B NMpuUBeAEeHHOM pafy
rpaHeil, YT0 CBA3aHO C yMeHbLUEHWEM TMAPODUNBHO-
CTW noBepxHOCTN Sh n Bi 31eKTpoj0B B JaHHOM pAagy.
MoHuXeHHas aAcopbLUMOHHAs aKTUBHOCTb FpaHu
(111) Sb n Bi moxeT 6bITb 06ycnoBneHa Kpome 60-
nee BblPaXeHHOW rMAPOMUNLHOCTU TakXe U MeHee
aKTUBHbIM COCTOSAHMEM rpaHm (111) [43 -49,51].

Ona oueHKU ponn YHKUWOHAaNbHOW rpynnsl B
afcopbLMOHHON CBA3KM MONeKynbl agcopbaTta ¢ no-
BEPXHOCTbIO B TaB/. 2 BK/IOYEHbl PA3HOCTU U3MeEHe-

HUs aHeprum agcopbumm [(-AGa)w - (-AG°)(In)]
LN U3YYEeHHOW rpaHun (&) n MeHee aKTUBHOW rpaHun
(111). W3 Tabn. 2 cnepayetr, 4TO PpasHOCTb

,q(-,u,c% @D yBeNn4MBaeTcs C MOBblWEHNEM
afcop6bLUMOHHON aKTMBHOCTU ajcopbata. IToT pe-
3ynbTaT yKa3biBaeT Ha TO, 4TO X0Ta afgcopbuynsa op-
raHM4YecKUX MoNieKyn B OCHOBHOM 06YycnoBfeHa a( -
(heKTOM BbI)XKMMaHWA, HEKOTOPYIO PO/b UrpaeT Tak-
Xe U XWMuyeckoe B3ammogeiicTBme apcopbaTa c
NOBEPXHOCTbIO. STOT BbIBOA MOATBEPXAAETCA AaH-
HbIMW pUC. 3, HA OCHOBE KOTOPOT0 Pa3HOCTb MOTEH-
Lmana HyneBoro 3apafa £0=0 1 KaTOJHOr0 MakCMMy-
Ma agcopbunn agcopbatos £"“*npn cap = const yse-
nuumnBaeTcs B pAAy anekTpogoB Zn(1120) <
<Zn(0001) < Cd(l120) = Cd(l010) < Cd(0001) <
< Bi(001)<Bi(l01)<Bi(2U)<Bi(l 11) < Bi(0ll) <
<Sb(001) < Sb(lll) < Sb(21l), uTo, cornacHo mo-

LeNnbHbIM NpeacTaBneHnam pa6ot [39, 40], cooTBeT-
CTBYET YMEHbLIEHNIO TUAPOGUABHOCTA 31eKTPOAOB

g*
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B.B

-5.0 - 100
Oo0“* MKKn cm"

Puc 3. (Enux - fo.o), Igr- (a) n O J* lgc-KpHBbie (6) npu agcopbumm LIT Ha anekTpogax: / - Zn(l 120); 2 - Zn(000l); i m
Cd(1120); 4 - Cd(()002); J - Bi(001); f> Bi(I11); 7- Hg; 8- Sb(111); 9 - Sb(001); /0 - Sh(2 I ).

npu nepexoge ot Zn(l 120) k Sb(211). AHOmManbHoe
pacnonoxexue (£"“*- £0, 0),18C-KpUBbIX ANA rpaHeit
Sb(Ill) n Bi(lll) B 0CHOBHOM CBA3aHO C OYeHb
NPOYHOI CTPYKTYpPOil afcop6LUMOHHOr0 cnos (BbliCo-
Kue 3HadeHns a, A, F'mu EN), KOTOpbI paspyliaeTcs
npy 6onee BbICOKMX OTpULLATENbHbIX MOTEHLManax
[43,51]. Ha puc. 36 npuBeAeHbl 3aBUCUMOCTU 3apaja
NnoBepxHOCTM B (POHOBOM pacTBOpPe 3NeKTponuTa
npu noTeHynanax afcop6LNOHHO-AeCOPBLMOHHbBIX

Makcumymos o™“* o1 IgcdiC[6, 7, 33, 51]. BbificHAeT-

Csl, YTO BEIMUMHA C™“*3aBUCUT OT XUMUYECKON Mpu-

poabl MeTanna W Kpuctannorpa@uueckoi CTpyk-
Typbl MOBEPXHOCTU, a Takxe OT agcopbarta. Mo Ha-
WeMy  MHEHW0. 3TOT  pesynbTar  ABnfeTcs
CnefCTBMEM TOTO, 4YTO NMGO NpU C <1 0 pasHble Me-
TanNbl ¥ rpaHN UMET pasnnuyHble TMAPOUNbBHOCTY
(cm. Tabn. 1), (6o B3aMMOAENCTBME OPraHNYecKux
MOJIeKY/1 C MOBEPXHOCTbIO He ABNAGTCA YNCTO hU3N-
UECKUM 1 BKNtOYaeT B Ce67 HEKOTOPYIO AOMI0 XUMU-
4yeckoro B3aumopeicTBusA. MccnefoBaHUAMU KUHe-
TuKu agcopbuun LT ycTtaHoBneHo [51]. uTo Ha
rpaHax (001). (10]) v (111) Bi agcop6buwnsa LI HocuT
uncTo M3NYeCKNin xapakTep M NUWb B CAyyae Xu-
MUyeckn 6onee akTUBHbIX rpaHeit (211)n (01T) He-
KOTOPYIO POfb UrpaeT 4aCTUYHbLI/ nepeHoOC 3apsfja.
Apcopbumns  u3omepoB 6yTMAOBOro cnupTa Ha
rpaHax Bi koHTponupyeTca cTagueit auddysun u,
cnepfoBaTenbHO, aacopbums MMeeT B OCHOBHOM (u-
3nyeckuii xapaktep. B nonb3y 3TOro rosopuT
paBHOBECHOCTb C.E-KpUBbIX.

16

CTPOEHWE LBOMHOIO
SNNEKTPNYECKOTIO C/104
HA MONUKPUCTANNNYECKON
MOBEPXHOCTN BUCMYTOBOTIO
ONNIEKTPOOA

[na sKcnepumMeHTanbHOW MPOBEPKU COOTBETCT-
BYIOLMX TEOPETUYECKNX NPefCTaBNeHWNIA 0 BANAHUN
Kpuctannorpa@uyeckoid CTPYKTYpbl MNOBEPXHOCTU
3nekTpoga Ha cTpoeHne A3C 6blnn NpoBeAeHbl UM-
nefaHcHble n3mepeHus Ha KAM3 u XTB (xumu-
Yyecku TpaBneHHoOM BucmyTe) (Tabn. 3). B Ta6bn. 3
N0£0.0 - pasHocTb £,,, AN OTAENbHbIX rpaHein

KOM3; £%“ nk n £2"nNK - NoTeHUManbl MUHUMYMa

C3* £-n Cpr ,£E-KPUBbIX COOTBETCTBEHHO.

ConocTaB/ieHNeM aKcnepumeHTanbHbix C™ . f-kpu-
BbIX C paccyMTaHHbIMM no mogenn MH3 ( =

=£,[/nNCHC,/(Cn +C,))]|E-kpnBbIMYK B pabo-
Tax [21 - 23, 54. 55] 661710 yCTAaHOBNEHO UX XOpOLLee

coBnageHue (puc. 4). CneposatenbHo, CJ* .f-kpu-
Bble AN KAMOS moryT 6biTb NpefcTaBfieHbl B Buie

cyMMbl CIK,E-KPUBbIX OTAeNbHbIX TpaHei i npwn
£-const u B Xxopowem MpUGAVXKEHUN NpuUMeHUMa
MH3, T.e. 06e rpaHn KAMO umMel0T cOBCTBEHHbIE
nnoTHble (C,, ) nanddysHbie (Cn,)cnomn (X, n/ - go-
NS MOBEPXHOCTU U (haKTOP HEOLHOPOAHOCTN rpaHu /.
COOTBETCTBEHHO).
SNIEKTPOXMUA Ne X

Tom 31 1995
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Tabnuua 3. XapakTepucTUKM UCNOMb30BaHHbIX BUCMYTOBbIX KOM3, XTB 1 KBB3 v napametpbl [, 3C| 15,21 - 23,54, 55]

Kom6uHauunsa us rpaHei A£0_o, MB rkF, M
0.6(001) + 0.4(111) 70 0.01
0.001
0.3(01) +0.7(HI) 65 0.01
0.5(011)+ 0.5(111)
0.8(011) +0.2(111)
0.5(011)+0.5(111) 0.001
0.3(0I1) +0.7(H)Y) 15 0.01
0.4(011) +0.6(101)
0.8(011) +0.2(101)
0.4(011) +0.6(!o!) 0.001
0.55(101) + 0.45(001) 5 0.01
0.001
XTB-1 - 0.01
0.001
XTB-11 - 0.01
0.001
KBB3 80 0.01
0.001

CornacHo gaHHbIiM Tabn. 3, 3HayeHua £ %Nk 3a-
BUCAT OT COOTHOLUEHUSA J0NEN BbIXOAA FpaHeit X, /X2,

npuyemM Hanbonbllas 3aBUCUMOCTb £*“ NK 0T COOT-
HoweHUs X,/X2Habnogaetcs ang KAM3 ¢ 66nbLweit

N£a=0[21,22,54,55]. Ha ocHoBe ,E-KpUBbIX NpU

Cu.nk nocTpoeHbl (C™ Cpol'-3aBucmumocTy,

rae 3HaueHus Cp - paccuuTaHbl no hopMynam Teo-
puu Tyn-YanmeHa B NpegnonoXeHun, 4To npw

EZ 'k ®= = 0. AHanun3 nokasbiBaeT, YTo

BeNnumnHa KotaHreHca (Cp")'|,(CA4-T LkpusbiX

/;:z nk 3aBucuT oT A£0c0. 0T cooTHoWweHns X, /X 7.
a TaKXe W OT can. NOCKO/bKY AaXe Npu YMepeHHOM

[z, ,0 (60 - 80 mB) (Cp*‘)~',(CA5)4 -3aBUCUMOCTH
HeNWHelHbl U OTKNOHEHME 3KCNePUMEHTaNbHbIX TO-
4yeK OT NpPAMOI YBENUUYMBAETCH MO Mepe CHUXKEeHUs
cancpoctom A£0,,0419 KOAM3. B pa6oTax [54, 55]
NnoKasaHo, YTO MCNONb30BaHME 3HauYeHuUin Cph5 ans

noctpoeHus (Cp“ )-,(Cp5)“-rpakoB He KOppPeKT-
HO, MOCKO/bKY MpW pacCMOTPEHUM NpU Kpuctanno-
rpaduueckoii HeogHopogHocTn KAMOS pacnpegene-

3NIEKTPOXUMUA Ne 8

Tom 31 1995

_£PoOC s
-c:,NK-B MUK y.#0.02  C [ ,£0.02
0.625 0.630 1.08 1.08
0.610 0.620 1.14 1.28
0.645 0.645 1.03 1.04
0.635 0.620 1.09 10.6
0.610 0.600 1.08 1.06
0.605 0.615 1.15 1.26
0.605 0.605 1.02 1.03
0.600 0.605 1.03 1.02
0.600 0.595 1.03 1.04
0.590 0.590 1.07 1.12
0.610 0.615 1.04 1.03
0.600 0.590 1.08 113
0.630 - 112 115
0.610 - 1.20 1.25
0.610 - 118 1.20
0.600 - 128 1.30
0.625 0.620 1.02 1.10
0.620 0.620 1.05 1.25

HVe NOHOB B AND(Y3HOM CNOe NPUHATO TaKXe 3aBu-

CAWMM OT KOOPAWHATbl, HanpaBleHHOW BAONb
NOBEPXHOCTW.  lMOCTPOEHHble B KoOpAMHaTax
(Cnk car'-dwaduknm (J\ Ca=£ X,Cu npu

£ = const) NpakTUYeCcKN NPSMONUHEAHbI, U BENUUU-

Hbl KOTaHreHca Yyrna Haknona W-'r (fp-z =
= 1.02- 1.04) He 3aBucAT 0T Tna KAM 3 (0T A 0=0),
oT cUl aTakxe 1 OT cooTHOWeHUs X, /X3.

HaiigeHHble no ¢opme CHNK'0-KPUBbIX 3Haye-

HWS hakTopa TakKXe BO3pacTalT c pasbaBneHun-

em pactBopa M ¢ poctom [E,*(> Ans OTAENbHbIX
rpaHeii KOAM3. B pa6oTax [54, 55] ycTaHOBAeHO,
YTO TaK Kak pasnuuns B rmapoduabHbIX CBOCTBaX
rpaHeii Bi HesHauuTenbHbl n ACl, He 3aBUCAT OT C,N,
To Habnwgaemblie B cnyvyae KAM3 apdekTbl Kpuc-
Tannorpagnyeckoil n aHepreTMYecKoi HeoAHOPOA-
HOCTU B OCHOBHOM 06YCNOB/IEHbI Pa3NNYHbLIMN 3Ha-
YEHUAMU eMKOCTU AUPGhY3HOro c€nos AN8 pasHbiX
rpaHeit KAMO3 BcnefcTBre pasnnyHbIX 3HAYEHWIA o,
ANnA oTAenbHbIX rpaHeit KAM3 npu £ = const.

Bonee cnoxHoi 3ajaveii okasbiBaeTcs aHanus
cTpoeHus A3C XMMUYECKN TpaBeHHO NOBEPXHOC-
TV rpaHeid (001) 1 (111). a TakXe KanjeBMAHOro BU-
cmyToBOro anektpoga (KBBJ), Ha noBepxHOCTU
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1/Cnio Mmk® 1 cm2

1/Csq, MK® 1ecm2

Puc. 4. Cnk .£-kpuBble (a) ana KAM3 [0.5 Bi(ll 1)+ 0.5 Bi(0l 1)] B BogHom pacTBope KF npuc, M: 1- 0 1,2 - 0.01; 3 - 0.007;

4 - 0.003. TOUYKM - 3IKCMEPUMEHT; CMIOLIHbIE MHWW - pacdeT no MH3. CNk ,Cl1-kpusble (6) gna KAMS: |- (0.5(017) +

+0.5(101)]; 2- 10.8(01 T) + 0.2(11DJ; 3- (0.3(011) +0.7(111)] m4 - [0.5(0M) + 0.5(111)]. Kpueas I - pacueT no M3/C;

4'- pacueT no MHO3.

KOTOpPOro npeAcTaBneHa BCA COBOKYMHOCTb rpaHeit
MOHOKpUCTaNna, UMerLWnx camble pasinyHble pas-
Mepbl K xapaktepuctuku A3C, rae OofHOPOAHbIE
y4acTKU MOBEPXHOCTM PAaCMO/iOXeHbl He MIO0CKO
He paBHOMEPHO OTHOCUTENbHO APYr Apyra no Bcei
nosepxHoctn KBB3. Ha ocHOBe NpoBefjleHHOr0 aHa-
nu3a yctaHoBneHo [21, 22, 54, 55], 4To cTpoeHwue
A3C Ha KBB3 [53] nam XTB onucbiBaetca nnbo
Mofenblo efuHoro auddysHoro cnos [13], nubo
ypaBHeHuAMuU wmogdenn BopoTbiHueBa [14], npm
BbIJB/KEHNN KOTOPbIX 6blN YUTeHbl 3 heKTbl He-
JINHEAHOCTU 3KPaHMPOBaHWs MNons B AU Y3HOM
CN0e, HEMNOCKOe W HepaBHOMEPHOE PacrnosioXeHune
O[JHOPOAHbIX Y4aCTKOB W Apyrue atdekTbl, Xapak-
TepHble Ana MK3. B cnyvyae KBBO n XTB oTMeueH-
Hble BblLlie MOJENN ABNAOTCA HepasnmunumbiMun [53],
NOCKONbKY ANA rpaHeii MOHOKpUCTanna BUCMyTa Ha-
6niopaetca canwkom cnabas 3aBucumocTs CHj oT
nHgekca rpaHu npu £ = const. B cnyyae KBBO
rpauku MapcoHca-Llo6ens nuHelHbl [53], a ag-
(hekTMBHaa (pakTanbHasa pasMmepHocTb D = 2.02
(T.e. noBepxHocTb KBB3 fBnfetcs npakTuyecku
npeanbHo rnagkoin). B cnyvae XTB rpaduku Map-

coHca-Llo6ens He nuHeiiHbl [12,21 - 23], a BenuunHa
D =2.20-2.30.

CnepoBaTeNbHO, NPUMEHUMOCTb TOW WAM WHOMN
mModenn Ana onucaHua ctpoeHns O03C Ha rpaHuue
pasgena MK3 /pacTBop anekTponuTa onpeaensercs
aHusoTponueit £, .0>CAun CH pasHbiX rpaHeil, a Tak-
Xe fioneil BbIxofa X, U pasmepamu 0A4HOPOAHbIX MO-
HOKPUCTaNIM4yeCcKnX y4acTKoB.

ALCOPBUNA TPETUYHOIO BYTU/IOBOTIO
CMUNPTA, BYTUNALETATA
N UNKNOFEKCAHONA HA MOBEPXHOCTU
NMK3 N3 BUCMYTA

C LeNnblo BbIACHEHUS BAUAHUS KpucTannorpadu-
YECKNX W IHEPTreTUYEeCKMX XapaKTepucTUK NoBepX-
HOCTU Ha afcopbuuio OpraHMYeckux CoeAMHEHMUN, a
TakXe NMPUMEHUMOCTU MOJENN NapaniefibHbiX KOH-
feHcatopos [9, 10] gns onucaHua agcop6uum opra-
Huyeckux monekyn Ha MK3 B paboTtax [22, 23, 56,
57J6bina uccneposaHa agcopbums LI, TBC n B A Ha
KOM3 n 4OMD3, Tunbl KOTOPbIX 0XapakTepu3oBa-

3NIEKTPOXUMUSA Ne 8

Tom 31 1995
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Puc 5. Clk~-kpusbie () B 0.05M BOnHOI pacTeope
Na2504 ¢ gobaskamu 0.05 M LI (/ -J. 7-9) n0.! M LT
(4-6,10-12) uns 4OM3-1 [0.5(111) m 0.5(01 T)| - (2,5);
a8 A3M3-11 (0.5(101) u 0.5(011)] - (A, 1Y); ana
KAM3-1 (0.5(101) + 0.5(011)] - (3. 5) uana KAM3-H
(0.5(10 1)+ 0.5(011 )1- (9,12). KpmBble /, 4, 7,10 - pac-
YeT no MH3. (-4, C®305),E-kpuBble (6) Npu agcopbLmmn
ur Ha Bi(0l1) - /; Bid ) -2 uBi(TOl)- J.

Hbl B Tabn. 4. MHpekc “1” o6o3HauyaeT 6onee no-
BEPXHOCTHO-aKTUBHYIO rpaHb (CM. Tabn. 2).

B paboTtax [22, 23, 56, 57] 6bIN10 yCTaHOBNEHO,
YTO XapaKTep 3HepreTUYecKoi HEO[HOPOJHOCTM
TBEPAOro anekTpoja Hanbonee HarNAAHO NPoABAA-
eTca B hopme afCOPOLNOHHO-AECOPOLNOHHBIX MaK-
cumymoB Cnk,E-KpuBbIX (pacliupeHune n pacwenne-
HMe MakCMMyMOB), a TakXe B (hopMme (B BMAe 3ajep-
XeK) oMK 0lk.£- nonk,c-kpusbix (0MK- cTeneHb
3anonHeHns MK3) (puc. 51 6). YCTaHOBNEHO, UYTO C
pocTOM afCOP6LMOHHOW HEOLHOPOAHOCTU, MEpOil
KOTOPO MOXHO CYMTaTb Pa3HOCTb W3MEHEHUSA CBO-

604HOI aHeprum agcopbumm A(-4Ca ) ans oTaenb-
HbIX rpaHeil KOM3 nnu [l9M 3, oTMeUeHHble BbiLle
A ekTbl, XxapakTepHble ana MK3, ycunusatoTcs.

CornacHo faHHbIM pacyeta, 3HayeHue [(-0Cpa6)

SNMEKTPOXMUNA  Tom 31 Ne 8 1995

Inonk/(1 - Onk)£

Puc 6. U3oTepmbl agcopbumn LM (a) Ha BucmyTe: 1 -
(011); 2 - KOAMD-1 (0.7(011) +0.3(111)); 4 - KOAM3-1
(0.3(011) +0.7(111)1; 5 - A3M3-1 (0.5(011) 1 0.5(111)]
n 7- rpaHb (111). Kpueas 3 - pacueT npu =70mn

B2 =20 gm3Imonb; a, = 145, a° - 182; X, =068 un

S'j = 110 gm3monb; aj =2.0nX3=0.04. KpnBas 6 -pac-
yeTnpn A®=70 n B2 =20gm3Imonb; = 1.45; = 1.82
n X| = 0.3. 3aBucumocTb B oT E (6) npu agcopbuum LII

Ha anekTpogax: ! - Bi(011); 2- KAM3-H; 3- Bi(lol);
4 - Bid W); 5-KAM3-1.

3aBUCUT OT agcopbata n oT E, nockonbky A(-4ACH ®

CBA3aHO C pasNnyHbIMK 3HavyeHnamu C', EN, 'm, a0,

BOw a0 ansa pa3H£bIX rpaHei (tabn. 2). Ham601/'\|bmv||7|
0

Bknag B A(-A4CA ) patioT napametpbl BOu aOdE,
HauMeHbLlWiA BKNag C' [22, 23, 56, 57].
OKCNepUMEHTANbHO-TEOPETUYECKUM  aHaANN30M

yCTaHOBNEHO, 4TOo ¢ pocTom A(-A4CA €) ana oTaensb-
HbIX rpaHeii yBenn4ynBaeTcs OTKNOHEHWE U3yyaeMoii
CUCTEMbl OT MO/le/in napannenbHblX KOHAEHCAaTOPOB,
CBA3aHHOE C nepepacnpejeneHnem agcopbLuMOHHOI0
paBHOBecus B npouecce agcop6uunm [22, 23, 56]. Mpwu
aficopbuuyn opraHM4yecKux MoneKyn C 3amMeAsieHHON
cTaguei gudpdysmn (LM, BA) Ha KOM3 nan 49M 3
OT/eNbHble KOMMOHEHTbl 3KBMBaNEHTHON Lenu ne-
pemMeHHOro Toka (B TOM 4ucne 3Ha4yeHUs umnegaHca
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Ta6nuua 4. MapameTpsl agcopbumm LM, TEC n BA Ha KOM3 v J3M3 [22, 23)

Twn Komb6uHauus
Apcopbar ynekTpoaa rpaHe X, £0.05

ur KAMS 1 (011) +(111) 0.20
0.40

0.80

A3M3 1 (0M) m(11) 0.50

KOAM3 1 (OM) + (7ou 0.35

0.45

A3M3 1l (Ol1) n (101) 0.50

KAM3 1 ("ion +(001) 0.55

TBC KAM3 | (Oll) +(LW) 0.30
0.50

0.70

BA KOAMD | (Ol1) +(111) 0.35
0.45

0.75

Bapbypra) pa3nuMuHbl Ha pasHbiX yyacTkax KAM3
nam A3M3, 4TO NPUBOAUT K OTKNOHEHUIO nUccneay-
eMOil cMCTeMbl OT NPOCTOW MoAenu mapanfienbHbliX
KOH/IeHCaTOopOoB.

Heo6X041MMO OTMETUTb, YTO UCMO/b30BAHNE U30-
TepMbl afcopbuMn ®pyMKUHA B KOOpPAMHATAX 3aBW-
cumocTu 0TKOT y = c/ce=05 Ans onpefeneHus sHaue-
HWiA 0,, 1 B(L He 060CHOBAHO, MOCKONbKY BEINUYUHbI

8MK 1 €9=05 3aBUCAT OT COOTHOLWEHUA B~/B\

uy\/a\. a Takxe oT X,/X2 1 ABAAIOTCA yCPeAHEHHbI-
MW, MO3TOMY W paccymTaHHble afCcopbLMOHHbIE Na-
pameTpbl fBAAOTCA Kaxyuwumuca [22, 23, 56, 57].
[Onsa aHanusa n3oTepm agcopbumm uenecoobpasHo
NPYMEHUTbL BbINPAMAAKO L NE KOOPAWHATbLI 3aBUCK-
mocTh 1n[Omk /() - OMK)r] ot OMK CornacHo gaHHbIM
puc. 6, cymmapHas nsotepma ana KAM3 van AOM3
COCTOMUT U3 [BYX NPaKTUUYECKWU NUHEWHbIX o6nacTei,
MeXay KOoTopbiMW Habntopgaetcs 3arnb, Havyano Ko-
TOPOTro 3aBUCUT OT COOTHOWeHUA X, /A", a AnuHa 3a-
rnba ysennuymsaeTca no mepe pocta afcop6bLNOHHON
HeogHopogHocT KOAMO unn A3M3. HaiifeHHble
13 MepBOi NMHeHOW o6nacTn n3oTepMbl I dek-

TUBHbIE 3HauyeHUs B, W a\, a TakXe M3 BTOPONA Nu-
HeliHoM 06NnacTn N30TePMbl By 1M aM NpeacTasneHbi
nTa6n. 4. BUAHO, 4TO 3Ha4YeHUs B\ yBenU4MBalOTCSH

c poctom fionn X,, a 3Ha4yeHUs Bu HECKONLKO BbILUE.

17

. 1
X2£0.05 i . o ™M
MO/lb an 4 vorb
0.80 150 44.7 176 27.1
0 60 1.46 48.0 1.68 29.0
0.20 1.43 68.0 1.58 27.0
0.50 147 63.0 1.70 25.0
0.65 1.68 64.0 1.42 46.0
0.55 1.46 66.5 1.60 44.7
0.50 1.68 56.8 168 44.2
0.45 16 43.0 172 33.1
0.70 - - 1.40 2.9
0.50 1.46 3.7 1.30 33
0.30 1.42 41 1.32 38
0.65 - - 1.34 84.8
0.55 0.99 124 1.42 91.8
0.25 1.06 134 - .

yem B\, A41s MeHee aKTUBHOW rpaHu KOM3 wunn
A3M3. YcTaHOBMEHO, 4TO Hawbonblias 3aBUCK-
MOCTb 3 (eKTUBHbIX aACOPOLUOHHbLIX MapaMeTpoB
oT X, HabnopfaeTca Ans MOAeNbHbIX 31eKTPOAOB C
60nblieil afcopbUMOHHOA HEOAHOPOAHOCTbIO MO-
BEPXHOCTHU.

B oTAMuYMe 0T pacCUMTaHHbIX U 3KCNepUMeHTanb-
HbIX n3oTepm ana A3M3, uszotepmbl gna KOAM3

npu HU3KMX 0~ (<  0.15) He NNHEeWHbI N NUCKPUB-
NATCA B HanpaBNeHUUM MOHVWXKEHHbIX 3HAYeHWi
In[0j~ /(1 - 0™ )cj (puc. 6). CoBNageHns onbITHOW 1
paccYuTaHHOW M30TEPM MOXHO A0GWTLCA TONLKO C
yuyeTOM MOMPaBOK Ha BAMAHWE TpaHuubl pasgena
MeXAY OTAeNbHbIMU MOHOKPUCTANNINYECKUMU Yya-

CTKaMi, a TakXe Ha CTyneHYaToCTb TOMNOMAOrNK No-
BEPXHOCTN B ob6nactm BEPLWUHbBI KﬂMHOOGpaG)HOrO

anekTpofa. CornacHo pacyeTram, 3HayeHus a\ u B\
AO/MKHbI NpeBbillaTh COOTBETCTBYHOLWME Mapame-
Tpbl A4NA rpaHeil MoAenbHbIX 3N1eKTPOAOB, B Aons X?
HaxoauTca B npegenax 0.01 - 0.05 [23].

NccnepgoBaHmamu agcopbuum U, BA n TBC Ha
BULMHANbHbBIX (HECUHTYNAPHbLIX) MOBEPXHOCTAX (BJ)
yCTaHOBNEHO, YTO Ha KPWBbIX eMKOoCTU B3 Habntwo-
flaeTcs 4eTKoe pacuienneHue afcopOUMOHHO-Ae-
COPBLMOHHBIX MaKCUMYMOB, @ U30TepMbl aacopbLun
COCTOAT U3 ABYX MPaKTUYECKN NNHEHbIX Y4YacTKOB,
MeXAYy KOTOPbIMWU O6GHapyXeHbl 4YeTKO BblpaXeH-
Hble 3arn6sbl (puc. 7). CXoAcTBO opmMbl agcopbLm-
TOoM 31 Ne 8
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cnuy, MK® mcm*

Puc. 7. Cnk £-kpuBble (a) ¢ fo6aBkamm LI B pacTeope 0.05 M (/, 2) 1 0.1M (3.4) Ha (001) - (01 1),0He. Mn0CcKoCTbL Nepece-

yenust Y (1,3) v 10° (2,4) oTHocuTenbHO rpaHu (001). M3oTepmbl agcop6uuu Ha BucmyTe (6); / - rpaHb (01 T); 6 - rpaHb (111);
2,3 - Ha (001) - (011 ¥°Hen 4,5 - Ha (111) - (011 ),0He npm yrne nepeceuveHusi 10° (2,4) n 3° (3,5) oTHocuTenbHoO rpaHm (001)

1 (111) cooTBETCTBEHHO.

OHHO-/,eCOPOLMOHHBIX MaKCMMYyMOB, afCcop6LNOH-
HbIX U30TEPM U HaWAEeHHbIX U3 HUX afCOPOLMOHHBIX
napameTpoB MO3BONSAET NPEANONOXKNTL, YTO Ha No-
BEPXHOCTU B3 B OCHOBHOM MpeBanupytoT agcopbum-

OHHble LLeHTPbl ABYX TUMOB, T.e. rpaHun (111) n (011)

Ha B3-l v rpaHu (001) n (O Il) Ha B3-Il. Ha kpuBbIx
emkocTun agcopbumnmn LI, BA nTBC Ha XTB Habnto-
fal0TCA OTHOCUTENbHO pacllMpeHHble OCHOBHbIE
MaKCUMYMbl, @ U30TepMa COCTOUT M3 ABYX MpaKTuue-
CKM NNHENHbIX y4yacTKoB. lMepexod OT MepBOi Nu-
HeliHOW 061acTU N30TEPMbl KO BTOPOMY JIMHEHOMY
y4yacTKy MPOWCXOAWNT MNABHO U B LWKNPOKONA o6nacTn

0“" [22, 23, 56, 57].

PesynbTaTbhl nccnegoBanus agcopbumn LM, TEC
nBA Ha AOM3, KAM3, B3 n XTB cBuaeTenscTey-
I0T O CYWECTBEHHOI 3aBUCUMOCTU HOPMbI M30TEp-
Mbl afcopbunm n SBNeHUS paclyenneHns agcopoum-
OHHO-AeCOpP6LMOHHbIX MakKCMMYMOB OT COOTHOLUe-
HUA pafga aAcopbUMOHHBIX NapaMeTpoB, a TakXe OT
KPUCTaNIM4eckoro COCTOAHUA MOAENbHOr0 3/1eKT-
poja.

SAKNTHOYEHWE

Ha ocHoBe NMpoBefeHHOr0 aHann3a ycTaHOBEHO,
UTO 3aKOHOMEPHOCTM CTPOEHUS ABONHOIO 3NeKTpuU-
Ueckoro cfos 1 B aAcopbLUNM OpraHnyecknx mone-
KYN B CYLLECTBEHHOW Mepe 3aBUCAT OT XUMUYECKOW

*3NIEKTPOXNMUNSA Ne 8

Tom 3! 1995

npupoAbl U KpucTannorpapuyeckoit CTPYKTypbl no-
BEPXHOCTW 3M1eKTPOAa, a TAKXe OT NPUPOAbI N MOJe-
KYNAPHOW CTPYKTYpbl MONIEKYN pacTBOpPUTENs W
aficop6ata. B3aumHoe BNMAHWE 3/1eKTPOJHOIO MaTe-
puana Ha MNOBEPXHOCTHOE COCTOAHWE MOJIEKYN
agcopbaTa W pacTBOpPWUTENs, a TaKXe BAUAHNE
afgcopbaTta M pacTBOPUTENS Ha 3HepreTMyeckoe Co-
CTOAHME 3/IEKTPOHHOTO rasa B MPUMNOBEPXHOCTHOM
Cnoe peanbHO CyLeCTBYIOT M MITHOPUPOBATh 3T B3a-
UMogeiicTBns He 060CHOBaHO. MposBneHne adek-
TOB, XapaKTepHbIX AN NOAUKPUCTaNNNYecKow
NOBEPXHOCTU, 06YCNOBEHO, C OAHOW CTOPOHbI, aHK-
30TpONUei 4BONHOCNOKHBIX NapamMeTpoB 3HEPreTu-
YeCKn OAHOPOAHBIX y4acTKoB MK nosepxHOCTH W, €
LpYroii cTOpOHbI, 0CO6eHHOCTAMU cTpoeHus MK no-
BEPXHOCTM (pasmepamMy OAHOPOAHbIX Y4YaCTKOB, WX
BULMHANbHOCTLIO UM HECUHTYNIAPHOCTbLIO, aHU30T-
ponuei aHepreTUYeCKUX XapakTepucTuk nT.4.).
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ALCOPBLUMNA LUMK/NOTEKCAHKAPBOHOBOW KWC/OThI
HA TPAHAX MOHOKPWCTAIJIOB BUCMYTA N CYPbMbI

© 1996 T.

A. A-S. SHec, 3. V. Nyct

TapTycKuii yHMBepcUTET, SCTOHUA
Moctynuna B pegakumio 14.06.95 r.

B 3neKkTpoxumuuyeckoit nuTepaType HakKomnieH
OBGWUPHbIA MaTepuan, CBUAETENbCTBY LW NI O BANUS-
HUM  KpucTannorpaguuecknx XxapakTepucTuK mno-
BEPXHOCTW 3NeKTpoAa Ha afcop6LMio opraHnyecknx
coeanmHeHnin [1-8]. HacTtoswas pa6oTa NoCBALWEHA
n3yyeHuto agcopbumm  LMKNOrekcaHkap6oHOBOA
kucnothl (LFKK) Ha cuHrynspHbix F-rpaHsax (001) n

(111) n Ha HecuHrynapHoit K-rpaHu (211) MoHOKpUC-
Tannos BUCMYTa U CypbMbl. MeToAuKa W3MepeHuii,
noAroToBKa 31€KTPOAOB M OYMUCTKA PEaKTUBOB ONM-
caHbl paHee [2-8]. DNeKTPOAOM CpaBHEHWUS CAYXWUN
HacbIW eHHbI# KanoMenbHbI 3aNeKTpoy (Hac. K. 3.).

Ha puc. 1npuBefeHbl 3KCNepUMeHTanbHble KpuU-
Bble 3aBMCUMOCTU emMKOoCTu C oT moTeHuuana E Ha
rpaun fill) moHokpucTanna Biun Sh 0.1 M BogHOM
B pactBope NaF B npucytcteum LIFKK pasnnyHbix
KOHUEeHTpaumnii. M3 puc. 1BUAHO, 4TO Ha rpaHu (111)
C,E-KpuBble NMeT 06bIUHYIO (OPMY C OCTPbIMU
KaTOAHbIMU MakcuMmymamu agcopbuyumn-gecopbuyun c
noteHunmanom £T1a\ BbICOTa KOTOPbIX 3aKOHOMEPHO
BO3pacTaeT C pocTOoM KOHueHTpauumn LIFTKK. Co-
rNacHo faHHbIM pUc. 1yMeHblWeHNe TMAPodUabLHOC-
TN NOBEPXHOCTU CYPbMAHOrO 3/1€KTPOja N0 CpaBHe-
HUIO C BUCMYTOBbIM 3N1€KTPOAOM NMPUBOAUT K CHUXE-
HUIO BbICOTbl M K pacllMpeHnto NUKoB agcopbumm-
fecopbunn. Habnogaetca yBenmyeHne BbICOTbl Ka-

TOAHbIX MakCMMYyMOB B pagy rpaHeii (211 ) < (001) <
<(111). Mopo6bHas 3aKOHOMEPHOCTb MMeEeT MecTo
npu agcop6uuun ruknorekcanona (L) u yuknorek-
caHoHa (LIFH) Ha rpaHsx moHokpucTanna Biu Sb [2,
4-6], uTO 06YCNOBNEHO yMeHbLUEHNEM 3HepreTnyec-
KO HEOJHOPOJHOCTM MOBEPXHOCTWM 3/1eKTpoja B
npuBefEeHHOM pAAY rpaHeil.

MapameTpbl agcopbummn LTKK 6binn paccymTa-
Hbl 13 C,£'-KpUBbIX N0 MeTOAUKe pacyeTa PpymKu-
Ha-flamackunHa {9]. ocHoBbIBalOLWeWCA Ha MOAeNn
[BYX napannenbHblX KOHAEHCATOPOB. 3HaYeHUs no-
Ny4yeHHbIX NapameTpoB npuBejeHbl B Tabnuue. Kak
cnefyeT U3 NPUBEfEHHbIX B Ta6nuue napamMeTpos.

rpaHu (111) n (2 1 1) umetoT BecbMa pasHble agcop6-
LWOHHbIE cBOMCTBA, a rpaHb (001) 3aHMMaeT npome-
XYTOUHOE MONoXeHne Mexpgy rpaHamu (111) un

(211). NMopo6bHas TeHAeHUMA Habnwogaetcs W npu

agcopbumm LM n LUMTH Ha pasHbiX rpaHAX MOHOKpWU-
ctannos Biu Sb [2, 4-6].

Pasnnuune B aacop6bLMOHHBIX CBOCTBAaX Mccnepno-
BaHHbIX rpaHeil MOHOKPUCTaNno0B BUCMYTa U CYypPbMbl
0COGEHHO HarnsfHO MPoOsABNSAETCA Ha puc. 2a, rae
npeAcTaB/ieHbl 3aBUCUMOCTW NOTEHLMANOB MakCu-
MyMma agcop6uymnmn-gecopbuymnmn B paMoHanbHOW LWiKa-
ne (£tax-£0=0) oT norapudpma KOHUEHTpauuu
LUFKK lgc ans rpaHeid moHokpuctanna Bin Sbh. Co-
rnacHo npeactasneHuam pa6ot [10, 11] u faHHbIM
puc. 2a, rUApPOQMUNbHbIE CBOWCTBA MNOBEPXHOCTU
yMeHbwatwTcs B pagy anektpogos Bi(lll) >

> Bi(211)> Sb(l 11) > Bi(001) > Sb(OOI) > Sb(21T).
MoHWXeHHas afcopOUMOHHAA aKTUBHOCTb rpaHun
(111) o6ycnoBneHa MeHee aKTUBHbIM MOBEPXHOCT-
HbIM COCTOSHMEM, MOCKONbKY Ha NOBEPXHOCTW 3TOWA
rpaHu BCe aTOMbl XMMUYECKM HacCbIW eHbl W afcop6-
LKA HOCUT YyncTo husnyeckunii xapakTep [2, 5, 6, 12].

Ha puc. 26 npuBefeHbl 3aBUCUMOCTK 3apsafa no-
BEPXHOCTU B (hOHOBOM pacTBOpPe 3/N1eKTponmTa npu
noTeHumnanax afCcopbLUNOHHO-AeCOPOLUNOHHBIX MaK-
cumymoB a™'T* oT norapudma KoHueHTpauumn LU rKK
LNs rpaHeil MmoHokpucTanna Bi u Sh. 3T1oT pesynb-
TaT coBnajaeT ¢ BbiBogaMu pa6oTsl [13, 14] n Hawwu-
MU NpeAblAyW UMK faHHbIMK [2, 4-8, 12], rae o6Ha-

Puc. 1. C .f-kpubble ans rpaHeit Bi (1 11)- (a) n Sb (111)-
(6) B0.1 M pactBope NaF (/) u c gobaskamn LIFKK, M:
2-0.015; 3 - 0.020; 4 - 0.0:
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ALCOPBELINA LMKNOMTEKCAHKAPEOHOBOW KUCNOTHI
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MapameTpsl aacopbunu LMKNOreKCaHKap6oHOBOM KUCNOTbI HAa FpaHsx MOHOKpucTanna Bi u Sb

Onektpog au*0.05 C', mkd/cm2c'e.0s, Monb/gm3

Bi(lll) 1.48 3.0+0.2 0.0034 +£0.0002 0.51
Bi(001) 1.35 31 +0.2 0.0032 +£0.0002 0.48
Bi(211) 121 31 +0.2 0.0030+0.0002 0.46
Sb(lll) 131 31+0.2 0.0028 £ 0.0002 0.55
Sb(00l) 0.92 35+0.2 0.0026 + 0.0002 0.51
Sh(2m 0.70 3.6 0.3 0.0024 £ 0.0003 0.47
PYXEHO, UYTO 3Heprus afcop6LUM OpraHUYecKmx

COeIVHEHNI MpKU OTpMuaTenbHbIX 3apAfax NoBepx-
HOCTU 3aBUCWUT OT XWMUYECKOW npupodbl (rMApo-
(MNbHOCTU) METaNNoB.

Ha ocHose C,£-KpWBbIX 15 rpaHeil MOHOKpUCTan-
Nla BUCMYTa M CypbMbl B pacTBOpe poHa METOAOM 06-
paTHOro UHTErpupoBaHnsa 6blv NOCTPOEHbI a,E-KpU-
Bble B npucyTcTeun LT KK B pacTBope. bbino Halige-

Ho, uTo C,E-kpuBble Ana rpaHeit (001) n (211) B
HEKOTOPOW CTeneHn ABNAOTCA HEPaBHOBECHbIMU.
[0 COOTHOWEHNAM, BbITEKAKO LW UM N3 MOAENN [BYX
napannenbHbiX KoHAeHcaToposB [9], Ha ocHoBe
Cis-KpuBbIX 6bIIN paccynTaHbl N30TEPMbI aAcopbLnM
npu NoTeHUMane MakCuManbHol agcopbunm E = £+
CTaTmMcTuyeckm obpaboTaHHble M30TepMbl aacop6-
umn UTIrKK npeactaBneHbl Ha puc. 3. JINHelHbI xa-
pakTep 3aBucumocTmn 1N[0/(1- 6)c] OT 0 NOKa3bIBaeET,
4yTo agcopbumnoHHoe nosegeHune LT KK yaosnetso-
pUTeNbHO OMMCbIBaeTCA WN30TepMOil PpymMKMHA Ha
BCEX MCCNefOBaHHbLIX FpaHAX MOHOKpUCTanna BUC-
MyTa u cypbmbl (puc. 3). Mogo6Has 3aKOHOMEPHOCTb
nmeeT mecTo npw agcopbuun LM [2,4, 5] m UIH [6]
Ha rpaHfix MoHokpucTanna Bi u Sb. 3HaueHnsa ag-
COPOLMOHHbIX MapaMeTpoB B Tabinue CBMAETENbCT-
BYIOT O CYL|eCTBEHHOW pasHuue aAcopbLuMOHHOro
nosefieHna LT KK Ha n3yyeHHbIX rpaHAX MOHOKpUC-

-0.6 -1.0

ETvm-E a=o B

e MAMIMONL -1 Ga , kx/Mon, ETU-EQuO, B (0.02 M LIFKK)

493 19.3+0.2 0.65 £0.01
68 £5 20.1 £0.2 0.78 £0.01
96 +5 211 0.2 0.82 £0.01
105+5 20.8+0.2 0.73+0.01
143 +8 21.6+0.2 0.81 £0.01
166 £8 223+0.2 0.86 £0.01

Tanna BUCMYyTa M CypbMbl. Bo3pacTaHue 3Ha4yeHuWi
RM1-AG™* Bpsagy rpaHein (111) < (001) <(211)yka-
3blBa€T Ha BO3pacTaHue afCopOUMOHHOW aKTUBHOC-
™™ LUIFKK B 3aTOM Xe pagy rpaHeii. Hanbonblwyto ag-
COPOLMOHHYI0 aKTUBHOCTb CPeAN WM3YYeHHbIX rpa-

Hell MMeeT rpaHb (211), KOTOpas HECUHTynapHa n
ABNAETCA 3HEpPreTUYeckn HEOAHOPOAHOW MO Kpuc-
Tannorpauyeckum npuynHam [15, 16]. BugHo, uto
agcopbunoHHas akTuBHocTb LIFKK cyuwecTBeHHO
Bbille Ha MOBEPXHOCTU rpaHell MOHOKpucTannia
CYpbMbl, Y€M Ha MOBEPXHOCTU rpaHeil MOHOKpUCTan-
na BucmyTa. CpaBHeHne afcop6UMOHHBLIX napamerT-
poB BmMu -AG* ¢ faHHbIMK paboT [2, 4-6, 12] noka-
3bIBAeT, YTO afCOPOLUMOHHAA aKTMBHOCTL BO3pacTa-
eT B pagy agcop6atoB LI < LUFKK < LFH. 370
pasnnune 06ycnoBneHO 0COBEHHOCTAMU CTPOEHUs
monekyn UM, LITKK n LMH, a Takxxe o6pa3oBaHu-
eM pasnnyHoOi CTPYKTYpbl afCOPGLMNOHHOrO CNos.

[N BbIACHEHNS cneunduKn B3anMofeicTBua BuC-
MyTa W CypbMbl C afCcOpPOVMPOBaHHbIMW MOEKyaMu
LUIKK, LiIr v LLIFH Ha puc. 4 conoctasfieHbl U30TepMbI
[BYMEpHOro AaBneHns Ha rpaHunyax sosgyx/0.1 M NaF,
Bi (111)/0.1M NaF » Sb (111)/0.1 M NaF. PucyHok 4
noKasblBaeT, 4YTO MOBEPXHOCTHAasA aKTUBHOCTb
UIrKK, Ur v UrH na rpanuye sosgyx/0.1 M NaF

Igc [M]
-1.5-

-10 -15

o™1, mkKn cm’2

Puc. 2. 3aBucMMOCTb noTeHuMana afcopbLUMoHHO-AecopbLMOHHBIX Makeumymo oT Ige LIFKK (a) ana anekTpogos: / -

Bi (111); 2- Bi(211); 3- Sb (111); 4 - Bi (001); 5 - Sb (001); 6 - Sh(211 ) n3aBucumocTb 0" “ oT Igc LFKK (6) Ha rpaHax

MoHoKpucTanna: / - Sb (111); 2 - Bi (111); 3- Sb (001); 4 - Sb(211 ); 5 - Bi (001); 6- Bi(21 T).
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Puc. 3. N3oTepmbl ageopbunm LIFKK Ha rpaHax MoHo-
Kpuctanna: / - Sb(2U ); 2 - Sb (001); 3 - Sb (111); 4 -
Bi(2I1);5-Bi (001); 6 - Bi (111).

3aMeTHO HMXe, 4yeM Ha rpanuuye Bi (111)/0.1 M NaF
n Sh (111)/0.1 M NaF. BennuuHsl [y B npucyTcTBun
UTrKK,Ur vl TH Harpanuue Sbh(l11)/0.1 MNaF 3Ha-
YUTeNbHO BbIWeE, YeM Ha rpaHuue Bi (111)/D.1 M NaF.
370 pa3nmuyume 06yCcnOBNEHO MEHbLIER rTMAPOPUNb-
HOCTbK CYpPbMAHOTO 3N1eKTPOAa N0 CPAaBHEHUIO C BU-
CMYTOBbIM. MMoBbIWeEHNEe 3HaYeHNE AyB pagy (111) <

< (001) <(211) yka3biBaeT Ha Bo3pacTaHue afcop6-
LMOHHON akTuBHOCTM LU ITKK, LU nLLFCH B 3TOM Xe
pagy rpaHeii. bonee 3ameTHOe cneunduyeckoe B3a-
nmopeiictene LUFKK ¢ nosepxHocTbio Bi u Sb no
CpaBHeHUlO c unmknorekcaHonom [2,4, 5] o6ycnosne-
HO 6onee cUNbHLIM B3aumogeiicteuem -COOH rpyn-
Nbl Kak C MOBEPXHOCTbIO 3MeKTPOAa, TakK W C ajcop-
GMPOBAHHBLIMWN Ha MOBEPXHOCTW 31eKTpPoAa MONeKy-
namu BOfAbl.

B 3aknto4YeHne OTMETUM, 4TO pe3ynbTaTbl HAcTo-
Aweil paboTbl CBUAETENbCTBYIOT O CYLeCTBEHHON
3aBNCUMOCTN 3aKOHOMEPHOCTe afcopbunu opraHu-
YeCKUX COeAMHEHWI 0T Kpuctannorpaduyeckux u
9HEPreTUYEeCKUX XapaKTepUCTUK pasHbiX rpaHeil.
MpeBbiWweHne agcopbUMOHHOW aKTUBHOCTU rpaHel

MoHOKpucTanna Biun Sh B pagy (111) < (001) <(211 )
B OCHOBHOM CBfi3aHO C YMeHbLIeHWeM TUAPODUNb-
HbIX CBOWCTB B 3TOM e pafy rpaHeii. MoHWXKeHHas
afcopbuynoHHas aKTMBHOCTb rpaHu (111) moxer
6bITb 06YCNOBNEHA KpOMe 60/ee BblpaXeHHOW Fua-
pPOPUALHOCTN MeHee aKTUBHbIM MOBEPXHOCTHbLIM
cocTtosHuem rpaHu (111).
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Abstract

Cyclic voltammciry. impedance and chronocoulometry have been employed for quantitative study of normal butanol (n-BA),
uo-buianol (iJo-BA), j?r-butanol (sec-BA) and (er/-butanol (fm-BA) adsorption at the bismuth single crystal planelaqueous Na2SOj
solution interface. The adsorption isotherms. Gibbs energies of adsorption, the surface excess and other adsorption parameters have been
determined. As found, the adsorption characteristics of the isomers of butanol depend on the crystallographic structure of the electrodes,
as well as on the geometrical structure of hydrocarbon chains of adsorbate. The adsorption characteristics obtained from the impedance
and chronocoulomelric measurements are in good agreement within the limits of surface charge densities - 24 < iF< 3yCcm !. The
adsorption of n-BA. nr-BA. i.to-BA and tert-BA on Bi single crystal planes is physical and is limited by the rate of diffusion of organic
molecules to the electrode surface. The adsorption activity of adsorbates at the btsmuthlsolution interface increases in the sequence
lerr-BA < sec-BA < iso-BA < n-BA as the adsorption at the airlsolution interface increases. In the case of all compounds studied, the
adsorption activity of planes increases in the sequence (KOT)s (001) < (277)< (011) as the superficial density of atoms increases.
According to the values of the standard Gibbs energy of adsorption, it was established that the hydrophilicity of electrodes increases in the

sequence SW1 11) < Bi(017) < Bi(211) < Bi(707) s Hg < Bi(OOI) < Bid 11) < Cd(0001) < Zn(000I) < Ag(111) < Ag(I00) < Ga.

Keywords: Bismuth. Butanol. Adsorption

1. Introduction

This work is part of a project devoted to the study of
the influence of the crystallographic structure of bismuth
on the adsorption of neutral organic molecules at the
Bilsolution interface [I -6). Adsorption of various organic
compounds at the polycryslalline bismuth solid drop elec-
trode (BDE) has been described previously [6-10]. In the
case of adsorption of pyridine [7]. aliphatic ketones [8] and
esters [9]. the phenomenon of splitting of the adsorption-
desorption maxima was discovered: however, if adsorption
of aliphatic alcohols, carboxylic acids and amines [10-12]
occurs, this effect was not observed. The previous investi-
gations showed that the splitting of the maxima was due to
the presence of different homogeneous monocrystalline
surface segments (single crystal planes) on the solid elec-
trode surface. This effect was rather sensitive to the char-
acteristics of the polycrystalline nature of the surface, to
the nature of both the adsorbing particle structure and the

solvent, to surface charge density a and to the base
electrolyte and adsorbate concentration. The best verifica-
tion of the crystallographic nature of the splitting of the
adsorption-desorption maxima is the toial absence of this
effect on single crystal planes [1.-6]. The results of elec-
tron diffraction studies [13] indicate that relatively large
monocrvstalline surface segments (dimensions of the order
of jOOnm) with the Miller indices (001). (111). (7()7) and
(Oil) exist at the BDEs. The statistical treatment of the
elecironograms and capacity data shows that the surface of
the BDE consists mainly (ca. 60%) of homogeneous seg-
ments whose crystallographic, double layer and adsorption
characteristics are similar to those for the (001) plane of
bismuth [13-15].

The electrosorption behaviour of the same aliphatic
compounds from electrolyte solutions on different metals
under otherwise identical conditions may provide further
useful information on the role played by metal-water and
water-water interactions upon electrosorption. In fact, the
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chemical nature and crystallography structure of the single
crystal plane electrode is known to affect the structuring ot'
interfucial water molecules || 0.12 15]. Such a structur-
ing. which has been studied extensively from both experi-
mental and theoretical points ol view, is therefore used to
exert an indirect influence upon the adsorption behaviour
of the same aliphatic compound on different metals. Sys-
tematic adsorption measurements of wu-aliphatic alcohols
and their isomers from aqueous electrolyte solutions have
been carried out on various sp-metals, such as Hg. Pb. Bi.
Cd, Sn. Sh, Zn, In-Ga and Ga [16-23]. In general, these
measurements indicate that the adsorption of aliphatic
compounds is weaker the more hydrophilic is the metal.
However, a further difficulty in comparing results from
different laboratories lies in the fact that different experi-
mental techniques are often used. In the specific case of
organic adsorption on single crystal planes of various
metals, there are three main approaches: (a) static capaci-
tance measurements by means of a manually operated
bridge; (b) dynamic capacitance measurements by means
of a lock-in-amplifier; (c) charge measurements by poten-
tial steps (chronocoulometry). Dynamic measurements are
not usually considered an equilibrium approach in view of
the continuous potential scan, while full confidence is
placed on chronocoulometric experiments [20,21].
Therefore, we have carried out systematic simultaneous
impedance (capacity bridge) and chronocoulometric inves-
tigations of the adsorption of various organic substances
on Bi single crystal planes. For a more profound under-
standing of the importance of the crystallographic structure
of the electrode surface and the geometrical structure of
the hydrocarbon chains of adsorbate in adsorption phenom-
ena, in the present work we have studied the adsorption of
normal butanol (n-BA), uo-butanol (iso-BA), sec-butanol
(sec-BA) and /m-butanol_(/m-BA) on singular faces
(111), (o), (OIT) and (OIT). and the non-singular (211)

plane of bismuth single crystals.

2. Experimental

The experimental procedure used in this work has been
described in Refs. [1-6]. The crystallographic orientation
was determined by X-ray analysis, using a special crystal
holder and a goniometric head. The electrode was cut
along the chosen crystallographic orientation with the pre-
cision +0.3°. The isolation of the faces was carried out by
a thin polystyrene film (dissolved in toluene) covering the
part of no interest, and then the sample was placed into a
Teflon holder [22,23]. The surface was polished to a mirror
finish by using standard metallographic procedures. The
final surface preparation was obtained by electrochemical
polishing in an aqueous Kl + HC1 solution. Thereafter, the
second X-ray diagram was used to determine the precise
angle, and only the samples whose precision on the orien-
tation was better than +0.|5" were used for electrochemi-

cal investigations After the last stage of surface prepara-
tion (electrochemical polishing), the electrodes were very
well rinsed with ultra purified water and were polarized at
- 12V vs. the saturated calomel electrode (SCE) in the
working surface inactive solutions. In some cases, the
basal plane (111) of Bi was prepared by cleaving the
single crystal at the temperature of liquid nitrogen
[Bid ID1].

For an additional characterization of the working sur-
face of electrodes, electron microscopic analysis by JEOL
JSM-35CF at the SEI regime was made (40000 x max.).
According to these measurements, the electrochemically
polished surfaces of bismuth electrodes were smooth (un-
derstandably within the range of the sensitivity of electron
microscopy). A few growth steps on the cut surface of
[Bi(l 11)“] were observed, but the distance between these
steps was very large (of the order of millimetres).

2.1. Solutions

The water for preparing the solutions was purified by
triple distillation {a quartz system was used for the last)
and purified additionally by using the special method
described in Refs. [22,24]. Solutions were prepared volu-
metrically using either NaF or Na2S04 purified by triple
recrystallization from water, followed by vacuum heating
to dryness. NaF and Na2S04 were calcined at 700°C
immediately prior to the measurements. The change of the
Na2S04 solution pH in the range 4.0 to 6.0 was effected
by the addition of a calculated amount of H,SO,, solution
prepared from triply distilled concentrated sulphuric acid.
The solution pH was determined with a pH-meter. Elec-
trolytic hydrogen was bubbled for 1-2h through the elec-
trolyte before the submersion of the electrode in the solu-
tion. The temperature was kept at 298 K and an aqueous
SCE was used as the reference electrode. The isomers of
butanol were purified according to Ref. [25].

3. Results and discussion
3 1 Cyclic voltammograms (CVs)

The CVs were recorded in order to determine the
quality of the surfaces investigated and the potential range
in which the adsorption of butanol isomers occurred 1be
shape of the CV recorded for the supporting electrolyte
was characteristic of the bismuth single crystal planes in
accord with our previous studies [1-6]. The cyclic voltam-
metry curves also indicated that the bismuth single crystal
planes investigated are ideally polarizable in the potential
range of -1.8 to -0.45V (SCE) in aqueous 0.05M
Na2S04 or 0.1 M NaF solutions. In aqueous 0.04M
Na2S04 + 0.01 M H2S04 solution, bismuth electrodes are
ideally polarizable in the range of - 0.8 to - 0.05V
(SCE).
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3.2. Differential ra/xn ny vs. potential curves (C(E)-curvc.\)

The C(£ (curves shown in Fig. | were recorded lor the
supporting electrolyte alone and with additions of n-BA
For accurate determination of the precision of the experi
mental data a statistical analysis was carried out [23]. The
statistical analysis showed that in the case of electrochemi-
cally polished single crystal Bi electrodes, the values of C.
surface charge density rr and surface tension (y - yO0) can
be determined sufficiently accurately by the measuring
procedure used, and the error of these parameters is not
greater than 2-5%. The values of the potential of maxi-
mum adsorption £m), and of the potential of adsorption
desorption maximum £ nm can be established with accura
cies of £+ 25mv and * 5 to 7mV accordingly.

All the C(£)-curves determined in the presence of
isomers of butanol in the solutions investigated merge with
the curve for the supporting electrolyte at —1.8V (SCE).
indicating that butanol and its isomers are completely
desorbed from the bismuth surface at these negative polar-
izations. At less negative potentials the C(£)-curves dis

E vs.SCE/V

Fig | C(£)-curves (« = 210Hz) for BK111) in 0.05 M Na,SO, (I), in
0.04M Na,SO* *m00L M H,S04 (f) and with different additions of
ten-BA (M) (2) 0.4. (3) 0 6. (4) 1.0.

E vs.SCE /V

Fig 2. C(£)-curves (~m- 210Hz) for BKIOT) in 0 IM NaF solution (1)
and for 0.2M solutions of adsorbates: (2) n-BA; (3) i.vo-BA. (4) irr-BA.
(5) ifri-BA

play characteristic adsorption-desorption peaks. The height
of the peak increases and its potential shifts in the negative
direction with increasing butanol concentration. As we can
see from Fig. 1 and Fig. 2, the shape (the height and
width) of the adsorption-desorption maximum at cOg=
const, depends on the geometrical structure of the adsor-
bate hydrocarbon chains. The height of peaks at cvt =
const, increases and the width decreases in the sequence
ten-BA > 5£¢c-BA > iso-BA > n-BA, which means that at
£<£, .0 the attractive interaction between the adsorbed
butanol molecules increases in the sequence ten-BA to
n-BA. The potential of the adsorption-desorption maxi-
mum £™Kat E<Ea_0 (c” = const) depends on the
geometrical structure of the adsorbate, and the adsorption
activity of butanol isomers increases in the sequence of
ten-BA to n-BA. The height and potential of the adsorp-
tion-desorption peaks depend on the geometrical structure
of the electrode surface. One can see from Fig. 3 that these
maxima increase jn height in the range of faces (2 |T)<
(OH) < (111) < (101) £ (001). Accordingly, the attractive
interaction between adsorbed molecules increases as the
superficial density of atoms decreases. Going further in the
positive direction, the differential capacity decreases to a
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-1.8 -1.4 -1 -06
E vs.SCE/V
Fig. J. a £ »-curves (v - 2I0Hz> for 0.0SM N»jSO, +0.25M jn-BA

for various electrodes (1) BKOOI): (2) BiUOIh (.1) BK111); (4) BKOIT);
(5) BK211)

value much smaller than that observed for the pure base
electrolyte, indicating that butanol molecules are replacing
water at the interface.

The adsorption-desorption maxima at E> Eam0 for
tert-BA and sec-BA were found at Es -0.1V (SCE)
and only these curves were used for calculations. For more
concentrated solutions of iso-BA and n-BA, the peaks for
Cos>0.IM lie at very positive potentials E> -0.1 V
(SCE) and are probably distorted by a slighl specific
adsorption of anions [3-6]; therefore, they were not used
for the calculation of adsorption parameters.

3.3. Non-equilibrium differential capacity curves

The edl differential admittance was measured from 60
to 21 000 Hz. The capacity dispersion with frequency v is
small in the proximity of the differential capacity mini-
mum (in the region of maximum adsorption), whereas it
increases notably in the region of the adsorption-desorp-
tion peaks (Fig. 4). As shown in Refs. [16,26], if the rate
of the adsorption of organic compounds is limited by
diffusion, the equilibrium values of differential capacity at

20

E vs.SCE/V

Fig. 4. CX£)-curves for BKM 1) in 0.1M NaF (1)—J) and with addition
of 0.2M lert-BA (4M®6) at different v (Hz) (IM4) 110: (2).<5> 1100;
0OUs) 11000.

v=0 can usually be found with a sufficient degree of
accuracy by extrapolation of the CJ)d0i'73)-curve (W =
2ttv) to <ul/)* 0. As we can see from Fig. 5, in the
region of 60 < i><410Hz. the wl/2)-curves have a
good linearity and. accordingly, we can obtain the equilib-
rium values of differential capacity According to the

0 :/rad 's
Fig. 5. C(tit''" Vcurves for the 0 IM NaF +0.2 M s BA system at the
potential of adsorption-desorption peaks for t1) Bi(0011 and (2) BK 111).
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method [26-28]. the equilibrium values of differential
capacity can be calculated by Eq. (1)

+ 1/ |Corii(w ) 12p( *m» )«
(i)

where CM (w) and Rp(oj) are the values of differential
capacity and parallel resistance at u = const.

The components of the adsorption impedance were
calculated from the impedance data of the cell used for the
measurements (series circuit), i.e. Cs(oj) and As(<u), fol-
lowing the procedure described in Refs. [16,17,26-29]. By
extrapolating the /?s(a»)-values to a>-*x we determined
the solution resistance Rs(w) = Since the amount of
organic compounds added is small and does not affect the
solution resistance, one can assume /?wl to be equal to the
ohmic component As of the impedance in the pure base
electrolyte solution. Then the series equivalents Rs{oj) -
RKI and Cs(eo) of impedance were converted into the
parallel equivalents CP+ Clnje and RP via the relations
given in Refs. [16,17,26-28]. A more detailed discussion
of the kinetics of butanol isomer adsorption on Bi elec-
trodes will be published soon.

The equilibrium values of C,la(w =0) calculated by
Eq. (1) are 82-85/xFcm 3 and 97-101 "Fcm : for
Bid 11) and Bi(001) respectively, and these values are in
good agreement with the values obtained from Fig. 5
(83 £ 4.0/xFcm 2 for Bid 11) and 99 + 50 *iFcnT]J for

Bi((K)D).

i.4 Charge density-potential curves

A charge density-potential a0(E)-curve for base elec-
trolyte solution was obtained by integration of the C(£)-
curve, starting from the potential of zero charge (pzc)
Eam0. The values of Eam0 for different Bi single crystal
planes were obtained from the position of the diffuse layer
minimum on independently measured differential capacity
curves for dilute solutions of the base electrolyte. The
established values of £ff_0 were in good agreement with
our previous data [30]. The charge density-potential curves
for solutions with different additions of adsorbate were
obtained by back integration of the C(£)-curves, starting
from £ = - 1.8V(SCE) and assigning the value of a(£
= - 1.8V) equal to <O(£ = - 1.8V), because there is no
adsorption at £** -1.8V (SCE). The shape of c(£)-
curves is typical of the behaviour observed for the adsorp-

Table 1

Adsorption parameters of butanol isomers on Bi single crystal planes (v * 60 Hz)

System Plane “m c./ En/ 0*0 sm../ B,/ S« U A (-nO

+0.1 tiFcm 2 V £0.04 r../motcm 2 nmil dm5mol" 1 Idmol" 1 kImol™ 1
+0.15 (SCE) +0.4 +0.2 +0.2

a-BA ()] 13 3.45 0.35 4.7 0.35 4.9 139 -
(ToT) 14 4.76 0.28 47 0.35 5.9 14.4 0.4
(001) 14 441 0.33 53 031 53 14.2 0.2
(oin) 12 4.76 0.34 37 0.45 7.6 151 11

Mn-BA (in) 16 3.57 0.34 4.9 0.34 3.0 127
(ToT) 13 4.35 0.24 4.4 0.37 4.4 137 f)
<000 17 4.44 0.32 5.6 0.30 3.0 127 0.0
(OIT) 12 4.81 0.32 4.4 0.38 6.1 145 18
(2H) 12 472 0.32 5.0 0.33 53 14.2* 15

wr-BA () 16 3.88 042 4.3 0.39 35 131 -
(ToT) 14 4.76 026 41 0.41 4.8 14.0 0.9
(001) 16 3.86 0.38 4,4 0.38 3.6 132 0.1
<on) 13 4.83 036 4.2 0.40 6.1 145 14
2m) 13 4.88 0.30 4.2 0.40 5.8 144 13

lert-bA iy 15 4.03 0.49 5.4 031 2.6 122 _
(ToT) 15 4.18 0.28 4.2 0.40 4.0 13.0 0.8
(001) 13 4.40 046 53 031 31 126 0.4
(0iT) 0.9 4.48 036 57 0.29 4.6 136 14
(2m) 0os 4.52 0.31 4.2 0.37 4.4 13.4 12

ten-BA* (e 16 4.00 0.39 52 0.32 2.4 12.0 -

* Obtained from chronocoulometry.

21
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Fig. 6. <r(£)-curves = 210Hz) for BK111) in 0.05 M Na,S04(l) and
with addition of ten-BA (M): (2) 0.2; (3) 0.4; (4) 0.6. (5)" 1.0; (6) 15

tion of neutral organic molecules at ideally polarizable
electrodes.

The cr(£)-curves for different concentrations of n-BA
and its isomers investigated intersect the curve obtained
for the base electrolyte. The potential at which the curves
intersect is the potential of maximum adsorption £T0 . As
we can see from Fig. 6, £M, is practically independent of
¢ and the nearly linear segments are observed on the
<r(£)-curves around £,,,,,. By linear extrapolation of these
fragments of the curve to a = 0, one can determine the pzc
corresponding to the surface covered by adsorbate
molecules. The difference between these experimental val-
ues and the value of Eam0 for the pure base electrolyte
solution is equal to the change in the surface potential due
to the displacement of a monolayer of water molecules by
a monolayer of adsorbate (£ N). The established values of
£n are presented in Table 1, and we can see thatjhe values
of E”jjncrease in the sequence of Bi planes (101) < (OIT)
5 (211) < (001) < (111). Accordingly, the effective dipole
moment of the adsorbate at increases in the same
direction of planes. According to the data of Table I, £s
depends on the geometrical structure of the hydrocarbon
chains of adsorbate, and the effective dipole moment in-
creases from uo-BA to tert-BA.

3.5. Potential step measurements

The values of the initial and final potentials for the
potential step experiments were chosen with the help of
the C(£)-and /£)-curves. The initial potential £, was
varied from -0.50 to - 1.80V (SCE). The final potential
£f was equal to - 1.60V (SCE) for corfs0.0IM and
- 180V (SCE) for ¢ > 0.01 M. Its value was chosen
carefully in order to: (1) achieve the complete desorption
of isomers of butanol; (2) keep the cunrent of hydrogen
evolution small enough so that the faradaic reaction would
not interfere with the determination of the electrode charge
density <.

Five series of step experiments were made for concen-
trations from | X 10“J to 2.0 M of tert-BA. The results
were practically similar and so the results of one experi-
ment were analysed thereafter. Representative current tran-
sients determined in the potential step experiments for (he
pure base electrolyte and a solution containing tert-BA
had (he (raditional form. The (ime window (from 10 to
150ms) in which the transients were recorded was the
same for both the base electrolyte and solutions containing
tert-BA.

The chronoamperometric curves were iniegra(ed digi-
tally to obtain the charge transient The chronocoulomei-
ric curves display an initial fast-rising section, correspond-
ing to the charging of (he edl followed by a quasi-plateau
in which the charge varies slowly and linearly with time.
The slope of this segment is small (owing to a very slight
hydrogen evolution reaction). These linear segments of the
transients were extrapolated to zero time to obtain the
relative charge densities fcr. In this way, the faradaic
contribution from hydrogen evolution was minimized. The
relative charge densities Aa were determined from these
step measurements:
fa(£)=<r(£E(Q-a (£ (2)

In Eq. (2) o-(£]j) and <r(£r) are the charge densities ai
(he me(al side of (he inierface a( potentials £j and £f
respectively. Knowing the value of £,,_,,, determined by
impedance measurements in the dilute solutions of base
electrolyte (30]. the absolute charge densities were calcu-
lated for each value of £ by using the formula
(£) = Bor(£)- Aet(£,_.) (3)

The precision of charge measurements is about 2-4%.
A plot of charge density vs. potential for the surface
inactive electrolyte and for three concentrations of tert-BA
is shown in Fig. 7(a). The shape of these curves is typical,
and all the curves merge at - 1.8V (SCE). Accordingly, a
complete desorption of adsorbate takes place at £ =
- 18V (SCE).

Starting from £= -1.8V (SCE) and going in the
positive direction, a sharp rise in the charge density is
observed if tert-BA is present in the bulk of the solution.
The increase in a slows quickly, and the charge becomes
nearly dependent on the potential. The a(E) curves for
different concentrations of tert-BA intersect the crO(£)-
curve at the potential of maximum adsorption £,,,,. At
£ = const, the values of cr are practically independent of
the direction of potential step measurements, which means
that the adsorption of tert-BA is practically reversible. The
same conclusions are valid in the case of the adsorption of
other butanol isomers ai bismuth single crystal electrodes.

Fig. 7(b) shows that the charge-potential data from
capacitance and potential step measurements do not differ
significantly (4<t= *£0.5/xCcm*“2). A particularly good
agreement can be seen between -24 and 3/iCcm*“J,
where the analysis of the experimental adsorption data of
tert-BA and other butanol isomers was carried ou(.
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1.6 Surface tension tuul film pressure curves

Capacitance curves were back-integrated twice to obtain
a surface tension (y —y0) decrease as a function of the
electrode potential and adsorbate concentration [20]. ITie
second integration was performed from the same negative
charge at first, assigning the value of zero to the surface
tension at the pzc in the base solution. Our data show a
progressive decrease in surface tensions as ¢
The shape of the surface tension-potential (y —yn)-(£)
curve is typical of organic adsorption. A good agreement
between the data obtained from impedance and chrono-
coulometry (A (y- y0)= £0.3/iJcm “2) was established
at - 12<(y- y0)< +2.0fi} cm"2 where the thermody-
namic analysis takes place. The adsorption activity of
bismuth single crystal electrodes increases in the sequence
of adsorbates ten-BA < iso-BA <rec-BA < n-BA as the
adsorption activity of organic molecules at the absolution
interface increases. The adsorption activity of bismuth
electrodes increases™ in thesequencc of planes (111) <
(001) ~ (107) < (211) < (011) as the surface density of
atoms increases (except Bid 11) and Bi(2l I)). These devi-
ations are evidently determined by the competitive adsorp-
tion of water and the organic substance, as well as by the
crystallographic and electronic structure of electrodes. Just
as in the case of cyclohexanol [3], n-hexanol [23] and butyl

increases.

-15 -1
E vs.SCE/V

E vs SCEtV

Fig 7. rr(A)curves for BKMI). (a) Obtained by chronocoulomctry in
0 I M NaF (1) and with addition of ferf-BA (M): (2)0.2: <3) 1(L (4) 2.0.
(b) Obtained by impedance (1).(4),(6) and chronocoulometry (2>.01.(5) in
0 1M NaF (1).(2) and with additions of ten-BA (M) (3).(4) 10. (5).(6)
20

acetate [6] adsorption, the basal plane (I11), where the
surface atoms are chemically saturated (electron configura-
tion sp'd2), has the lowest adsorption activity. The most
active one is the singular face (Oil), where unsaturated
covalent bonds are distributed uniformly over the entire
surface (sJp‘). The lower adsorption energy of butanol
isomers at the Bi(2ll) plane is mainly caused by the
non-singular geometrical structure of the electrode surface,
which induces the irregular orientation of the adsorbed
molecules (and therefore the non compact adsorbed layer
at the stepped Bi(2TT) surface), as well as by the higher
adsorption energy of water molecules on the stepped
Bi(2TIl) surface compared with Bi(OIT) plane.

Fig. 4 and Fig. 7(b) indicate that the departure from
equilibrium is probably very small under the peak at
negative rational potentials. Thus, thermodynamic analysis
is still possible in the negative rational potential range;
however, capacitance at the minimum of the curves should
be substantially reliable, since no noticeable frequency
effects are expected in that potential range (Fig. 4). The
pressure of the film of adsorbate rr can be determined as

n(E)= %-0" X = (FTdE- /*4-0d¢ (4)
to to

where subscripts ¢ and ¢ =0 indicate the presence and
absence of adsorbate in the bulk of the electrolyte respec-
tively. and y is the surface tension. The calculated ir(£)-
curves are plotted in Fig. 8 For each concentration the
curve displays a maximum, the potential £,,,, of which is
practically independent of colf. The film pressure of the
adsorbate increases in the sequence of compounds ten-BA
< jec-BA < Iso-BA < n-BA and in the sequence of planes

(111) < (001)i (707) < (277) < (0)7).

3.7. Gibbs excess-potential and Gibbs excess-log corf
curves

The film pressure data were used to calculate the rela-
tive Gibbs surface excess [. First the film pressure was
plotted against log ¢ at £ = const. (Fig. 9). The curves
display a long linear section, its slope giving the limiting
value of T

r= -Gm )f r, ®)

The values of /m( obtained are presented in Table I and
show that %% increases in the sequence of adsorbates:
jec-BA < n-BA < u<?-BA < ten-BA as the size and solu-
bility of organic compounds increases.

As in the rising part of the curves, the slope changes
dramatically: therefore, the related Gibbs excesses for the
intermediate coverages were determined from the electrode
charge densities using the well-known formula

~ 040

r~ cr_o/ill (6)
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E vsSCE/V
Fig. 8. ir(£)-plots for BKI 11). (i) (f - 60Hz) 0.1 M NaF wilh additions
of ferf-BA (M): (1) 0.2; (2) 0.4. (3) 0.6; (4) 1.0; (S) 15. (b) 0.1 M NaF
with additions of different adsorbates - 0.5M (1)—3) and cot| «
0.1 M (4)-(7)) (1).(4) 2 BA: (2).(6) im-BA, (3).(7) tert-BA, (5) jfc-BA

The values of (0> - <r.0) were obtained by the
extrapolation of the linear sections of the tr( £)-curves.
The shape of the I (£)-curves for different cwg and of the
F(1n c)-curves (Fig. 10 and Fig. 11) suggest that the
relative maximum of the adsorption of butanol isomers on
all the planes investigated is reached at -0.7 <E<
—11V (SCE) and it depends on the crystallographic
structure of the surface, as well as on the hydrocarbon
chain structure.

3.8. Adsorption isotherms

The differential capacity C, at the maximum coverage
was obtained by extrapolating I/C vs. I/c plots to

log (Cw,/ mol dm )

Fig. 9 >r(logc)-curves (vA8OHz) for BKIII) ai different electrode
potentials (mV), noted by numbers.

Fig. 10. r(£)-curves (» = 60Hz) for Bi(lll) at different additions of
tert-BA (M): (1) 2.0; (2) 15; (3) 10; (4) 05; (5) 0.2

(1/cor|) -* 0- The data taken at the potential of maximum
adsorption EWpK lie satisfactorily on a straight line. This is
proof that the capacitance in the region of maximum
adsorption is negligibly affected by problems of reversibil-
ity. Thus, the C, values obtained are reported in Table 1

Since the surface pressure data are to some degree not
quantitatively reliable, the surface coverage at E = £TO>
was first estimated from Eq. (7) based on Fnimkin’s two
parallel condensers model 116.17]

e-(C0-C,)/(C0-C)) (7)

where CO and C, are the capacitances at 8 = 0 and B = 1
respectively. The next step is the test of the Frumkin

In(c 1 mol dm™)

Fig. 11. I'(1nc»-curves (v = 60Hz) for tert-BA adsorption on Bi( 111) at
different electrode potentials (V): (1) -0.8. (2) -0.9; (3) - 1.0; (4)
-1.1; (5) -1.2; (6) - 13.(7) -1.4; (8) - )5.(9) - 16
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isotherm (loglWC1- W)c] vs. B plot) to derive the ad-
sorption parameters. Fig. 12 shows that the plots have a
good linearity for all the systems investigated. Thus, the
slope gives the molecular interaction parameter <mand the
intercept pros ides the adsorption equilibrium constant 0,,
at £,,, accordingly. The standard Gibbs energy of adsorp-
tion at £nwv was obtained by Eg. (8)

«N16'A - K71n(.VORIn) (8)

The adsorption data of isomers of butanol on the Bi
single crystal planes are collated in Table I. which shows
that the adsorption activity of isomers of butanol increases
in the sequence of planes (111) < (001) < (ToT) < (277) <
(011) as the superficial density of atoms increases (except
Bid Il) and (211)). The surface activity of adsorbates
increases in the sequence of ten-BA < jer-BA £ iso-BA
< n-BA as the adsorption at the airlsoluhon interface
increases.

The adsorption isotherms at various £ = const, and
a = const, were calculated by the methods described tn
Refs. [16-21]. The adsorption isotherms at a = const,
show larger deviations from the Frumkin isotherm be-
haviour than those at E —const, where the deviations in
the region -0.6 < £ < —1.0V(SCE) are small. The plots
of AG”, vs. £ for all the systems investigated are roughly
parabolic.

A good agreement can be seen between the values of
am and Bm (Table 1) obtained from impedance and
chronocoulometric measurements.

.<9. Analysis of the adsorpiion-desorption peaks

If the Frumkin-Damaskin model [16,17] is accepted,
further information on adsorption parameters can be ob-
tained from an analysis of the adsorption-desorption peaks.
The following analysis is not unquestionable per se. First,
frequency effects are included: secondly, the validity of the
formulae entails in particular a congruence of isotherms
with respect to the potential and constants Q and C,.

0 05 1
coverage,B

Hi?. 12. Frumkin adsorption isothermst [+ - 6()Hz) for iu> B/l adsorption
on Ri sinele crystal clertrodes (1) (011), (2) (211): (1) (7<I7). 14) KK)1L
[ dn)

22

1 -08 06 -04
log (c», I mol dm J)
Fig 13. (C'n< - C,jXlog <)-plols at the negative potentials of i»-BA

adsorption-desorption peaks lor Bi single crystal electrodes: (1) (Qil);

(2) (277); (3) (707); (4) (i), (5X001).

However, the analysis is carried out in order to compare
the adsorption of the same compound at the various planes
of the same metal, using the same experimental variable.
Therefore, the relevance of the conclusions reached with
the aid of the present analysis is believed to be incon-
testable. Fig. 13 shows that the variation of (C"”1- CO)
with log cog is linear for all the systems studied. The
values of C"¥' at £np" were obtained by using Eq. (1)
and the value of CO was obtained by extrapolation of
CO0(ail/2)-dependence to u>-*0 The slope of the plot in
Fig. 13 is given by [16,17]

d(C™* - Co0)/dlogcog= 2.3(C,, - C,)/2 - a) (9)

Since CO and C, are known independently, a value of a
at E —£ ntx can be obtained from Eq. (9). The established
values of a for the Bi single crystal planes are in good
agreement with the values of a obtained from the width of
the adsorption-desorption peaks according to the concep-
tion [16,17]. The intercept of the plots in Fig. 13 is given
by
intercept = slope(logBm+ a/2.3) + (CO+ C,)/2 (10)

By using the values of a obtained from Egq. (9), and a
value of log Bm, the adsorption equilibrium constant at
£mes can be obtained from Eg. (10). From the experimen-
tal data analogous to Fig. 13. we’obtained log Bm values
for the single crystal Bi electrodes which are in agreement
with the values of log fln, obtained directly from adsorp-
tion isotherms.

According to Frumkin’s model, (£"“*- £mx)2 should
be linearly related to log ¢ with a slope given by

d(EmM- £mi,)Vdlogc = 4.6RTIMX(CO- C) (11)

Since CO and C, are known, [T, can be estimated
from Eq. (11). Fig. 14 shows that the plots are satisfacto-
rily linear. The values of obtained on the basis of Eq.
(I1) are in a satisfactory agreement with the values ob-
tained from Fig. 9 and Fig. 10. According to these data it
may be assumed that at the first approximation in the case
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08 r -

log (c«, / mol dm'3)

Fig. 14 (Am, - FEmtl)J(log c)-plots for ten-BA adsorption on Bi elec-
trodes (1) (OIT); (2) (001); (3) (111); (4) (2M).

of weak physical adsorption of organic compounds the
Frumkin-Damaskin adsorption theory [16.17] is valid.

4. Summary

The present results indicate that the adsorption parame-
ters of the butanol isomers depend on the crystallographic
structure of the Bi surface, as well as on the geometrical
structure of the hydrocarbon chains of adsorbate. The
adsorption parameters derived from the capacitance data at
- 24<a< +3ijIiCcm '2 are in good agreement with the
data obtained from the chronocoulometric measurements.
In the region of cathodic adsorption-desorption maxima,
as well as in the region of maximum adsorption, the
kinetics of adsorption of butanol isomers are determined
by the rate of diffusion of adsorbate molecules to the
electrode surface. In all cases the data indicate that the
maximum adsorption occurs at small negative charges
between -0.5 and -2.0/rCcT1"2. Thus, the adsorption
of butanol isomers on Bi shifts E,,m0 to more positive
values. The adsorption activity of bismuth planes increases
in die sequence (111) < (001) < (ToT) < (277) < (OIT) as
the superficial density of surface atoms increases (except
Bid 11) and BK277)). The same tendency is valid for
silver single crystal electrodes [18,20.21.27,31.32]. The
lower adsorption activity of Bi(ill) is caused mainly, in
addition to the more pronounced hydrophilicity. by a less
active surface state of the Bi(l 11) surface [2-6]. The lower
adsorption activity of Bi(277) is caused mainly by the
non-singular surface structure and by the higher hydro-
philicity of the non-singular surface structure compared
with the singular Bi(017) plane. The higher values of I'ta>

and the lower values of C and MILX as well as the
decrease of Es in the sequence of faces (111) > (001) >
(011) > (211) > (101) point to a more pronounced horizon-
tal component in the distribution of molecules on the
above listed faces than on the Bi( 11 1) face.

The maximum surface concentration of /.«>-BA or n-BA
for Bi electrodes is practically the same as it is for Ag and
Hg [16,21,28.31]. The lower values of I'lmx and higher
values of Sm, lor n-BA at Bi. Hg and Ag electrodes,
compared with the /nu> and Slliv values obtained in the
case of adsorption of higher normal aliphatic compounds
on Hg, forming condensed films at the interface (S,*,, =
0.21 nm2; where Snu< is the surface area, engaged by one
absorbed molecule at [16]. would indicate the exis-
tence of a tilted orientation or unsaturated adsorbed mono-
layer on the surface of Bi electrodes, as well as on Ag.
Zn(0001) and Hg electrodes [i6.19 -2 1,31.32].

The standard Gibbs energy of adsorption AC”, of a
neutral compound, weakly interacting with the metal sur-
face, can also be used as a measure of its hydrophilicity
[16-21]. The main differences in the values of AG"s,
when passing from one electrode (metal) to another, can
then be ascribed to the difference in the energy required
for desorption of the water molecules, which must make
room for the adsorbing compound. According to the data
of Table I, the differences between the adsorption energies
for the faces X studied and the less active Bid 11) face
(- - (- AC7)(11,) to some degree depend on
the geometrical structure of the hydrocarbon chain of the
adsorbate, but the arrangement of the Bi planes is indepen-
dent of the geometrical structure of the hydrocarbon chain
of butanol isomers studied. Therefore, it may be summa-
rized that the hydrophilicity of electrodes increases in the
sequence Sh(l 11) < Bi(017) < Bi(277) < Bi(707) S Hg S
Bi(001) < Bid 11) < Cd(0001) < Zn(000I) < Ag(l 11)
< Ag(00l) < Ga [16.19-21,31,32].

References

(1] AR Alumaa, EJ. Lust. N A Paltusova and U.V. Palm. Sov.
Electrochem.. 19(1983) 1420.

(2) AR. Alumaa. EJ. Lust and | V Palm. Sov. Electrochem.. 20
(1984)919.

13] EJ. Lusl and U.V Palm. Sov Electrochem.. 21 (1985) 1304.

[4j EJ. Lust and U.V. Palm. Sov Electrochem.. 22 (1986) 378.

(5 EJ. Lust and U.V. Palm. Sov. Electrochem.. 22 (1986) 383.

16} E.J. Lusl. J.J. Ehrlich and U.V. Palm. Sov. Elecirochcm.. 22 (1986)
695.

(7) M. Salve. A. Alumaa and U Palm. Trans Tartu State Univ.. 289
(1971) 54.

{8] J.J. Ehrlich and U.V. Palm. Elektrokhimiya. 10(1974) 1866.

(9) JJ. Ehrlich. T.E Ehrlich and U.V. Palm. Elektrokhimiya. 11(1975)
1009.

110] R.J. Pullerits. Elektrokhimiya. 5 (1969) 886.

{I1] U.v. Palm, V.E. Past. JJ Ehrlich and T.E Ehrlich. Elektrokhimiya.
9 (1973) 1399.

[12) U.V. Palm. Trans Tartu State Univ.. 757 (1986) 3



|13

(14)

[15)
116

117

(18)
[19)

120)

1)

W 1.um clul. /Journal o hU'ftnwnalyliCiit Chemistry 411 (/9961175 1SS

i.). Ehrlich. M P. Parnoja. T.E. Ehrlich and 1.V Palm. Proc. 4th
Symp. on IXnjble Layer and Adsorption on Solid Electrodes. | artu.
1975. p. >42.

EJ Lust. M.A. Salve and U V Palm. Sov. EkxIrwhrm , 23 i I9H7)
520

E. Lust and U.V. Palm. Trans. Tartu Stale Univ.. 757 (1986) 105.
B.B. Damaskin. O.A. Petrii and W . Batrakov. Adsorption of
Organic Compounds on Electrodes. Plenum. New York. 1971. p. 15.
A.N. Fnimkin. Potciitsialy Nulevogo Zaryada. Nauka. Mosk\a. 1979.
p 206.

S Trasalti. Electrochim Acta. 17 (1992) 2117.

G. Pe/zatim R Moncclli. M. Innocent* and K Guidclli. J Elec
iroanal Chem . 295 (1990) 275

L.M Doubova. S. Valcher and S Trasalti. J. Eleciroanal. Chem .
376(1994) 73
M.L. Forvsti, M
376 (1994) 85

Innocenti and R Guidclli, J. Eleciroanal. Chem..

(22)

123)
{24

(25]
(26)

@7
(28)

(29)
(30)
(31)
(32)

AN. Fnimkin. M.P Parnoja. N B. Grigoryev and U.V. Palm. Eick
trokhimiya. 10 (1974) 1130.

E. Lust. K. Lust and A Janes. Russ. J. Electrochem., 31 (1995) 876
U.V. Palm. M.P Péarnoja and M.A. Salve. Elektrokhimiya. I!
(1977) 1074.

D.D. Perrin and W.L.F Annanego. Purification of Laboratory
Chemicals. Pergamon. Oxford. 3rd edn.. 1986.

G.A. Tedoradze and R.A Arakelyan. Doki Akad Nauk SSSR. 156
(1964) 1170.

EJ. Lustand U.V Palm. Sov Elcctrochem., 24(1988) 227

R P. Armstrong. W.P Race and H R. Thirsk. J Eleciroanal. Chem

160968) 517.

K. Takashasi. Electrochim Acta. 13 (1968) 1609

E.J. Lust and U.V. Palm. Sov. Electrochem . 21 (1985) 1186

T. Vitanov and A. Popov. Elektrokhimiya. 12 (1976) 319.

V.V Batrakov and B.B Damaskin. J. Eleciroanal. Chem . 65 (1975)
361.



23

VI



Reprinted from the Electrochimica Acta, Vol. 42, No. 5,

E. Lust, A. Janes, K. Lust and M. Vaartndu,

Electric Double Layer Structure and Adsorption of Cyclohexanol

Single Crystal Cadmium, Antimony and Bismuth Electrodes, pages 771-783,
Copyright 1997, with kind permission from Elsevier Science Ltd.,

The Boulevard, Langford Lane, Kidlington, Oxford 0X5 1GB, U. K



ii/k/ A,w. Vol 42, No. 5. pp, 771 783. 1947
Copyright | 1996 Elsevier Science Ltd
Primed in Great Britain All rights reserved

Pli: S0013-4686(96)00339-8 00N 46X6/97 $17 00 + 0 00

Pergamon

Electric double layer structure and adsorption of
cyclohexanol on single crystal cadmium,
antimony and bismuth electrodes

E. Lust, A. Janes, K. Lust and M. Vaartnou
Institute of Physical Chemistry, University of Tartu, 2 Jakobi Str.. EE2400 Tartu, Estonia

(Received 1 October 1995)

Abstract—The electric double layer structure in aqueous and non-agueous surface inactive electrolyte
solutions and the adsorption of cyclohexanol on the electrochemically polished Sbh, Bi and Cd electrodes were
studied by using cyclic voltammetry, impedance and chronocoulometry. The limits of ideal polarizability, the
potentials of zero charge and the values of capacity of inner layer were established. As found, the differences
between the zero charge potential for various planes depend on the chemical nature and crystallographic
structure of the electrode surface, as well as on the chemical nature of the solvent studied. The inner layer
capacity at negative surface charges depends on the crystallographic orientation of the single crystal planes
and on the electronic properties of the electrode metal. The inner layer capacity increases in the sequence of
metals Sb < Bi < Hg < Cd < Zn, as the hydrophility of electrodes increases and as the contribution of metal
phase decreases. The values of capacity of metal phase and the effective thickness of the thin metal surface
layer were calculated by using various theoretical approximations. The effective thickness of the thin layer
of metal surface increases in the sequence of metals Ga < Zn < Cd < Hg < Bi < Sb as the metallic properties
of electrodes decrease. The adsorption parameters of cyclohexanol were established by using
Frumkin-Damaskin adsorption theory. It was found that the adsorption characteristics depend on the
chemical nature and crystallographic structure of electrode surface. The adsorption activity of cyclohexanol
increases in sequence of metals Zn < Cd < Bi < Hg < Sh as the adsorption energy of solvent decreases.
Copyright r 1996 Elsevier Science Ltd

Key words: Double layer, capacity of metal layer, organic adsorption, hydrophility, lyophiiity.

INTRODUCTION properties of individual faces of the metal and the
influence of various defects of the surface structure
[1, 2]. In the beginning of the seventies by a careful
experimental study of the adsorption of pyridine on
the solid bismuth drop electrode of known polycrys-
talline surface structure [3, 4] and of tetra-alkylam-
momum ions on the polycrystalline surface of a zinc

The electrical double layer is fundamental for
electrochemistry, because the rate and mechanism of
the various electrochemical reactions (hydrogen,
evolution, corrosion and corrosion inhibition by
surfactants, metal deposition and dissolution, etc)

depend on the metal-electrolyte phase boundary
structure electrode [5], the phenomenon of splitting of the

During several decades the quantitative analysis of ~C¢athodic adsorption-desorption maxima was discov-
the edl structure, adsorption of ions and molecules on ~ ered. Already the first investigations showed that
the ideally polarizable solid electrodes was carried out ~ sPlitting of the maxima was due to the polycrystalline
on the basis of relationships, developed for the liquid  nature of the surface, also to the nature of the
mercury surface without any consideration of the adsorbing particle and the solvent, to the surface
peculiarities of the solid surface. But the theoretical charge density o and the solution concentration. On
analysis of the electrochemical characteristics for the account of that the edl and adsorption parameters
polycrystalline solid electrodes, even for simple (for example, the values of zero charge potential,
metals, is considerably complicated in comparison interaction parameters in the Frumkin's isotherm,
with that for liquid metals and alloys. One of the adsorption equilibrium constants, etc), obtained for
reasons is due to both the differences between the the PC electrodes, often may be apparent [6, 7].
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Secondly, the real solid surfaces arc not flat and their
geometrical surface area does not coincide with the
'true" one. Therefore, it is senseless for the sake of
further applications, to have unnormalized values.

A. N. Frumkin was the first to point out the
necessity to realize the experimental investigations on
the single crystal planes of various metals and
to account for the crystallographic structure of the
solid PC metal surface in the quantitative interpret-
ation of the elements of the differential capacity
(C. £)—-curves [8] and other experimental results.

Recently, much attention has been paid to the
research and development of new methods for the
investigation of the electrochemical interface in situ
based on the modern advances in surface science.
However, classical impedance (capacity) measure-
ments remain one of the major tools for studying the
interfacial properties. Indeed, the capacitance and
related characteristics are sensitive to the specific
properties of the contact region when the electric
potential charges in a distance are comparable with
its "thickness™. The rapid drop of the potential near
to the electrochemical interface is provided by the
field in the electrolyte. For typical ionic concen-
trations, the depth of the field penetration into the
electrolyte solution is comparable to the dimensions
of the interfacial region. Thus, the electrical
properties of the electrochemical interface (the
capacitance, in the equilibrium case) are very sensitive
to its structure. Therefore, the adequate interpret-
ation of capacitance data is one of the central points
in electrochemistry.

This article concentrates on comprehensive exper-
imental and theoretical studies of the influence of the
surface structure of Bi. Sb and Cd single crystal
planes on the electric double layer parameters in the
aqueous and non-aqueous solutions of surface
inactive electrolyte, as well as of the influence of the
crystallographic effects on the adsorption character-
istics of organic molecules

Bismuth and antimony being the electron ana-
logues. are considered as semi-metals, which crystal-
lize in the same rhombohedral system, and are
characterized by the existence of two types of bonds
(covalent and metallic) in the lattice. As shown before
[15. 18-20]. the existence of two types of bonds in
the lattice causes considerable differences in the
semimetallic properties of different single crystal
planes of Bi and Sb electrodes and in this case the
metallic side of the interface has an important effect
on the properties and structure of the inner" part of
edl [7.9].

Unlike the zinc single crystal electrodes
(1.2, 10. 11]. up to now only a lew studies have been
devoted to the influence of the crystallographic
orientation on the edl and adsorption of ions and
organic compounds on the Cd single crystal faces
[12-15]. Zn and Cd are electronanalogues and they
are crystallized in the same hexagonal close-packed
system. In the case of the Cd single crystal planes the

semi-metallic nature of electrodes must be expressed
less noticeably in comparison with Sb or Bi
electrodes

ELECTRODES, CHEMICALS AND
TECHNIQUES

The electrodes were bismuth, antimony and
cadmium single crystals, grown in the Institute of
Problems of Microelectronics Technology and Super-
pure Materials (Russian Academy of Sciences) by a
modified C'zochralski vertical Bridgman method (Bi)
[16] or by the Horizontal Bridgman (zone refiring)
method (Sb. Cd) [16]. The crystal growth, the
characterization techniques and other experimental
problems have already been described in [15-20]. The
chemicals and solvents—water, methanol (MeOH).
ethanol (EFOH). isopropanol (/-PrOH) and acetoni-
tril (AN) were purified according to [18-22].

The edl differential admittance was measured in the
range from 60 to 21,000 Hz by using an impedance
bridge P-568 The cyclic voliammetric curves were
recorded by the polarographic analyzer PA-2.
Chronocoulometry was performed with a system
characterized in [23]. Pulses were recorded from
variable £ (-0.95 to -1.70V) as the starting
potential, where the electrode was held for 5-60 sec
before each step to Ex = - 1.7 V. Charge-time curves
with a time scale in a 100 ms range were extrapolated
to / = 0 as described elsewhere [23-25].

EXPERIMENTAL RESULTS AND DISCUSSION

Cyclic voltammograms (CVs)

The CVs for different single crystal Bi. Sb and
C'd electrodes were recorded in neutral aqueous
NaF. LiCIOj and acidified LiClOj solutions and
non-aqueous L.iClOj solutions. In the NaF aqueous
solutions the Bi single crystal electrodes are
ideally polari/able in the range of potentials
—160V < £< - 050V [26]. and the single
crystal Sb electrodes are ideally polarizable in
the range of —145V < E< —045V [27] The
Cd planes are ideally polarizable in the range ol
—170V<£< -0.90 V [28]. In the aqueous
LiClOj solutions the anodic limit of ideal polarizabil-
ity is shifted ~200 mV to the positive direction. In
the acetonitrilic and methanolic LiClOj solutions the
single crystal Bi electrodes are ideally polarizable in
the range of - 1.80 V < £ < —0.25 V [29] and in the
ethanolic and isopropanolic solutions in the limits
—160 V < £ < —0.05 V (see). It must be noted that
the continuous cycling of the potential in these limits
does not evoke noticeable changes in the shape ol
CVs and capacity-potential curves and docs not
affect the limits of ideal polarizability of electro-
chemically polished Bi, Sb and Cd electrodes. The
continuous cycling of Bi. Sb and Cd electrode on a
larger range of £ causes noticeable transformations in
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the shape of CVs, differential capacity curves (values
of zero charge potential E,,. and values of
differential capacity at £, »n). in the limits of ideal
polarizability and in the values of adsorption
parameters of Sh, Bi and Cd electrode. Accordingly
the charge-induced (it means induced by the
oxidation and reduction of the surface) surface
reconstruction is possible, but these problems were
not an object of this work and will be discussed in the
next paper.

Precision of experimental capacity data

For the accurate determination of the precision
of the experimental data the statistical treatment of
the data was carried out for the single crystal Cd. Bi
and Sb electrodes in the surface inactive electrolyte
solution. The geometrical surface area was estab-
lished by using optical methods to a precision
of +2%. The total number of independent
experiments n > 8 and four electrodes with the same
indexes were used. Thereafter the mean values of
differential capacity. C. charge density a. Helmholtz
layer capacity G< and their standard deviations
§ . standard error of the mean Sr(C,) and the
coefficient of variation V at the fixed £ = const (or at
0 = const) and at the fixed <= const were calculated
bv using a HP-85 computer and General Statistics
Pac

The statistical analysis shows [15.26-29] that
in the case of electrochemically polished single
crystal Bi. Sb and Cd electrodes, the value of C. a
and Cm can be determined sufficiently accurately
by the measuring procedure wused (the relative
error of the parameters determined is not over
2 5'\>) For the pzc (€, .,) the measuring accuracy

+5mV for Bi(111) and +15mVvV  for
Sb(2IT) and Sb (OIT). For the other single crystal
electrodes the measuring accuracy of £,,t is
+ 10 mV.
As follows from experimental results and Fig. I. in
moderate surface inactive electrolyte solutions

Us.,l > 0.03 M). the experimental values of C can be
established better than +3% for the whole region of
a But the precision of experimental C decreases as
the concentration of the solution decreases, and for
the dilute solutions < 0.01 M) the maximum
values of error (5-8%) can be established in the
region of a where the derivation dC d£ is large. In
the region of surface charge densities <1<0.54C
cm the error of C (2 4% ) is only somewhat higher
than for the more concentrated solutions. Compari-
son of the statistically treated 0 £ 1- and C(<t1-curves
(Figs | and 2) shows that the C(£)-curves are
more erratic than the C(a(-curves calculated at
a = const. The main reason for this effect is the slight
variation of £,,,» (+ 10 mV) from one experiment to
another.

As we can see from Figs | and 2. the experimental
values of C in the region of the diffuse minimum are
constantly higher than those calculated by the
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E vs.SCE/V
Fig | (‘(Al-curves lor C'd(OOOI) in aqueous solutions of
NaF. M 1. 0.1; 2. 005; 3. 0.02: 4. 007 and 5. 0.0045.

Gouy Chapman Stern Grahame (GCSG) theory
[15-18].
1C=1C,+ 1Ch. ic CH= l/(1/C - I'Cd). (I)

where Ct and CH are the values of the differential
capacitv of the diffuse pari and of the inner part of

Cr/wcem™2
Fig 2 C(it Kurve» for Bi( 111) in aqueous solutions of NaF.
M 1. 0.1; 2. 0005 and 3. 0.001
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the double layer. As shown in (1-12, 15-20] at the
potential of the diffuse minimum, the differential
capacity of a polycrystalline (for the real monocrys-
talline electrode with surface defects) and for a
two-plane model electrode in the dilute solutions is
higher than on the perfect single crystal facesat E, . «
For more detailed discussion see (19. 26-33].

Electric double layer in the surface inactive electrolyte
solution

The edl differential admittance was measured in the
ac frequency v interval from 60 to 21,000 Hz. For the
electrochemically polished single crystal Bi, Sb and
Cd electrodes as well as for polycrystalline Bi, Sb and
Cd (PC-Bi, PC-Sh. PC-Cd) (34-36). a very slight
variation of capacity (3-6%) as a function of
frequency v was observed. Therefore, the measured
admittance at the first approximation was identified
with the differential capacitance C.

According to the experimental data (Table 1) the
values of zero charge potential E,,. o, the difference
At“i’o x = - £7u (where £2,0 is £».0 for

Table |

E. Lust et at.

non-aqueous solutions), the values of Essin Markov
coefficient (c g c), the values of the fitting
(roughness) coefficient fp.z and the values of inner
layer capacity at a = 0 (Ch'®) and at a « U (CI,*")
are dependent on the crystallographic structure
and chemical nature of electrodes, as well as on the
chemical nature and geometrical structure of
solvents. The large deviation of values of the basal
Bi(lll), Sb(lll). Cd(000l) and Zn(000l) planes
in comparison with values of £,«« for other Bi.
Sh, Cd and Zn planes is caused mainly by the specific
surface state of these basal planes. The differences
in electric double layer properties for different Bi
and Sb planes decreases in the direction of solvents
AN > H,0 > MeOH > EtOH £ Y-PIOH and in the
sequence of metals Zn > Sb > Cd > Bi. According to
(34-43] the lyophility of the electrodes increases in the
sequence Sb(21T) < Sb(OIT) < Sh(111) < Sbh(001><
Bi(2IT) < Bi(OIT) < Bi(lll) < Bi(001) < Cd(000l)
< Cd(10T0) < Cd(2IT0) < Zn(0001) < Zn(IOTO)
<Zn(21T0). A more detailed discussion of exper-
imental data is presented in (15, 18-20].

Electric double layer characteristics for Bi. Sb and Cd electrodes

—E,.1 0'(0 clogc fn-o rheu  C V" /
Solvent Electrode V) v (mV) (nm) (nm) cr* [ D
H:0 Bid 11) 0.655 - 5 0.035 0.048 1.39 1.04 2.03
Bi(ToT) 0.585 — 15 0.034 0.046 1.34 1.07 2.05
Bi(00l) 0.595 - 20 0.031 0.044 143 1.06 2.05
Bi(OIT) 0.590 - 15 0.033 0.047 144 1.05 2.04
Bi(2TT) 0.570 — 20 0.033 0.047 1.42 114 206
Sh< 111) 0.46 — 10 0.038 0058 155 106 2.04
Sh(001) 0.37 — 20 0.034 0.054 1.60 1.04 2.04
Sh(OIT) 0.39 - 30 0.034 0.056 164 118 2.(X
Sh(2TT) 0.34 - 50 0.035 0.057 1.62 1.25 2.10
Cd(0oo0I) 0.45 20 0.023 0052 2.24 109 2.05
Cd(ITO) 101 — 10 0.019 0.052 2.79 110 2.05
Cd( 110) 1.00 - 10 0.018 0.052 2.94 112 2.07
AN Bid in 0.50 0.16 5 0.059 0.079 232 1.06 2
Bi(ToT) 0.42 0.16 15 0.058 0.087 142 101 2.04
Bi(00l) 041 0.19 10 0.051 0.069 1.36 0.98 2.03
Bi(OIT) 0.42 0.17 15 0.054 0.074 1.36 1.08 2.06
Bi(2TT) 0.41 0.16 20 0.055 0.074 1.36 103 2.05
MeOH Bid 11) 0.52 0.14 10 0.045 0.108 241 1.05 —
Bi(00l) 0.45 0.14 20 0.038 0.102 264 107
Bi(OIT) 0.47 0.12 30 0.042 0.103 2.47 110 —
EtOH Bid M) 0.45 0.20 10 0.059 0.128 228 103 2.04
Bi(00I) 0.42 0.18 20 0.052 0.116 223 u1.08 207
Bi(OIT) 0.44 0.15 20 0.053 0.118 2.14 1.07 -
Bi(2TT) 0.46 0.11 25 0.056 0.123 2.20 112
Sh(l 11) 0.26 0.20 15 0.080 0.132 1.64 101
Sh(001) 0.19 0.18 20 007 0.137 184 104
i-PrOH Bid ID 0.45 0.20 10 0.056 0.147 2.65 1.02
Bi(001) 041 0.17 25 0.048 0.130 2.70 107 -
Bi(OIT) 0.46 0.15 30 0.053 0.134 2.53 1.03
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Electrical double layer and fractal structure of
electrode surface

For a long time ihe dependence of C on v in
ihe case of ideally polarizable electrodes was left
unexplained and was only described in a phenomeno-
logical way [36.44). The phenomenological descrip-
tion of the frequency dependence of impedance Zcpk
(CPE = constant phase element) is given as [45.46]

Zc-re % (/w)'™* (0<ac< ) @)

The CPE angle < is related to n by

(©)]

Obviously, a = 1 corresponds to normal capacitive
behaviour. Recently, some new ideas have been put
forward to explain the so-called constant phase
element CPE, because it affects the frequency-inde-
pendent phase-shift between the applied ac voltage
and its current response in a satisfactory way [45,46].
The main idea is that the deviations from ideal
behaviour are caused by surface roughness of a
special kind, nowadays commonly denoted by the
term "fractal" [45,46]. The so-called fractal dimen-
sion D is a formal quantity introduced by
Mandelbrot [46] which attains a value between 2 and
3 for a fractal structure and reduces to 2 when the
surface is flat. D is related to x by

(0 - 1), )

The established values of D. presented in Table I,
show that the surface of electrochemically polished
Bi, Sb and Cd electrodes is practically flat and free
from components of pseudocapacity The somewhat
higher values of D for the cut electrodes indicate that
the surface of electrodes, cleaved at the temperature
of liquid nitrogen, is to some extent geometrically and
energetically inhomogeneous. But the surfaces of cut
Bi. Sb and Cd electrodes are relatively flat and
homogeneous, in comparison with the surface of
mechanically polished electrodes.

Capacity of metal phase at Bi, Sb and Cd electrodes

The /H(ff)-curves (!» = | 4nCH) were calculated
according to the Grahame model (concerning the
existence of the compact layer with concentration-in-
dependent properties) and by the Valette-Hamelin
method [47] from the well-known equation applicable
to the edl model in the absence of specific adsorption
of ions

11 1
C FCh + FCO

where F is the fitting coefficient. As shown in Table 1
and Fig. 3, the thickness of the inner layer /Hat a0
depend on the chemical nature and crystallographic
structure of electrodes According to the modern
conception [33, 48. 51 53] this iscaused mainly by the
different potential drops at the thin layer of metal

Fig 3 Inh(o(-curves in aqueous solution of NaF for differem
electrodes: I, SbdH): 2. Sh(00l); 3. Bi(lll): 4. Bi(OIT): 5.
Bi(OOQl); 6. Cd(O0QI) and 7. Cd(21T0).

surface (capacities) of various electrodes. Therefore,
the experimental inner layer capacity values contain
not only the value of compact layer capacitance C,
(solvent monolayer contribution), but also the
contribution of capacitance of the metal phase CM
[51-53]:

L =

L o+ |
IaCH ®

4aCm  4nCs

The first attempt to derive the capacity of metal
phase was done by Rice [33-54], who utilized
the Sommerfeld's quantum theory of metals and
applied it to the problem of the capacitance of an
electrochemical interface. Rice's approach was
analogous to a simple linearized Thomas-Fermi
model with a sharp boundary for electrons at the
surface.

According to the experimental data of [56. 57] it
may be assumed that in the case of Bi(111) the value
of fm=rn= £ ~ 78 and for Bi(OIT) and Bi(2ll)
fm = fin = t: = s: 100 Using the value of
(Ajk) 1= 0.38 nm. there were obtained values of
/M= 14nCm which are presented in Table 2. For
aqueous and methanolic solutions the experimental
inner layer thickness /H is smaller than calculated
thickness of the thin layer of metal surface. So the
sharp boundary model for electrons at the metal-
electrolyte interface in the case of Bi-electrolyte
interface is wrong. For EtOH, /-PFOH and AN the
values of /0 > /m and therefore for these solvents the
Rice's paradox was not observed [33].

The influence of the solvent nature to the charging
process of the metal-electrolyte interface (to the
interfacial characteristics) is very well detectable in

Table 2.
Thickness and capacity of thin metal layer for Bi electrodes,
calculated by Rice model [54]

Plane Cm (/iF cm~:) /m (nm)
Bi(l I1) 20.5 0043
Bi(OIT) 235 0.038
Bi(2TT) 235 0.038
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om

S -0.05

o/uCcm'’

o/uCcm2

Fig. 4. Ass,(<7)-curves (a) for solvents S, = H;0 and
S, = EtOH (1-4) for various electrodes: 1. Bi(001): 2.
Bi(lll); 3. Sb(001) and 4. Sh(111). Ass{s(-curves (b) for
Bi(001). (1. 3, 5) and Bi(lll). (2. 4, 6) for S, = H:0 and
different solvents S,: AN. (1.2): MeOH. (3. 4) and /-PtOH,
(5. 6).

Fig. 4, where the dependence of the quantity
As,s(= [1/(4nCH)]5 - (1/(4nCH)]5 on a for various
solvents is presented (S,-H:0; S,-non-aqueous sol-
ution). As we can see the Ass, is dependent on the
structure and chemical nature of solvent.

During the last few years there were different
models constructed in which the interfacial properties
of metal and solution are described by various
theoretical approximations. In one of the more
successful and simplest of these models, the metal is

Table 3.
Thickness and capacity of ihin metal layer for Cd. Sb and
(Im in nm and Cm in /iF cm-2)

H:0 MeOH
Solvent - Im -Cm -lm —Cm
Metal
Bi(lll) 0.020 44 0.034 26
Bi(00I) 0023 39 0.039 23
Bi(ToT) 0.018 49 — —
Bi(OIT) 0.022 Pl 0.035 25
Bi(2TT) 0.022 42 .
Sb(lll) 0.013 71 — -
Sh(00l) 0.017 51 —
Sb(OIT) 0.017 52 -
Sh(2TT) 0.016 57 - -
cd(oool) 0033 27 -
Cd(10TO) 0036 25 — _
Cd(1130) 0.038 24 -- —

E Lust </ a!

represented as a “jellium" (with and without a
pseudo-potential at lattice) and the electrolyte
solution is described as an ensemble of hard sphere
ions and dipoles [48].

According to the above-mentioned model, the
capacity of the thin surface layer of Bi. Sb and Cd
single crystal electrodes was calculated by using the
equation

| 1 _ 1
4aCm  4nCH  4nCs’
where
| _ 6, —6S 3
4ncs 2/ 2e ®

In equations (7) and (8) Cmand Cs are the differential
capacities of the metal phase and the solvent
monolayer, accordingly; 6, and S>are the hard sphere

diameters of the ions and solvent molecules,
respectively; /. is a parameter related to the bulk
dielectric constant e through the equation

X-(1+ /)4 = 16¢c. It must be noted that equation (8)
was derived in the mean spherical approximation and
is valid at a % 0. The values of Cm at a = 0 (Cm-0)
were calculated at 6, —<5cio, = 0.472 nm. For H:0:
6s = 0.272 nm. /. = 2.65,/, = 1/4nCs = 0.052 nm and
Cs=17 2"F cm~:: for MeOH: = 0.335 nm.
/.= 221, A,=0.081 nm and Cs = 109;<Fcmfor
EtOH: (& = 0.385 nm. /. = 2.08, A= 0.095 nm and
CS= 9.34"F cm for /-PFOH: ds = 0.58 nm,
/.= 2.01. A= 0.1436 nm and Cs = 6.162juF cm-7;
and for AN: ds = 0.472 nm, /. = 2.28, /5= 0.105 nm
and Cs = 9.51 jjF cm ':. Established at a = 0 values
of Cm are presented in Table 3. As we can see from
Table 3. in the case of AN, MeOH and EtOH the
values of /M are practically independent of the
chemical nature of the solvent if we use the values
of <& (hard sphere parameters) obtained in three
stale models for the interpretation of experimental
Hg EtOH and Hg/MeOH systems [17]. If we use
the MSA parameters obtained for gas phase

Bi elecirodes. calculated by Levia-Schnncklcr model (48)

EtOH i-PrOH AN

- Im —Cm -/m —Cm -lm -c.
0036 25 0.087 10 0.033 27
0.041 22 0.095 9 00.39 23

— — — — 0.036 25
0.038 23 0.090 10 - 0.039 23
0038 23 — — 0.038 23
0.018 50 — - — —
0027 33 — — —
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(Siei< = 0.44 nm: (Wm = 0.37 nm), the negative
value of /m decreases in the sequence of solvents
H;0 > MeOH > AN > F.tOH > /-PrOH. As shown
in Table 3 the negative values of the capacity of the
thin layer of metal surface for aqueous solutions
decrease in the sequence of electrodes: Sh(111)>
Bi(l 11) > Sb(0OIl) > Sh(OIT) > Bi(OIT) > Bi(OOI) >
Hg > Cd(()00!) > Cd<IOTO) > Cd(l 120) > Ga if the
metallic nature of electrodes increases.

As we know [51 55) the hard sphere model is not
a very good approximation for the aqueous solutions
of surface inactive electrolytes, therefore the ca-
pacities of the thin metal surface layer at Cd. Sbh and
Bi were calculated by the theory developed in
(52. 53, 58) In this theory the metal is described
according to the density functional formalism and the
metal-solvent interaction as the sum of an attractive
term due to dispersion forces (Van der Waals) and a
repulsion simulating the exclusion of metal electrons
from the electron cloud of the solvent molecule.
Taking into account the difficulties connected with
the theoretical estimation of the values ofcapacity Cm
for Sb. Bi and Cd electrodes, in this work we used a
few simplifications of the theory [52. 53]. At first we
calculated the Cs(ff)-curves according to equation (6)
by using the hypothesis that Cm is “universal™ and is
independent of the electronic and crystallographic
structure of the electrode. Therefore, at the first
approximation, in the calculations we have used the
CMff)-curve for the Ag(lll) [58). The established
cs(<t(-curves are presented in Figs 5and 6. As we can
see. the value of Cs increases in the sequence
of Sh( 111) < Sb(2IT) < Sh(OIT) < Sh(001) < Bi( 111)
< BIi(OIT) < Bi(2TT) < Bi(001) < Hg < Cd(000l)<
Cd( I0TO) < Cd( 115()) since the lyophility of elec-

o/[iC cm
Kig. 5. (4(f» (-curves, calculated by Amokrane Badiali
model (at Cm = const) for H.-O on different electrodes
1. Cd(l130): 2. Cd(I0l0): 3. cd(000l): 4. BilOOI) and
5. ShlOOII.
25

Fig. 6 ('s(ff)-curves at cm = const on Bi(OOl). (I. 2. 4. 8):
Bi(lll). (3. 5): Sb(OOI). (6) and Sb( I11). (7) for various
solvents: 1. H:0; 2. 4. MeOH; 3. 5. 6. 7. EtOH; and 8. AN.

trodes increases. The value of <ti,u' increases and CT*V
decreases in sequence of solvents H:0 > MeOH >

EtOH > /-PrOH > AN, if the specific adsorption

energy of solvents decreases.

It is obvious from Figs 5 and 6 ihat as a direct
consequence of the difference in the experimental Ch
curves (Fig. 3), Cs values are different and each one
strongly differs from its related CH. However, all Cs
curves have similar shape (except AN Isymmetry with
respect to the position of the maximum and a
monotonic delay to an almost common value These
conclusions are in good agreemeni uith ihe works of

[52. 53. 58].
li must be noted thai the approximation, that the
capacin of metal phase is independent of the

electronic properties of the metal and crystallo-
graphic structure of planes. ma> be incorrect in the
case of Ag. Cd. Bi. Sb. Hg and Ga. because these
metals have very different zone structures and
mmelectronic” properties [33. 48 -53. 55 58). Therefore
the second hypothesis of works [52. 53] that Cs is
"universal” and is independent of the chemical nature
of electrodes, was used for the calculation of the
capacity of the metal phase of Cd. Sb and Bi
electrodes. The obtained /Mff(-curves are presented
in Figs 7 and 8. According to these data, the value of
effective thickness of the thin metal surface layer /Ea"
increases in sequence of Ga < Cd < Hg < Bi < Sb, if
the metallic nature of electrodes decreases and the
superficial density of atoms increases The effective
thickness of the thin layer of metal surface is
somewhat higher and capacity C")I is lower for
Bit 111) and Sb( 111) than for other Bi and Sb faces.
This is caused mainly by the different electronic
properties (eM, Af1) of planes in the crystallographic
direction [111) and other directions In the case of Cd
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Fig. 7. /IM(ff)-curves, calculated by Amokrane-Badiali model
(at Cs = const) for aqueous solution on different electrodes:
1. Sb(111); 2. Sb(00l): 3. Bi(lll); 4. Hg; 5. Bi(OOI): 6.
Cd(000l); 7, Cd (1120) and 8. Ga

electrodes the value of /Jj* decreases if the superficial
density of atoms decreases.

Analyzing the capacity data for single crystal Bi
electrodes for various solvents it was established that
the obtained values of /& noticeably depend on the
chemical nature and geometrical structure of the
solvent (Fig. 8). According to the model described in
[52, 53]. a slight dependence of /JJ on solvent nature
is possible. In spite of this it seems that the dividing
of the inner layer capacity into two components,
independent of one another, is a very rough

Fig. 8. /mg )-curves. calculated by Amokrane-Badiali model
(at C, = const) for Bi(OOI) for various solvents: I, MeOH;
2, H;0: 3. AN.

approximation and in the analysis of the edl
properties in various solvents a more complicated
model must be used (59].

Adsorption of cyclohexanol on the single crystal Sb, Bi
and Cd electrodes

The electrosorption behaviour of the same organic
compound on different metals and on different single
crystal planes of the same metal under all the rest
identical conditions can help to establish a scale of
metal-water and water-water interactions for these
various electrode materials. To this end the organic
compounds must satisfy the requirement of being
weakly physisorbed on the metal surface. Whereas
monofunclional aliphatic compounds (alcohols,
amines, ethers, esters, ketones and carboxylic acids)
are usually convenient candidates for this purpose
(49,60,61]. Pyridine and other organic compounds
with conjugated double bonds or sulphide groups are
not suitable for this purpose, since they tend to form
weak chemical bonds with the metal surface. A
further difficulty in comparing results from different
laboratories lies in the fact that different experimental
techniques are often used [60-62]. Therefore, we have
carried out a systematic simultaneous impedance and
chronocoulometric investigation of the adsorption of
organic substances on Bi, Sb and Cd single crystal
planes. In particular, in this work we present the data
for cyclohexanol adsorption, since the adsorption
data of this compound already exists in the literature
for a number of sp metals [63-65].

Capacity-potential curves (C,E-curves)

The C(£)-curves shown in Fig. 9 were recorded for
the supporting electrolyte and for that with additions
of cyclohexanol (CH) All the C(£)-curves deter-

E vs SCE/V

Fig. 9. C(£)-curves for aqueous 0 05 M Na;SOj + 0.15 M
CH on different electrodes: 1. Cd(000l): 2, Bi(lll):
3, Sb(I11) and 4. Zn(000l) [64]
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mined in (he presence of CH in ihe systems
investigated merge with the curves for the supporting
electrolyte at negative potentials, indicating that CH
molecules are completely desorbed from the electrode
surface at these negative polarizations. At less
negative potentials the C(£)-curves display charac-
teristic adsorption-desorption peaks. The height
of this peak increases and its potential shifts to the
more negative direction with the increasing CH
concentration. According to Fig. 9, the shape (the
height and width) of the adsorption-desorption
maximum at cur( = const depends on the chemical
nature of metal, as well as on the cystallographic
structure of electrode surface. The height of peaks
at c,r( = const increases and their width decreases
in the sequence of Sb < Cd < Zn < Bi, which means
that at £ < £, =o the attractive interaction between
the adsorbed CH molecules increases going from
Shb to Bi. According to experimental results the
height of the maxima increase in the sequence of
planes (2TT) < (OIT) < (001) < (TOT) < (111) as the
hydrophilic properties of electrodes increase in
the same sequence. A similar relationship is
observed for Cd and Zn single crystal electrodes,

where the attractive interaction constant an
increases from (1120) to (0001) [14,16]. On
metals that differ in their hydrophility increases

in the
661

The frequency dispersion of C is very small in the
proximity of the potential of maximum adsorption
£mai whereas it increases notably in the region of the
adsorption-desorption peaks. As shown in [67. 68]. if
the rate of the adsorption of organic compounds is
limited by diffusion, the equilibrium values of
differential capacity at v = 0 can usually be found to
a sufficient degree of accuracy by the extrapolation of
the Cadd(w' :)-curve to w13 = 0 (@ = 2 nv). According
to the experimental data, in the region of
60 Hz < v < 410 Hz. the Cuw(bll:)-curves have a
good linearity and. accordingly, we can obtain the
equilibrium values of differential capacity and use the
Frumkin-Damaskin adsorption theory [67]. Accord-
ing to the method described in [69], the equilibrium
values of differential capacity can be calculated by the
equation

sequence Sb < Hg < Bi < Cd < Zn < Ga

Cadd(w = 0) = C;d(w)A;(ti)a>:
Wp(em)u - 11/2p(w)wj  (9)

where Cawet>) and /?p(w) are the values of differential
capacity and solution resistance, respectively, at
to = const.

The equilibrium values of Cw(w = 0) calculated
by equation (9) are in good agreement with the
values obtained from Ca/y(co' 3)-curves. As shown in
[67-69], the various parameters of the adsorption of
CH can be obtained by using the experimental
C(£)-curves and the Frumkin-Damaskin adsorption
theory [67].

+ 14< ~

| Sh, Bi and Cd electrodes 779

Charge density-potential curves |(j(£)-curves|

The charge density-potential [a(£)]-curves were
obtained by the back integration of C(£)-curves. The
shape of these curves is typical for the behaviour
observed for the adsorption of neutral organic
molecules at metals and all the curves merge at
£< -1.8V (Fig 10).

The potential at which the curves intersect the
(70(£)-curve is the potential of maximum adsorption
£,,,. In the case of Bi and Cd single crystal
electrodes, the value of £,,,,, is practically independent
of c«s, accordingly the adsorption of CH is
approximately equilibrium.

The chronocoulometric investigations of the
adsorption of CH were carried out by using the
system described in [23]. The values of the initial and
final potentials were chosen with the help of C(£)-
and /(£)-curves. The initial potential was varied from
-0.50 V to —1.80V for Bi, from —0.45V to
- 150V for Sb and from —0.70 V to -1.80 V for
Cd single crystal planes. The final potential value
was chosen carefully in order to: (1) achieve the
complete desorption of CH; (2) keep the current
of hydrogen evolution small enough so that the
faradaic reaction would not interfere with the
determination of electrode charge density (cr).
Five series of potential step experiments were made
for 5 10"4M < red < 2T0~1M The precision of
the charge measurements was good (2-4%).
The strategy of the interpretation of the chrono-
coulometric curves is described thoroughly in
[24,25,60,61].

Figure 10 shows that the charge-potential data
from the capacitance and chronocoulometric
measurements do not differ significantly. A particu-
larly good agreement is seen between - 18 and 3/iC
cm :, where the analysis of experimental adsorption
data of CH was carried out. Thus, in the case of Bi,
Sb and Cd electrodes the existence of problem of
non-equilibrium adsorption-desorption peaks is
probable but not dramatic.

E vs SCE/V

Fig. 10. <r(£)-curves for Bi(lll) in aqueous solution of
005 M Na:SO< (1.2) and with addition 0f0.05 M CH (3,4)
and 0.1 M CH (5, 6) obtained from C(£)-curves (I, 3. 5) and
from chronocoulometry (2, 4, 6).
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E vs.SCE/V

Fig. 1. (y - y°1(£)-curves for Bi(l 11) in aqueous solution
0f0.05 M NajSO< (1) and with addition 0f0.05 M CH (2, 3)
and 0.1 M CH (4, 5) obtained from C(£)-curves (1.2,4) and
from chronocoulometry (3, 5).

Surface tension, film pressure and Gibbs excess curves

The cr(£)-curves were back-integrated to obtain
the surface tension and film pressure curves.
Figure 11 shows that the difference between the
surface tension-charge curves, obtained from the
capacity and chronocoulometric measurements, is

very small, and therefore, the thermodynamic
analysis is still possible in the negative rational
potential range, since no noticeable frequency

effects are expected in that potential range. The
film pressure n of the adsorbate was determined

by
nE) = =o0- w= A wmrdE - ffM.<=odf (10)
[ .

where subscripts ¢ and ¢ = 0 indicate the presence
or absence of CH in the bulk of the electrolyte,
respectively, and y is the interfacial tension For each
concentration the curve displays a maximum, the
potential of which (Emi*) is practically independent of
Cch

E. Lust et al.

The film pressure data were used to calculate the
relative Gibbs surface excess (I'). First the film
pressure was plotted against log cch at E = const.
The curves display a long linear section, with the
slope giving the limiting value of I'T.»

(")

As in the rising part of the curves, the slope changes
drastically, therefore, the related Gibbs excesses for
the intermediate coverages were determined from the
electrode charge densities using the well-known
formula

IMr — <IMr «o

12
&MIT,, —OmT - 0 a2

The values of (<7m/-TL,- om.r =0) were obtained by
the extrapolation of the linear sections of the
<JME)-curves. The shape of the £(£)-curves for
different cch suggests that the relative maximum of
the adsorption of CH on all planes investigated is
reached at 0.7 < £< 11V and is dependent on
the crystallographic structure of the surface. The
obtained values of Itax are presented in Table 4.
The TIm»» increases in the sequence of metals
Zn < Cd < Sb < Bi. In the case of Sb and Bi
electrodes 'mp increases in the sequence of planes
(2TT) ~ (OIT) < (0T) < (001) < (111) as the hy-
drophility of planes increases. In the case of Cd and
Zn electrodes [64] the f g increases in the sequence
(1120) < (IOTO) < (0001) as the reticular density of
planes increases and hydrophility of electrodes
decreases.

The differences in the adsorption properties of Sb,
Bi, Cd and Zn [10. 64] single crystal electrodes studied
become particularly evident if we compare the
dependence of potentials of the adsorption-desorp-
tion peaks (Enex) in the relative scale (Ena - £,, =0)

Table 4.
Adsorption parameters of cyclohexanol on Bi. Sb and Cd electrodes

c Es rr 10° Bm -acn 4 (-4a Xi"
Electrode a0 ("F cm-2) (V) (mol cm~:) (dmImoll) (kI mol 1) (kI mol-1)
Bi(lll) 183 4.0 0.49 55 20 171 -
Bi(TOT) 165 41 0.34 51 43 19.0 19
Bi(001) 1.49 3.8 0.44 51 34 185 14
Bi(OIT) 145 4.2 0.39 4.6 70 20.1 3.0
Bi(2TT) 135 4.6 0.36 4.6 39 186 15
Bi( 111 )ch 178 - 0.45 53 18 16.8 —
Bi(00l)ch 1.44 - 0.42 4.8 3 181 13
Sb(l) 110 39 055 51 48 18.9 —
Sb(001) 0.95 4.4 0.50 4.6 68 20.1 12
Sh(2TT) 0.70 36 0.42 35 86 20.7 18
Cd(0001) 157 5.7 0.38 4.6 14 16.2 —
Cd(10T0) 1.40 54 0.28 4.2 22 174 12
Cd(l120) 137 5.2 0.27 41 2 17.3 11
Cd(000)d> 153 — 0.34 45 12 15.8 —

ctl These parameters are calculated from chronocoulometric data.
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on the logarithm of cyclohexanol concentration log
<ch for different Sb [70], Bi [63], Cd [14] and Zn [64]
faces. According to the conception of works [49-50]
the hydrophilic properties of surface decrease in
the following sequence of electrodes Zn(l120)>
Zn(10T0) > Zn(0001) > Cd(1120) > Cd(10TO) >
Cd(0001) > BI(TOT) > Bi(001) > Bi(lll) > Bi(2IT)
> Bi(OIT) > Hg > Sb(001) > Sbh(2Il) > Sh(OIT).

Adsorption isotherms

From C(£)-curves, using the relationships that
follow from the model of two parallel capacitors,
were calculated the CH adsorption isotherms
(Fig. 12) at the potential of the maximum adsorption
£ = EmixaThe limiting electrode capacitance C at the
surface coverage B = 1 was found by extrapolating
the dependence of 1/C on 1llcch at E=£m, to
1recen = 0. The other parameters of the CH
adsorption were found using the technique of
Frumkin-Damaskin [67] and are shown in Table 4,
which uses the generally accepted symbols.

In Table 4, the values of the adsorption parameters
point to a substantial difference in the adsorption
behaviour of CH on the studied Sb, Bi, Cd and Zn
faces. According to the data of Table 4 the difference
between the adsorption parameters, obtained from
the capacity and chronocoulometric measurements, is
small. The values of £N and 'm which are high
relative to those found at other electrodes, indicated
that the CH molecules have the pronounced vertical
orientation on the face (111) of Bi and Sb single
crystal. Lower values of 'm found for Sb and Bi
faces (001), (TOT), (2IT) and (Oil), and adsorption
potential drops £N decreasing in the order of
(001) > (Oll) > (2TT) > (TOT) indicate that the orien-
tation of the CH molecules has a more distinct
horizontal component on these faces, as compared to
the basal plane (111) of Sb or Bi. respectively. This
in all likelihood is the result of interaction of the
OH-group in the CH molecules with the electrode
surface. According to the values of B,., -AG™ and
re.os. the adsorption activity of CH increases in the
sequence of metals Zn < Cd < Bi < Hg < Sh. The

¢/ moldm'3
Fig 12 |Isotherms of the CH adsorption on different
electrodes: I, Sb(OIT), 2, Sb(00l); 3. Sb(111); 4, Bi(lll);
5. Bi(00l); 6, Cd(l 120); 7, Cd(000l); 8. Zn(lI30) and
9. Zn(000l).

26

adsorption activity of CH in the case of Bi and Sb
electrodes increases in the sequence of planes
(111) < (001) < (TOT) < (2TT) < (Qil), ie except the
face (111), the adsorption activity of CH increases as
the reticular density of planes increases. Higher
adsorption activity of the planes (001), (TOT), (2TT)
and (OIT) than (111) is mainly determined by stronger
interaction between adsorbed CH molecules and the
bismuth or antimony surface atoms, having unsatu-
rated covalent bonds [38]. In the conditions of equal
saturation of bonds of the surface atoms, the
adsorption activity of CH increases by the increase of
the superficial atom density of planes. The adsorption
activity of CH at Cd electrodes increases in the
sequence of Cd(0001) < Cd(I0T0) < Cd(l120).

CONCLUSIONS

The results presented above indicate that the inner
layer structure, as well as adsorption properties of Bi,
Sb and Cd electrodes depend sufficiently on the
crystallographic structure of electrode surface, as well
as on the chemical nature of metals. According to
experimental results the differences between the zero
charge potentials for various planes depend on the
chemical nature and crystallographic structure
(electronic properties) of electrode surface, as well as
on the chemical nature of solvent. In all solvents
studied the basal Bi(111) and Sh(111) planes have the
more negative values of £, -0, and the basal plane of
Cd(0001) and 2Zn(0001) [6,7,37] has the more
positive values of £»_0 than other planes investi-
gated. The values of zero charge potential of
polycrystalline electrodes are intermediate of these
two groups of planes.

The differences between values of £<.< for (001),
(OIT), (2IT) and (TOT) planes for Bi and Sb do not
exceed 20 and 50 mV. respectively, but the values of
£,.,0 for Bi(lll) and Sb(lll) are 60 and 80 mV
respectively more negative, th'an those for the other
Bi and Sb planes. This is mainly caused by the specific
surface state (electronic properties) of the bismuth
and antimony atoms of the basal face (111) in
the lattice. The maximum difference in £,»0 for
various Bi planes is 90 mV for AN, and the
difference decreases in the sequence of solvents
AN > H20 > MeOH > j-PIOH > EtOH as the
anisotropy of the specific adsorption of solvents on
various planes diminishes.

The applicability of Grahame theory has been
tested by various methods At the first approximation
the double layer can be described by Grahame’s
model concerning the existence of compact layer with
concentration-independent properties. The inner
layer capacity increases in the sequence of metals
Sbh < Bi < Hg < Cd < Zn. as the capacity of thin
metal surface layer or lyophility of electrodes
increases. For the single crystal planes (001), (OIT)
and (2TT) of Bi and Sb and for (0001), (IOTO) and
(1120) of Cd in all solvents and in all regions of o the
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most compact principal plane has the smallest and
the most open plane has the largest interfacial
capacity. This conclusion is in good agreement with
the theoretical calculations, where metal is rep-
resented as a fellium" and the electrolyte has an
ensemble of hard sphere ions and dipoles. The lower
values of CH for Sh( 111) and Bi( 111) can be explained
mainly by the specific state of atoms at the surface of
these Bi and Sb planes, ie by the lower hydrophility
of Bi(111) and Sb(111) or by the higher contribution
of metal phase to the values of CH in the case of
Bi(111) and Sb( 111) than in the case of other Bi and
Sb planes These conclusions are in good agreement
with the data of cyclohexanol adsorption at Sbh, Bi,
Hg, Cd and Zn electrodes according to which the
adsorption activity of cyclohexanol decreases and
the adsorption energy of solvent (water) increases
in the sequence of electrodes Sh(2IT) < Sb(001) <
Sb(Ill) < Bi(OIT) < Bi(2TT) < Bi(ToT) < Bi(001) <
Bid 11) < Cd(0001) < Cd(10I0) < Cd(lI20) <
Zn(0001) < Zn(I0IO).

According to the classical conception the specific
interaction of solvent dipoles with Bi single crystal
planes increase in the sequence of solvents
An < HD < MeOH < EtOH < /-PFOH as the
relation Ch"0/Ch<0 increases.

The values of capacity and thickness of the metal
layer, obtained by using various theoretical approxi-
mations, give different absolute values of cm and /m,
but the direction on metals and planes is independent
of the approximation used. As it seems to us the more
realistic values of metal phase capacity are possible to
establish using the model developed by Amokrane,
Badiali, Goodisman et at. According to this model
the effective thickness increases in the sequence of
electrodes Cd < Hg < Bi < Sh.

In all solvents studied the capacity of metal
layer increases in sequence of Bi(111) < Bi(TO0Il)<
Bi(2IT) < Bi(OIT) < Bi(001). The same tendency
seems to be valid in the case of Sh electrodes. But a
noticeable dependence of /m on the chemical nature
of solvent takes place and probably the dividing of
the inner layer capacity into two components,
independent of each other, is a very rough
approximation. In the future, for analysis of the
electric double layer properties in various solvents, a
more complicated model must be elaborated and
researched.
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Abstract

The adsorption of pyridine (PY) on Bid 11). Bi(001) and Bi(OIT) single crystal electrodes has been studied in 0.1 M aqueous NaF
solution for concentrations of PY ranging from | to 200 mM. In the range of potentials explored, adsorption maximum coverage of the
surface and the desorption of PY at E= -1.8 V (SCE) have been observed. At the negative potentials and polarization close to the
potential of zero charge, PY molecules at bismuth single crystal planes assume a tilled orientation, with the hydrocarbon ring facing the
metal. The saturation coverage /'m, and the limiting capacity C, decrease, and the shift of zero charge potential £N. due to the
displacement of surface water by a monolayer of PY, rises in the sequence of planes Bi(OIT) < Bi(001) < Bi(l 11) as the vertical
component of the orientation of the PY molecules increases. Adsorption isotherms, values of the attraction constant a and standard Gibbs
energy of adsorption have been determined. As in the case of other organic compounds studied, the activity of Bi planes increases
in the sequence of planes Bid 11) < Bi(00l) < Bi(OIT). The partial change transfer from PY to Bi electrodes increases in the same
direction of planes. The attractive interaction between the adsorbed molecules rises in the sequence of planes Bi(011) < Bid 11) < Bi(00l)
as the superficial density of atoms decreases

The absolute value of the Gibbs energy of adsorption of PY increases in the sequence of electrodes Ag < Bid 11) < Hg < Bi(00l) <
Bi(OIT) < Au(111) < Au(I00) < Au(311). As the adsorption activity of aliphatic compounds on Au is lower than on Bi or on Hg we can
conclude that there is a weak chemical interaction of PY molecules with Au surface atoms. The Gibbs energy of adsorption of PY on Ag
is somewhat lower (3 to 5kImol 1) than for Bi and Hg electrodes; this is caused mainly by the higher hydrophilicity of Ag electrodes
The values of Gibbs energy of PY adsorption on Bi and Hg are comparable and, accordingly, the differences between the
metal-adsorbate interaction are not large and the adsorption activity of PY increases, when the hydrophilicity of electrodes decreases in
the sequence Bid 11) > Hg > Bi(001) > Bi(OIT).

Keywords: Bismuth single crysials: Pyridine adsorption

1. Introduction

This work is a part of the project which is devoted to
the study of the influence of the crystallographic structure
of bismuth on the adsorption of neutral organic molecules
at the Bilaqueous solution interface (1-5). Adsorption of
pyridine (PY) at the polycrystalline bismuth solid drop
electrode (BDE) was described in Ref. [6]. and the phe-
nomenon of solutions of the adsorption-desorption max-
ima was discovered. Already the first investigations have
showed that the splitting of the maxima was due to the
presence of different homogeneous monocrystalline sur-
face segments (single crystal planes) o1 the solid electrode
surface. This effect was rather sensitive to the character-
istics of the polycrystalline nature of the surface, to the

nature of the adsorbing particle structure and of the sol-
vent. to the surface charge density cr and to the solution
concentration. The results of electron diffraction studies
(7.8) indicate that relatively large monocrystalline surface
segments (dimensions of the order of 100 nm) with Miller
indices (001). (101) and (OIT) exist at the BDE surface
The statistical treatment of the electronograms and capac
ity data shows that the surface of the BDE consists mainly
of homogeneous segments whose crystallographic, double
layer and adsorption characteristics are similar to those for
the (001) plane of bismuth (5,7-10). To this end we
undertook experimentalinvestigations of PY adsorption at
singular Bi(00l). Bi(0l I) and Bid 11) single crystal plane
electrodes from aqueous surface inactive electrolyte solu-
tions.

0022-0728/97/$17 00 Copynghi € 1997 Elsevier Science S A All rights reserved
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The PY and pyrazine molecules are known to be weakly
chemisorbed at different (Au. Ag, Bi. Zn) metals [11-18].
A large number of spectroscopic investigations of PY and
pyrazine at silver, gold and copper have been performed
[14-18]. The chemisorption involves the non-bonding
molecular orbitals (n) localized at the nitrogen heteroatom
and/or it and v " orbitals of the aromatic ring [14-18].
Consequently, the adsorbed PY molecules may assume
either a vertical upright position with the aromatic ring or
nitrogen attached to the metal surface, or a flat-lying
orientation with the aromatic ring horizontal with respect
to the metal surface. Moreover, the adsorption from elec-
trolyte solution at electrodes is complicated by the pres-
ence of the electric field and solvent molecules. In this
case, comparison of the adsorption of PY at different
single crystal planelsolution and at metailgas interfaces has
provided a means of assessing the role of the electronic
interaction in the adsorption of organic molecules from
solution at bismuth surfaces.

In this work we have carried out systematic simultane-
ous impedance (capacity bridge) and chronocoulometric
investigations of adsorption of PY on the singular bismuth
single crystal planes (111), (001) and (OIT).

2. Experimental

The experimental procedures used in this work have
been described in Refs. [1-7]. The crystallographic orien-
tation was determined by X-ray diffraction, using a special
crystal holder and goniometric head. The massive bismuth
single crystal was cut along the chosen crystallographic
orientation with a precision of +£0.2°. The isolation of the
faces was carried out by a thin polystyrene film (dissolved
in toluene) covering the part of no interest, and then the
sample was placed into a Teflon holder [1-5]. The surface
was polished to a mirror finish by using standard metallo-
graphic procedures. The final surface preparation was ob-
tained by electrochemical polishing in the aqueous KI +
HCI solution. Thereafter, a second X-ray diagram was
undertaken to determine the precise angle; only those
samples whose precision on the orientation was better than
+0.15° were used for the electrochemical investigations.
After the last stage of surface preparation (electrochemical
polishing), electrodes were very well rinsed with ultra-
purified water and polarized at —1.2V (SCE) in the
working surface-inactive electrolyte solution.

For an additional characterization of the working sur-
face of the electrodes, an electron microscopic analysis
(Jeol JSM-35CF) in the SEI regime was made (40000 X ).
According to these investigations the electrochemically
polished surfaces of Bi(l 11), Bi(Oll) and Bi(001) are
ideally smooth (understandably in the range of sensitivity
of electron microscopy) [5].

PY was purified according to the methods described in
Ref [19].

3. Results and discussion
1.1. Cyclii volutmmngrams (CVx)

The CVs and impedance curves were recorded in order
to determine the quality of the surfaces investigated and
the potential range in which PY adsorption occurred. The
shape of the CV recorded for the supporting electrolyte
was characteristic of the Bi(lll), Bi(OIT) and Bi(001)
planes in accord with our previous studies [1-7]. The
cyclic voltammeiry /£) curves also indicate that the
bismuth single crystal planes investigated are ideally polar-
izable in the potential range between - 18 and - 0.4V
(SCE) in the aqueous surface-inactive electrolyte solution.
A small cathodic current due to hydrogen evolution was
observed at the most negative potentials when PY was
added to the solution. Neglecting the current due to hydro-
gen evolution slightly catalysed by the presence of PY. the
CVs can be considered as nearly symmetrical.

3.2. Differential capacity vs. potential QE) curves

The C(E) curves shown in Figs. 1and 2 were recorded
for the pure base electrolyte and with the additions of PY
from 1X 10"’ to 2 X 10*1M. All the C(£) curves deter-
mined in the presence of PY in the solutions investigated
merge with the curve for the supporting electrolyte at
- 1.8V (SCE), indicating that PY molecules are com-

E vs.SCE/V

Fig. | @ t) curves (v = 210H/.) for Bid 11) in 0.1 M NaF (I land w«h
addition of PY: (2) 0.05; (3) 0.07: (4) 0 1. (5) 0.15; (6) 0.2M.
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pletely desorbed from the bismuth surface at these nega-
tive polarizations. Al less negative potentials the curves
display characteristic adsoiption-desorption peaks. The
height of the peak increases, and its potential shifts in the
negative direction with increasing PY concentration. The
adsorption-desorption maxima for Bi(OOl) are higher and
slraighter (cPY>0.05M) than for Bi(ill) and Bi(Oll).
Accordingly, at these concentrations the attractive interac-
tion between the adsorbed PY molecules on Bi(OOl) is
higher than the Bid 11) and Bi(OIT) The adsorption-de-
sorption maxima at the negative potential scale (£ ma*-

for Bi(Ol I) lie at more negative potentials than for
Bid 11) or Bi(OOIl). The same order of the adsorption
activity of Bi planes was observed in the case of adsorp-
tion of cyclohexanol [2] and butylacetate (4) on the single
crystal bismuth electrodes. Going further in the positive
direction, the differential capacity decreases to a value
much smaller than that observed for the pure base elec-
trolyte, indicating that PY molecules are replacing water at
the interface. The value of the differential capacity for a
solution containing PY remains lower than the value ob-
served for the pure base electrolyte at the positive limit of
the potentials investigated. Apparently, no desorption of
PY molecules takes place at the polarization E< - 0.4V
(SCE) applied in this work. As seen from Figs. 1and 2,
the potential of maximum adsorption Emtx of PY on
Bi(OOl) is practically independent of cPY (+0.025 V), but
for Bi(011) and for Bid 11) a noticeable decrease of Emx

E vs SCE/V

Fig. 2. C(ii) curves (i<= 210Hz) for Bi(OOi) in 0.1 M NaF (I) and wiih
addition of PY: (2) 0.07; (3) 0,1; (4) 0.15; (5) 0.2M

28

E vs.SCE/V

Fig. 3. C(E) curves lor Bi(00l) in 0.1 M NaF (1-3) and with addition of
0.15M PY (4-6) ai different v: (I. 4) 210; (2. 5) 2100; (3. 6) 21000Hz.

with increasing of cPY was found (4 £njK< 0.3 V) for
intermediate PY concentrations (0.005 <cPY 5 0.1 M). For
more concentrated PY solutions (cPY > 0.1 M) the value of
£MI is practically independent of cPY.

3.3. Non-equilibrium differential capacity curi es

The edl differential admittance was measured from 60
to 21 000 Hz. The capacity dimension with frequency Vv is
small in the proximity of the differential capacity mini-
mum (in the region of maximum adsorption), whereas it
increases noticeably in the region of the adsorption-de-
sorption peaks (Fig. 3). As shown in Refs. [20-22]. if the
rate of the adsorption of organic compounds is limited by
diffusion, the equilibrium values of differential capacity at
i’=0 can usually be found to a sufficient degree of
accuracy by the extrapolation of the Cidd vs- Qi ' (LU—
27r1") curve to wl/2 = 0. As we can see from Fig. 4. in the
region of 60 < y~"1O H z the C~ wvs. wl/: curves are
practically linear (AC = +4p.Fcm 2) and. accordingly,
to a first approximation we can obtain the equilibrium
values of differential capacity by extrapolation of the Ckbl
vs. w'/2 curves to w'/2 =0 [20-22]. According to the
model [20.22]. the equilibrium values of differential capac-
ity can be calculated by Eq. (1)

CM (w=0) = C;dd(w) Rp( oj) w-
+ 1/fC N e»)*, («)«- []71p(bl)O»
1)
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0 50 100 150
©.e/radns'
Fig. 4. C(«i,/”) turves for O.IM NaF +0.2M PY ai ihe potential of
adsorption-desorption peaks for Bi(00l) (1) and Bit111) (2)

where Cw (w) and Ap(w) are the values of differential
capacity and solution resistance at <n= const.

The components of the adsorption impedance were
calculated from the impedance data of the cell used for the
measurements (series circuit), i.e. Cs(w) and Rs(a>), fol-
lowing the procedure described in Refs. [20-25]. By ex-
trapolating the Rs{a>) valuesto w ~ w e determined the
solution resistance Rs(oj) = RM]. Since the amount of
organic compounds added was small and did not affect the
solution resistance, one can assume A4l equal to the
ohmic component Rs of impedance in the pure base
electrolyte solution. Then the series equivalents Rs(w) -
Rni and Cs(<i>) of impedance were converted into the
parallel equivalents CP+ Cluc and Ap via the relations
given in Refs. [20-25]. A more detailed discussion of the
kinetics of PY adsorption on Bi electrodes will be pub-
lished soon.

The equilibrium values of Cuw (w = 0) calculated by
Eq. (1) are 105 to HOjtFcm”2 and 126 to 134p,Fcm'2
for Bi(l 11) and Bi(00l) respectively. These values are in
good agreement with the values obtained from Fig. 4
(108 + 4 (iFcm-3 forBidlDand 128+ SM-Fcm'2 for
Bi(OOl)). Accordingly, as shown in Refs. [20-25], to a
first, very rough, approximation the parameters of PY
adsoiption can be obtained by using the experimental
CtE) curves extrapolation to w = 0.

3.4. Charge density-potential curi es

The charge density-potential rx(E) curves for base
electrolyte solution were obtained by the integration of the
C(£) curve, starting from the zero charge potential £,,_,,.
The values of £,,_,, for different Bi single crystal planes
were obtained from the position of the diffuse layer mini-
mum on an independently measured differential capacity
curve for a dilute solution of the base electrolyte (0.002 to
0.001 M NaF). The established values of £,,,, were in
good agreement with our previous data published in Refs.
(1-5]. The charge density-potential curves for solutions
with different additions of PY were obtained by back

integration of C(E) curves, starting from £ = -1.8V
(SCE). and asserting the value of surface charge density a
at £= - 18V (SCE), equal to (t, ai £= - 18V (SCE).
because there is no adsorption of PY ai this potential.

The shape of the curves obtained is typical of the
behaviour observed for the adsorption of neutral organic
molecules at metals (Fig. 5). The a(E) curves for differ-
ent concentrations of PY intersect the tr,(£) curve, ob-
tained for the base electrolyte, at the potential of maximum
adsorption £ma,. Contrary to the cyclohexanol [2] and
butanol isomers [2J], in the case of PY adsorption at
Bid Il) and Bi(Oll) for the intermediate PY concentra-
tions (0.005 ¢ <0.1 M), the Entl decreases with increas-
ing of CpY (Fig. 5(b)). For solutions with additions of PY
epy z 0.1 M. the dependence of £me> on cPY is significant.
The pronounced dependence of £mal on cPV for solutions
0.005 iCpy”~O.IM indicates that the orientation of PY
molecules adsorbed on Bi(111) and Bi(011) depend notice-
ably on the surface coverage O. At higher surface cover-
ages the PY molecules would have a more stable orienta-
tion than the intermediate B values. The dependence of
£mix on epy for Bi(001) is not over 0.1 V (Fig. 5(a)).
These results are in good agreement with the data of Figs.
land 2.

3.5. Potential step measurements

The values of the initial and final potentials for the
potential step experiments were chosen with the help of
the C(£)- and _/(E)-curves. The initial potential £, was
varied from -0.40 to -1.8V (SCE). Usually the elec-
trode was held at initial potential Ee for 60s, during which
PY adsorption occurred and equilibrium between the inter-
face and the bulk of the solution was established. The final
potential £, was equal to —1.60V (SCE) for cPV < 0.01 M
and - 1.80V (SCE) for cPY > 0.01 M. Its value was cho-
sen carefully in order to: (1) achieve complete desorption
of PY; (2) keep the current of hydrogen evolution small
enough so that the faradaic reaction would not interfere
with determination of the electrode charge density cr.

Five series of step experiments were made for concen-
trations from | x 10 1to 2 X 10_I M of PY. The preci-
sion of charge measurements was 2-5%; therefore, the
result of just one experiment was analysed thereafter. The
time window in which the transients were recorded was
the same for both the base electrolyte and solutions con-
taining PY (10 - 150 ms).

The chronoamperometric curves were integrated digi-
tally to obtain the charge transients. The charge-potential
plots obtained by the integration of the chronoamperomet-
ric curves are shown in Figs. 6 and 7. The chronocoulo-
metric curves display an initial fast-rising section corre-
sponding to the charging of the edl followed by a quasi-
plateau. in which the charge varies slowly and linearly
with time. The slope of this segment is small due to a
slight hydrogen evolution reaction. These linear segments
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E vs.SCE /V

E vs.SCE /V

Fig. 5. <r(£) curves for Bi(OOIXa) and for BK111) (b) obtained from impedance data (k=* 60 Hz) for 0.1 M NaF (l) and with addition of PY: (2) 0.07: (3)

0.1; (4) 0.15; (5) 0.2M

of the transients were extrapolated to zero time to obtain
the relative charge densities [i<r. In this way, the faradaic
contribution from hydrogen evolution was minimized. The
relative charge densities et were determined from these
step measurements according to the relation
A<r(E)=<T(El)-tr(Ev) (2)
In Eq. (2) a( £f) and rr(£,,) are the charge densities at the
metal side of the interface at potentials £, and Ee respec-
tively. Knowing the value of £, _, determined by
impedance measurements [5] the absolute charge densities
were calculated for each value of £ using the formula
<r(f£) =A<T(£) - A<r(f,_., (3a)
The precision of charge measurements was about 2-5%.
Plots of charge density vs. potential for the surface-inac-
tive electrolyte and for some concentrations of PY are
shown in Figs. 6 and 7. The shape of these curves is

typical and all the curves merge at potentials more nega-
tive than -1.8 V (SCE), which indicates that PY is des-
orbed completely from the Bi surface in this range of £.

Starting from £= -1.8V (SCE) and going in the
positive direction, a sharp rise in the charge density is
observed if PY is present in the bulk of the solution. The
increase in a slows quickly and the charge becomes
nearly linearly dependent on the potential. The <r(E)
curves for different concentrations of PY intersect the
crO(£) curve at £mai and, according to the experimental
data, the potential £mil for Bi(001) is practically indepen-
dent (+ 0.035V) of the PY concentration. In the case of
Bi(l 11) (Figs. 6 and 7) and for Bi(011) the value of £,,,,,
depends slightly on the concentration of PY in solution
(4 £ma, = +0.1 V). The slight dependence of Emtx on cPY
is valid for Ag and Au electrodes [11-17].

In some experiments the initial potential £ was fixed at
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Fig. 6. (7 (£)curves obtained from impedance (I. 3, 5) and from chronocoulomeiry (2. 4. 6) in 0.1 M NaF (1.2) and with additions of PY (3. 4) 0.1; (S. 6)

0.2M

E = -1.8V (SCE) and the final potential Ef was varied
from -1.75 to -0.40V (SCE). The absolute charge
densities were calculated according to the Egs. (2) and
(3a).

<r(E) * 90(E = - 1.8V (SCE)) - Acr(E) (3b)

where SO(E » - 1.8V (SCE)) is the surface charge den-
sity obtained for the base electrolyte solution at £ =
-1.8V (SCE). The values of cr are practically indepen-
dent of the direction of potential step measurements (4 <
= +0.5(iCcm '3) (Fig. 7), which means that the adsorp-
tion of PY is practically reversible.

Unlike with the Au and Ag electrodes [14-19], Fig. 6

shows that the charge-potential data from capacitance and
potential step measurements for Bi electrodes do not differ
very significantly (4<r= = 0.8 LCcm'2). The values of
a obtained from chronocoulometry are always higher than
the values of a obtained from impedance data. Therefore,
the <t(E) curves obtained from impedance data, to some
degree, indicate a non-equilibrium condition. Comparison
of the <t(E) data for Bi(00l) and Bi(0l I) planes, as well
as for isomers of butanol [21] and cyclohexanol [26],
shows that increasing adsorption activity of planes or
adsorbates results in an increasing difference between the
<r(£) curves obtained from impedance and chronocoulom-

etry.

E vs.SCE/V

Fig. 7. tr(E) curves (chronocoulometry) in 0.1 M NaF (I, 2) and with additions of PY: (3. 4) 0.07; (5. 6) 0 I: (7. 8) 0.2M O. 3. 5. 7) started from

£ - - 18V (SCE); (2. 4. 6, 8) started from E = -0.5V (SCE).
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As we can see from Figs. 5-7, the nearly linear seg-
ments were observed on the ¢ (E) curves around Emix. By
linear extrapolation of these fragments to = 0 one can
determine the potential of zero chargc corresponding to the
surface covered by PY molecules. The difference between
this value and the value of £,,, for the pure base
electrolyte solution is equal to the change of the surface
potential due to the displacement of a monolayer of water
molecules by a monolayer of PY. EN. According to the
data of Figs. 5-7. a very slight dependence of £N on <PV
(£0.05V) has been observed for Bi(OOI); however, for
Bi(l 11) and for Bi(Ol 1) the dependence of £N on cPY is
noticeable (% 0.15V) The values of £N presented in
Table | were found in the limits of cPY from 0.15 to
0.20 M. According to the data of Table 1, in the case of all
faces studied. £N> 0 and increases in the sequence of
planes Bi(OIT) < Bi(001) < Bi(111).

With the help of the (unrationalized) Helmholtz for-
mula, £n can be expressed as

AM-4*B,, (M"*-Ag»)/* 4)
where is the limiting surface concentration of PY,

and /a"™ are the components of the dipole moment
normal to the surface of the electrode for the organic and
water molecules respectively; n is the number of H20
molecules displaced by one adsorbed PY molecule, and s
is the permittivity of the inner layer. The positive sign of
£n indicates that either (1) 1y™!|> Ih/a*'! and /i”*> 0
(0 < /a* < 0)or (2)! mo,|!| < and /x* <0 (0 < m"* <
0). In the first case g, is positive, which means that PY
molecules are oriented with their aromatic hydrocarbon
ring facing the Bi surface at In the second case the
PY molecules may be oriented with the aromatic hydrocar-
bon ring facing the electrode surface (> 0), as well as
the nitrogen atom facing the electrode surface ( p.°'t < 0).
In these two latter cases, the very large positive value of
£n would suggest a strong preferential orientation of water
with oxygen atoms toward the electrode surface at the

negatively charged surfaces = -9 to
- 1y.C'er 7). it seems to us that the first possibility is
more plausible. Therefore, the effective dipole moment of
the organic molecules must be positive. Accordingly, in
the region of potentials of maximum adsorption, PY
molecules on bismuth single crystal planes are oriented
with the aromatic hydrocarbon ring facing the bismuth
surface and the nitrogen atom facing the solution side of
the interface. The same conclusions are valid in the case of
adsorption of PY [6], benzene and toluene (EN> 0;

>0) on the BDE [8.27] and on Hg [281. However, the
pronounced dependence of £LM and £s on tPY would
seem to indicate that the orientation of PY dipoles depends
noticeably on the surface coverage 0; with increasing B
the PY molecules will assume a more pronounced vertical
orientation than at low surface coverages.

3.6. Interfacial tension andfilm pressure curves

Capacitance curves were back-integrated twice to obtain
the interfacial tension decrease (y - y°) as a function of
the potential and PY concentration. The second integration
was performed from the same negative charge at first,
equalizing the value of zero to the surface tension value at
the £(_n in the blank solution. A progressive decrease of
surface tension was found as rPY increased. The shape of
the interfacial tension-charge density curve is typical of an
organic adsorption. The cr(£) curves obtained from
chronocoulometric curves were integrated from the same
negative charge as the <(£) curves obtained from
impedance measurements. The comparison of (y —y°X£)
curves obtained from impedance and chronocoulometric
measurements shows that, in the case of PY adsorption at
Bi(l 11) and Bi(001) planes, there are no big differences
between the two collections o f(y-y°X £) curves (4(y
- y°)mg(= £0.3 (iJenrT2), but the decrease of interfacial
tension is always bigger in the case of chronocoulometry.

< 0), which for Bi planes is in contradigttwording to the interfacial tension-potential curves, the

with the data of our previous work [1-5,24.25]. As the
maximum adsorption of PY takes place at the noticeably

Table J
Adsorption parameters of PY on Bi single crystal planes

adsorption activity of the Bi planes increases in the se-
quence Bid 11) < Bi(001) < Bi(OIT).

Plane 4y £0.05 C,+0.4/ «,.,s £0.002/ 10" l~mt\i 0.4/ Ev £0.1/ A4+ 20/ ~ sic“s+0.3/
nFcm"* moldm™ 1 mol cm V (SCE) dmlcm*™: kd mol*’

From impedancc measurement

() 1.10 o 0.048 5.4 1.05 137 22.1

(001) 105 34 0.049 5.1 0.89 385 24.7

(oil) 1.00 16 0.025 4.9 0.75 515 254

From chronocoulometric measurements

(111) 120 — 55 069 325 243

(001) 105 — — 52 065 460 251

(oil) 090 — - 51 0.63 710 26.2

The Gibbs energies ol adsorption have been calculated using the following standard states; unit mole fraction of the organic species in the bulk of the
solution and monolayer coverage (#= 1) of the ‘ideal non-interacting' adsorbate. For more detailed analysis see Ref. [14].

29
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E vs.SCE/V
Fig. 8. ir(E) plots for Bi(OOI) (1. 2, 3. 4) and for Bid 11) (I'. 2". 3'. 4)
obtained from impedance (v —60Hz) in 0.1 M NaF with addition of PY
(1. 1) 0.05; (2, 2") 0.1; <3. 3%) 0.15; (4. 4°) 0.2M.

The surface pressure tt of the film of adsorbed PY can
be determined as

E rg
/ <<*£-/ °M.c-odf:  (5)
n

where subscripts ¢ and €= 0 indicate the presence and
absence of PY in the bulk of the electrolyte respectively,
and y is surface tension. The calculated THE) curves are
plotted in Fig. 8. For each concentration the curve displays
a maximum, the £m, of which shifts negatively as cPV
increases. The dependence of £mj) and £N on cPY indi-
cates that the orientation of the adsorbed PY molecules at
Bi(l 11), Bi(OIT) and Bi(001) single crystal planes depends
on the concentration of PY (surface coverage). Compari-
son of it(E) curves for single crystal bismuth planes with
the corresponding data for Ag and Au electrodes [11-16]
shows that the adsorption activity of bismuth electrodes is
noticeably lower than the activity of Au electrodes, but it
is comparable with the adsorption activity of Ag planes
[11-16]. According to the n(E) curves the adsorption
activity of PY increases in the sequence of planes Bid 11)
< Bi(00l) < Bi(OIT). The comparison of the ir(E) curves
obtained from chronocoulometry with the tt(E) curves
calculated from the impedance data shows that the values
of w« (at £ = const.,, C = const.) from chronocoulonieiry
are always higher than the values of ¢t obtained from
impedance (An = *0.1uJcm :) (Fig. 9).

f 7. Gibbs excess-potential and Gibbs excess-logcry
cun es

The film pressure data obtained from chronocoulome-
iry. as well as from impedance, were used to calculate the
relative Gibbs surface excess [ First ihe film pressure
was plotted against log <FV at E - const. The curves
display a long linear section, its slope giving the limiting
value of

®

the values of which are presented in Table I. As in the
rising part of the curves, the slope changes noticeably;

therefore, the related Gibbs excesses for the intermediate

coverages were determined from the electrode charge den-

sities using the well-known formula
O* &mo

1-
°i-u

?)
The values of (trr - crm_,) were obtained by the extrapo-
lation of the linear sections of the cr(E) curves. The
shapes of the [ (£) curves for different cPV (Fig. 10)
suggest that the relative maximum of the adsorption of PY
on Bi(001) is reached for cpv > 0.03 M at —0.9 <E<
- 12V (SCE). At the base of Bid 11) the relative maxi-

-1 80 -1.40 -100 -0.60

E vs.SCE/V
Fig 9 7r(£) plots for Bi( 111) obtained from chronocoulometr) <1 3. 5)
and from impedance (2, 4, 6) (v —60Hz) in 0 I M NaF with additions of
PY: (1. 2)0.2; (3. 4)0.1. (5. 6>0 05M
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a
-1 1R .
12
/
1257/
-13/7 /
135/ |
-1.4/
/-1.45 /16
I A<1.65
—
-1.2 -1.0 -0.8
log (c/ mol dm'3)
-1 80 -1 40 -1 00

E vs.SCE/V

Fii- 10 (a) rOocit curves obtained from impedancc (i’ = 60Hj) for
Bi(000 n different electrode potentials as noted; (b) / (t ) curves for
Bi(OH) (I ?); Hi<00!><4, 5. 6) and Bid 11) (7. 8. 9) with different
additions of PY (I 4.7)02; (2. 5.8)0.1; (3. 6. 9)0.07M

mum of PY adsorption is reached for rPY > 0.05 M at the
potentials - 1.0 < E < —1.3V (SCE) and for Bi(OIT) at
09 <E< - 14V (SCE).

According to the data of Table I. in the case of Bi
electrodes, the values of MM obtained from impedance
data are only a little lower than the values of ob-
tained from chronocoulometry. The value of [Me% at Em,
increases in the sequence of planes Bi(0l I) < Bi(00l) <
BKI111) as the surface activity of planes decreases.

The maximum value of rmi for Bi(00l) is 5.2 X
10~ 10 mol cm 2. for Bi(OIl) /ma> is 51 X
10~ 0 mol cm-3 and for Bi(lll) I'mn is 5.5 X
10"10molcrrT2 (chronocoulometry data). These values
correspond to an area for one molecule Snt%=0.32nrrr
for Bi(001) and Bi(OM). and Smx = 0.30nT2 for Bid 11).
Packing densities calculated for the flat and for the vertical
orientations of PY molecules correspond to 4.7 X
10~"*molcm~2 and 6.5 X 10“"™ molcm-2 respectively
[14-16]. These values of correspond to the effective
molecular areas 5mis(flat) = 0.35 nm2 and Sma(vert) =
0.25 nNnm2 [14-18]. As found, the values of and Sma,
for Bi(OIT), Bi(001)and Bi (111) (Table Dare intermedi-
ate between the values expected for the flat and vertical
orientations. Accordingly, the PY molecules are tilted on
the surface of bismuth single crystal planes.

The r(£) and /~(logrpv) plots are presented in Fig.
10. The sharp rise of T(log cPY) plots suggests a possible
phase transition indicating strong lateral interaction be-
tween adsorbed PY molecules at negative potentials (£ <
-1.1V (SCE)). The values of Immx for Bi(017) and
Bi(001) planes are somewhat lower than the corresponding
value for Bid Il). Therefore, a more pronounced flat
orientation of PY dipoles on Bi(OH) and Bi(001) surface
is possible. This conclusion is in good agreement with the
noticeable decrease of £7 in the sequence of planes
Bid 11)~ Bi(001) > Bi(0l 1)

3.8. Gibbs energy-potential curi es

The energetics of PY adsorption are characterized by
the magnitude of the Gibbs energy of adsorption. Fig. 11
shows the J1G ~,(£) curves determined from the tangent of
the initial slope of Tr(ln c) curves at £ = const, (following
the Henry isotherm) for the various Bi single crystal planes
investigated. The AGA",(£) curves display a quasi-para-
bolic shape. The absolute values of iG,“, progressively
increase (at £ra, ) when moving from the Bi(lll) to
Bi(011) surface. The value of the potential of the maxi-
mum of these curves corresponds very well with the value
of the potential of maximum adsorption of C(£) curves.
According to Fig. Il. the absolute values of AG&s ob-
tained from the impedance data (from it vs. InC curves)
are somewhat lower than the absolute values of AC®,
obtained from chronocoulometry. Thus, at the low PY
concentrations the C( E) curves are, to some degree, not in
equilibrium; therefore, to establish the ‘true’ values of

tle chronocoulometric data (it vs. Inc curves)
[14-16] must be used. The precision of is improved
by avoiding the differentiation of irOn c) curves, as the
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E vs.SCE/V

Fig. 11. The AC~,(£) curves fur PY adsorption obtained from impedance
(1-3) and from chronocoulomeiry (I'-3") for Bi single crystal electrodes:
(1. 1))z (2. 27 (001); (3. 3')(0IT).

values of rmx obtained from the linear part of the ir(In c)
plots are quite precise. Thus the precision of the film
pressure data must be very high in order to obtain mean-
ingful values of AC”S Therefore, in addition to the previ-
ously described method, the equation of the Frumkin
isotherm

Bc = y—"exp( - 2a0) (s)

was fitted to the data presented in Figs. 9 and 10. In Eq
(s) B is the adsorption equilibrium constant, & is the
surface coverage (o = I'/T'T,,) and a is the lateral interac-
tion parameter. B is related to the Gibbs energy of adsorp-
tion by

AG”s= /f7In(55.5S) 9)

A good fit to Eq. (s) was achieved with the parameter a
weakly dependent on the electrode potential (Fig. 12). The
agreement of the Gibbs energies of PY adsorption obtained
from the Henry and Frumkin isotherms is good, indicating
that the data are free from major systematic errors.

The Gibbs energy of adsorption is given by the sum of
the differences between the partial molar chemical poten-
tials of the adsorbate /a“ and n water molecules rifi* at
the surface (s) and in the bulk (b). i.e.

= (mA>- "Mw,) + (>Mw> - Mat)

where the second term is surface independent. In the case
of adsorption of aliphatic molcculcs the interaction be-
tween the hydrocarbon tails and the meiul surface must
have the character of dispersive forces and is. therefore,
weak; hence, the dependence of [s"1 on the crystallo-
graphic structure essentially displays changes in the energy
of Bi-H ,0 interactions, i.e. the surface hydrophilicity. In
the case of PY adsorption the interaction of bismuth
surface atoms with PY may be noticeably stronger than
that with water. Therefore, the change in the Gibbs energy
of adsorption with crystallographic orientation to some
degree reflects the difference between PY interaction with
the surface atoms of various single crystal planes of Bi. As
in the case of adsorption of cyclohexanol (2 ). butylacetate
[4] and butanol isomers [21]. the adsorption activity in-
creases in the sequence of planes Bid 11) < Bi(OOQl) <
Bi(Oll). Thus, the most active is the singular Bi(Oll)
plane, where unsaturated covalent bonds are distributed
uniformly over the entire surface; the most inactive is the
basal plane Bid 11), where the surface atoms are chemi-
cally saturated. Unlike the aliphatic compounds, where the
adsorption activity of aliphatic compounds on Ag and Au
is lower than on Bi [14-16], in the case of PY the gold
electrodes are noticeably more active than the Bi elec-
trodes; this means that the chemical interaction of PY with
Au is noticeably higher (4( —4C"Y~ 15 to 20kJmol 1)
than with Bi electrodes [14-16]. The absolute value of
AC"s of PY adsorption on Ag is somewhat lower (3 to
5kJ mol*1) than for Bi and Hg electrodes, which is caused
mainly by the higher hydrophilicity of the Ag electrodes
[29,30]. The absolute values of the Gibbs energy of PY
adsorption on Bi [8,27] and Hg [28] are comparable;
accordingly, the differences between the metal-adsorbate
interactions are not large, and the adsorption activity of PY

-1.80 -1.40 -1 00 -0 60
E vs.SCE/V
Fig 12. «<£) curves for Bi(OOIMI). Bi<111) (2) and Bi«)IU(3>
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increases when the hydrophilicity of the electrodes de-
creases in the sequence Bi(111) > Hg > Bi(00l) > Bi(011).

The lateral interaction constants a are positive (Fig. 12
and Table 1) and their values decrease as the surface
charge density decreases. According to Fig. 12 the attrac-
tive interaction increases in the sequence of planes Bi(Ol I)
< Bi(0(H) < Bid 11) as the superficial density of surface
atoms decreases (except Bid 11)). In the case of adsorption
of organic compounds at metal surfaces from solution, a
can be expressed in terms of different particle-particle
interactions at the interface [14-16,20.28]

la = (2ZWA—ZAA—2ww)/ 1T (10)

where ZY are the particle-particle interaction energies, W
stands for water and A for adsorbate. The positive values
of a mean that 2ZWA> ZAA+ Zww, i.e. the adsorbate-ad-
sorbate and water-water interactions are much more at-
tractive than the adsorbate-water interactions. The same
conclusions are valid in the case of adsorption of PY on a
BDE and Hg [8,27,28].

3.9. Adsorption isotherms

According to the data of Fig. 3, there are no noticeable
frequency effects in the region of potential of maximum
adsorption. Therefore, the differential capacity C, at the
maximum coverage was obtained by the usual method, i.e.
by extrapolating 1/C vs. l/cn plots to (1/cPY)-*0
The data taken at £ = - 1.0V (SCE) lie satisfactorily on a
straight line. This is proof that the capacitance is affected
negligibly by problems of reversibility in the region be-
tween the adsorption-desorption peaks. Thus, the C, val-
ues obtained are reported in Table I.

The surface coverage was estimated from Eqg. (I1)
based on Frumkin’s two parallel condenser model [20]

0=(Co-C#)/(Co-C)) (an

where Co and C, are the capacitances at e =0 and &8 = |
respectively. The next step is the test of the Frumkin
isotherm in the semi-iogarithmic co-ordinates (log[s/ (I -
0)c] vs. 8 plot) to derive the adsorption parameters.
According to the experimental data, the log[6/(] -
0)cKO) plots are linear in the region of 0.3 < 0<0.85
The slope of the semi-logarithmic isotherms gives the
molecular interaction parameter a and the intercept pro-
vides the adsorption equilibrium constant B at Em3x. The
AG", values obtained show that the adsorption activity of
the B| planes increases in the order Bid 11) < Bi(00I) <
Bi(Oll). However, the absolute values of AG"\s obtained
by using Eqg. (11) are systematically lower than the abso-
lute values of AG"Sobtained from chronocoulometric data
(A(-AC™)< 15KITOT 1),

The non-linear character of the adsorption isotherms at
the low surface coverages (0 < 0.3) is probably caused by
the weak dependence of Emix on cPY. because in the case
of low )V the dependence of C on E is noticeable, and a

30

small deviation of potential of capacity minimum from
Enu causes a very large deviation of C and therefore a
large error on 0. At the higher PY concentrations (cPYZ
0.003) the dependence of C on £ (in the region of
Enidv= ~ 10V (SCE)) is small, and at <Pv> 0.003 M the
adsorption isotherms in the semi-logarithmic co-ordinates
arc linear. It must be noted that, in the case of PY
adsorption at Bi electrodes, changes in the dipole orienta-
tion at the electrode surface with electrode potential are
possible; therefore, the use of the two parallel condenser
model is, to some degree, incorrect.

3.10. Electrosorption valency

The first derivative of AG” vs. E is equal to the
electrosorption valence y' [14.16,28]. The AGN\K£) data
obtained from the Henry or Frumkin isotherms were fitted
by a fourth-order polynomial and numerically differenti-
ated. The established y'(£) curves show that the value of
y" (in the region of £,,,) increases in the sequence of
planes Bid 11) < Bi(001) < Bi(0I!) as the adsorption ac-
tivity of PY on bismuth planes increases. Accordingly, the
partial charge transfer from PY to bismuth electrodes
increases in the same direction of planes.

3.11 Analysis of the adsorption-desorption peaks

If the Frumkin model is accepted, further information
on adsorption parameters can be obtained from an analysis
of the adsorption-desorption peaks. The following analysis
is not unquestionable per se. First, frequency effects are
included; secondly, the validity of the formulae entails, in
particular, a congruence of isotherms with respect to the
potential and constants Co and C,. However, the analysis
is carried out in order to compare adsorption of the same
compound at the three different planes of the same metal,
using the same experimental variable. Therefore, the rele-
vance of the conclusions reached with the aid of the
present analysis is believed to be incontestable. Fig. 13
shows that the variation of (C"" - CO) with log cPY is

log (Cgrg/ mol dm'3)

Fig. 13. (C™* - COKlog c) plots (v - OHz) at negative potentials of PY
adsorption-desorption peaks for Bi planes: (1)(001): (2)011): (3HO0U).
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log (Ca,/ mol dm'5)

Fig. 14. (Em“ ' - £0U()’(log r) plots for PY adsorplion on Bi planes: (1)
(111); (2) (001): (3) (Oli).

linear for both faces at cPYZ 0.05 M (the values of C"“*
at di= 0 have been determined from C"",(w1/2) depen-
dences). The slope of the plot in Fig. 13 is given by [19]

d(C™ - c0)/d logcPY- 2.3(Co- C)/(2 - a) (12)

Since Co and C, are known independently, a value of a
can be obtained from Eq. (12). From our results, a = 1.84,
170 and 1.75 for Bi single crystal planes (oo1). (OIT) and
(111) respectively, these values are in good agreement
with the data of Fig. 12
According to the Frumkin model, the value of (£ n&>-

£nevy2 should be linearly related to log ¢ with a slope
given by [20,30]

d(E— - £_,)*/dlog c- 4.6/27Tm, /(C0- C,) (13)

Since Co and C, are known, "P& can be estimated from
Eq. (13). Fig. 14 shows that the (E""" - ¢n. )2 Vs. logc
plots are satisfactorily linear for the Bi electrodes investi-
gated. On the basis of Eq. (12) it was found that rwx =
(5.3+ 0.5) X 10- 10 molcm- > for Bi(001), rmx =(6.5+
0.6) X 10~lo molcm" forBKIlll)and IT,, « (5.0 + 0.6)
X 10™° molcm_ 1 for Bi(OIT). The somewhat higher val-
ues of bix obtained in the region of the adsorption-de-
sorption peaks, compared with the values of obtained
at £ne>, indicate that with increasingly negative polariza-
tion (surface charge density) the vertical component of the
orientation of PY molecules increases

4. Summary

Data presented for the adsorption of PY on single
crystal electrodes indicate that the adsorption character-
istics of PY depend noticeably on the crystallographic
structure of the Bi electrode surface. To summarize, it is
convenient to compare the adsorption data of this com-
pound on single crystal bismuth electrodes with the ad-
sorption data for Hg, Ag and Au electrodes.

The comparison of the data obtained from the impedance
measurements with those obtained from chronocoulometry

shows that the capacity values at low PY concentrations
are. to some degree, not in equilibrium; therefore, the
adsorption parameters obtained from chronocoulometry
measurements at Bi electrodes have been used for the
quantitative analysis of PY adsorption on various elec-
trodes.

The experimental investigations indicate that the shape
of the differential capacity curves is very sensitive to the
crystallographic structure of elecirode surface studied. As
in the case of the cyclohexanol [1-5] and butanol isomers
[21] studied, the heights of the adsorption-desorption max-
ima increase in the order of planes Bi(OIT) < Bi(l 11) <
Bi(001) as the superficial density of surface atoms de-
creases. The values of attractive coefficient a obtained
from the heights or widths of these adsorption-desorption
maxima are in a good agreement with one another, and the
values of a increase in the sequence of planes Bi(011) <
Bi(l 11) < Bi(001). i.e. with decreasing interfacial density
of atoms.

As for the Hg electrode [28]. the maximum adsorption
of PY on Bi single crystal planes takes place at the
noticeably negatively charged electrode surface (- a ~ 9
to 11y,Cct~2). The potential of maximum adsorption
EmJ shifts towards more and more negative values of £ as
Qu increases. The same tendency is valid for Hg elec-
trodes [28]. If the PY adsorption at Ag or Au electrodes
takes place, the £MI with increasing cPY shifts towards
the more positive values of £ [11-16]. The opposite sign
of ¢ w1 for these two groups of metals suggest that the PY
molecules assume opposite orientations at the noble metal
(Au, Ag) and Hg-like (Hg, Bi) metal surfaces. The values
obtained for the shift of zero charge potential £N owing
to the displacement of a surface water monolayer by PY
molecules, are positive for Hg and Bi electrodes, indicat-
ing that the PY molecules are oriented with the aromatic
hydrocarbon ring towards the electrode surface. The same
orientation of benzene and toluene molecules is valid at
polycrystalline bismuth [2.27] and Hg [28] electrodes. The
limiting capacity C, decreases and the maximum surface
coverage I'mtax increases in the sequence of metals Bi <
Hg < Ag < Au [8.11-16.28] if the adsorption activity of
the electrode increases. The higher value of rvax for
Bid 11), compared with the values of Jnux for Bi(001)and
Bi(OIT) planes, indicates that at this plane the PY molecules
have a more pronounced vertical orientation than at the
Bi(001) and Bi(OIT) planes. The values of Itax for
Bi(111), Bi(00l) and Bi(0l I) are intermediate between the
values expected for the flat (Mrax = 4.5 x 10lUmolcm’ 2)
and for the vertical ('@ = 6.5 x 10m mol cm-2) orienta-
tion of PY [14]; therefore, it may be assumed that PY
molecules have a tilted orientation at the surface of Bi
single crystal planes.

The orientation of the adsorbate at the metal Isolution
interface is a result of competition between interactions of
the functional group with the metal and the solution phase.
The adsorption activity of aliphatic compounds increases
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in the sequence of metals Au < Ag < Bi < Hg, as the
hydrophilicity of the electrodes decreases. Therefore, as
the absolute value of Gibbs energy of adsorption of PY on
Au planes is noticeably higher (15 to 20 ki mol 1) than for
Bi. Hg and Ag. 4ve can conclude that there is a weak
chemical interaction of PY molecules with Au surface
atoms [14-16]. The absolute value of the Gibbs energy of
adsorption of PY on Ag is somewhat lower (3 to
5kImol 1) than for Bi and Hg electrodes; this is caused
mainly by the higher hydrophilicity of the Ag electrodes.
The absolute values of the Gibbs energy of PY adsorption
on Bi [8.27] and Hg [28] are comparable and. accordingly,
the differences between the metal-adsorbate interaction
are not large and the adsorption activity of PY increases
when the hydrophilicity of the electrodes decreases in the
sequence Bi(l 11) > Hg > Bi(OOIl) > Bi(OIT). The adsorp-
tion activity of PY on bismuth planes increases (except
Bid I1)) if the superficial density of atoms increases. Just
as in the case of cyclohexanol [I], butyl acetate [4] and
butanol isomers [21] adsorption, the basal plane Bid 11),
where the surface atoms are chemically saturated, has the
lowest adsorption activity of PY, and the most active one
is the singular Bi(Oll) plane, where unsaturated covalent
bonds are distributed uniformly over the whole surface.
Decreasing a and [Tan values with decreasing negative
charge density of the metal show that the orientation of PY
molecules becomes less vertical and, therefore, that the
nitrogen atoms are moving towards the electrode surface if
a increases. In the case of positively charged Bi elec-
trodes a weak chemical interaction (-AG",c.py~2 to
3 kImol"1) is possible; however, this is very weak in
comparison with the PY-Au interaction ( - Py= 15
to 20kJmol*l). A more detailed analysis of the depen-
dence of _org on the chemical nature of the adsorbate
will be published elsewhere [31].
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Abstract—Influence of the surface structure of electrodes on the electric double layer properties, as well as
on the adsorption characteristics of various organic compounds has been investigated by cyclic voltammetry,
impedance and electron microscopic methods at variously prepared Bi, Sb and Cd electrodes. The systematic
trends of the influence of surface roughness and energetic inhomogeneity on the electric double layer
characteristics (value of differential capacity, potential of diffuse minimum, Parsons-Zobel factor, inner layer
capacity, roughness function) have been established. The dependencies of the shape of adsorption-desorption
maxima of organic compounds and other adsorption parameters (values of attraction interaction, adsorption
equilibrium constant, shape of adsorption isotherm) on the electrode surface structure have been investigated.
The Debye-length dependent roughness function has been calculated. The approximate values of the linear
parameter of homogeneous regions, which prevail at the surface of polycrystalline electrodes have been
calculated using various theoretical models. The established values of linear parameters of homogeneous
regions have been compared with the characteristics obtained from the electron microscopic studies. © 1997
Published by Elsevier Science Ltd

Key words: Bi. Sh. Cd, polycrystal, monocrvstal. surface treatment, surface roughness, organic adsorption.

I. INTRODUCTION great density of crystal imperfections exists, especially
emergence points of edge and screw dislocations,
which lead to the appearance of mono- and
multi-atomic steps and a relatively high surface
corrugation [8-10]. Accordingly, no matter how
careful the surface preparation of a solid electrode is,
the surface of real solid electrode is always to some
extent inhomogeneous. The surface roughness of
solid material is a universal phenomena and it exists
always and everywhere. As a consequence the electric
double layer (edl) and adsorption parameters (for
example, the values of zero charge potential, capacity
of inner layer, interaction parameter in adsorption
isotherm, adsorption equilibrium constant, maximum
surface excess, Gibbs energy of adsorption, etc)
obtained for polycrystalline (PC) electrodes have
intermediate or apparent values [1-5, 11-12]. Some of
'Author to whom correspondence should be addressed the edl and electrochemical kinetic parameters, being

The phase boundary structure and adsorption
properties, as well as the kinetics of various interfacial
reactions at solid surfaces significantly depend not
only on the chemical composition of electrode
material, but also on the morphology of the surface
studied [1-5]. The atomic level STM investigations at
quasi-perfect silver single crystal planes, eiectrolyti-
cally grown in glass or Teflon capillaries [s, 7], show
that at the surface of quasi-perfect Ag(001) plane the
monoatomic steps exist. At the surface of so-called
real single crystal macro- and micro-electrodes
(prepared either by thermal, chemical or electrochem-
ical pretreatment, by vapor deposition techniques) a

(na:is B 2861
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extensive quantities, have to be referred to the
geometric unit area of the surface, in the case of
inhomogeneous solid surfaces, and have apparent
values. Therefore the question of obtaining the
"true” working surface area of electrodes will have a
great importance.

In electrochemistry three main in situ methods for
obtaining the surface roughness R = SmE.i/Sp«*,
(where i and 5*«« are the working surfaces and
geometrical areas determined, respectively) have been
used [13]: (1) differential capacity measurements in
the region of ideal polarizability of electrodes, applied
in Parsons-Zobel [14], Valette-Hamelin [15] and
other methods [16]; (2) mass transfer process under
diffusion control with assumption of homogeneous
current distribution [13, 17]; (3) adsorption of
radio-active organic compounds (radio tracer adsorp-
tion technique) or reactant monolayer (Hj. O: or
metals) at electrode surface and following electro-
chemical reaction [13, 18, 19]. According to [1-5, 13-
19], the value of R depends on the method used, and
therefore more systematic investigations are indis-
pensable.

In many cases the experimental data cannot be
rationalized only in terms of surface roughness and
energetic inhomogeneity, as the roughness can be the
reason of new characteristic lengths, which may
compete with other typical lengths, inducing the rise
of new functional dependences for charge carrier
concentration and potential distribution. The deter-
mination of the solvent and ionic concentration
(charge carriers) distribution, as well as the electron
density profile at metal-electrolyte, metal-semicon-
ductor-electrolyte and semiconductor-electrolyte
phase boundaries is an important step towards a
complete description of the interfacial phenomena.

Up to now the physical content of the modern
theories on the PC structure of solid electrode surface
involves its modeling description as a combination of
different monocrystalline faces [15. 20 27) Thus, the
differential capacity of a PC electrode is obtained by
the superposition of the corresponding C(E>curves
for individual faces exposed at the surface of PC
electrode:

Q7?(£) = RZXICi(E). 0]

where Cj(£) refer to unit area of the true surface and
Cg? refer to unit area of the apparent surface of the
electrode. As shown in [1-4, 15, 20-28], the coefficient
R can characterize the geometric roughness, with
which the size of the surface area and differential
capacity have been measured. But for solid
electrodes, R also reflects the energetic inhomogeneity
of the surface caused by the fact that crystallograph-
ically different grains (single crystal planes), grain
boundaries and other crystallographic defects are
exposed at the surfaces of solid polycrystalline
electrodes, as well as at the surface of real single
crystal planes.
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It must be noted that in the general case it is useful
to distinguish the microscopic and macroscopic
values of roughness factor R and the share of planes
A at a polycrystalline (PC) electrode surface [25]. The
microscopic value of R would characterize the “true"
geometrical roughness and the share of ideally flat
single crystal planes at the surface of a PC electrode
R = ZziXiJi, where f and X, are the roughness and
share of the ideally smooth single crystal plane /.
respectively. If we at the first approximation assume
that the PC electrode surface consists only of the
homogeneous regions, of which the edl characteristics
are similar to the real monocrystalline planes (not
ideally smooth), then the values of macroscopic
roughness factor /*, =1,A, The methods for
obtaining the R and x values have been discussed in
[25].

As a first approximation, the edl models for PC
electrodes may be classified in two groups [15, 21-26].
The first group considers the PC electrode surface as
one consisting only of relatively large monocrys-
talline regions with linear parameter v* > 10 nm (>
so-called characteristic length), which corresponds to
macropolycrystallinity. Within these regions both the
compact and the diffuse layers at different homo-
geneous areas can be viewed as independent ones,
and accordingly

OF = RIXC hCdKCh,+ CD)), @)

where CH, and Co, are the inner layer and diffuse layer
capacities for the plane /, respectively. Therefore this
is the so-called model of independent diffuse layers
(IDL). In terms of the second group of models, the
polycrystalline surface consists only of very small
crystallites with linear parameter r*, which sizes are
comparable with the edl parameters in moderate
electrolyte concentrations [22-25]. In the case of such
electrodes, compact layers at different monocrys-
talline areas are considered to be independent, but the
diffuse layer is common for the entire surface of a PC
electrode and depends on the total charge density
(K = RI,X,(T,, averaged over the PC electrode
surface, and capacitance Cg? can be obtained by the
equation:

Co(<r)A£,XCH,

Cd(<[)+ rzx,ch; (3)

This model is known as the model of the common
diffuse layer (CDL) [22]. As shown in [23, 24], both
models can describe only some limiting cases and the
exposition for the total capacity of the PC electrode
(equivalent circuit) investigated depends on the
relationship among the three lengths:

(1) the characteristic size of the individual planes
at a PC electrode surface >

(=) the effective screening length in the bulk of the
diffuse layer near the face / (a.(<<)

Id,= W ) = /D[l + (0,lo*):)"\ Q)]
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where In is the length and

o* = tRTfInFto',

Debye screening
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A new approach to the double layer capacity
properties on rough electrodes was given in the

(3) c/M where t is the bulk dielectric constant of papers of A. A Kornyshev, M. Urbakh and L. I

the solvent and the length I», = 1/4sCu, is determined
by the capacity of the compact layer of the face /.

According to the theoretical analysis [23, 24] the
CDL model is valid for PC electrodes with very
small grains (v* <5-710 nm) first of all with a
moderate difference of (£,=0), for the faces
(A£,,=n= 01 -70.15 V) and for very dilute electro-
lyte solutions (c A 0.01 M) near the point of total
zero charge, ie if the value of v* is much less than two
of the three lengths: y* 4, emi ~ €/H3, h\, hi- For
other cases the model of IDL would be valid.

According to the results of electron diffraction
studies [27-29], the surface of solid bismuth drop
electrode with the remelted surface (BioE)Rconsists of
the comparatively large homogeneous surface regions
with Miller indexes (001), (111) and (101). The
analysis shows that 70-90% of the whole surface of
(BiME)Ris covered by the segments, of which the linear
parameter y* > 10nm. But between the large
homogeneous areas there are aggregates, which
consist of many very small crystallites, of which the
size is probably smaller than the effective Debye
screening lengths. Therefore, the structure of the edl
at such segments of (Bile)Ris described by the CDL
model and the total capacity of (BioE)Rat E - const,
can be expressed by the relations

cOd)R £ XCh,

(5)
Cdf<) + R X XCH

£ X, =1 m> n.
f.n» |

Xm, 1+ I]rllT,: 1,
The results of computer simulation [27] of many
experimental CpJfXEJ-curves for various (BiDE)Rshow
that the standard deviation A(AC) of CAEVcurves
from c&p(E)-curves is smaller, if we use equation (5)
instead of (2) or (3). According to the computer
simulation of C(E)-curves, it must be noted that
10-30% of the whole surface of (BioE)R is covered
with small crystallites (y* < 10 nm) The experimen-
tal investigations and computer simulation of
experimental C(£)-curves for the wedge-shape
two-plane model PC electrode (wme) show that the
share of small crystallites at the surface of wme is not
over 5-10% [26,28]. The influence of the base
boundaries between the individual monocrystalline
regions at a PC electrode surface on the edl capacity
has been theoretically discussed in [24].

32

Daikhin [30,31]. In this theory the conception of
Debye-length dependent roughness factor, ie the
roughness function which determines the deviation of
capacitance from the Gouy-Chapman result for a flat
interface, has been worked out. It was shown that an
analytical expression for the roughness is available in
the case of weak Euclidean roughness and two
parameters—mean square height and the correlation
length are important in this theory. The effect of
anisotropy of the roughness profile has been
investigated in [31]. This method is based on the
double layer capacity measurements in the solutions
where the Debye-length is varied by the change of
electrolyte concentration, as well as by variation of
surface charge density of the electrode. It is evident
that the new method [30,31] for studying surface
roughness might be most reliably tested by electron
microscopy in uhv, in situ STM or some optical
methods, based on the recent advances in surface
science. However, the classical impedance (capacity)
measurements remain one of the major tools in
studying the interfacial properties. Indeed, the
capacity and related characteristics are very sensitive
to the specific properties on the contact region when
the electric potential changes in a distance compar-
able with edl thickness. For typical ionic concen-
trations, the depth of the field penetration into the

electrolyte solution at the potential of diffuse
minimum of C(£)-curves is comparable to the
dimensions of the interfacial region. Thus, the

electrical properties of the electrochemical interface
(the capacitance in the equilibrium case) are very
sensitive to its structure. Therefore the adequate
interpretation of impedance data is one of the central
points in electrochemistry.

This article concentrates on the comprehensive
experimental studies of the influence of the surface
structure (pretreatment) of Bi, Sb and Cd electrodes
on the electric double layer (edl) parameters in
aqueous and nonaqueous surface inactive electrolyte
solutions and of the influence of the crystallographic
effects on the adsorption characteristics of organic
molecules.

2. EXPERIMENTAL

The electrodes for single crystal experiments were
bismuth, antimony and cadmium single crystals,
grown in the Institute of Problems of Microelec-
tronics Technology and Superpure Materials (Rus-
sian Academy of Sciences) by a modified Czochralski
(Vertical Bridgman) method (Bi) [32] or by the
Horizontal Bridgman method (Sh, Cd) [32, 33]. The
crystal growth, the characterisation techniques and
other experimental problems have already been
discussed in [21,22,32-34]. The chemicals and
solvents—water, methanol (MeOH), ethanol (EtOH)
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and acetonitril (AN) were purified according to
[4, 34, 35].

The edl differential admittance was measured in the
range from 60 to 21,000 Hz by using an impedance
bridge P-568. The cyclic voltammetric curves were
recorded by the polarographic analyzer PA-2.
Chronocoulometry was performed with a system
characterized in [4, 34]. Pulses were recorded from
variable E (—90.95 to - 170V) as the starting
potential, at which the electrode was held for 5-60 s
before each step to Ej = - 17 V. The charge-time
curves with a time scale in a 100 MS range were
extrapolated to / = 0 as described elsewhere [36, 37].

For additional characterization of the working
surface of electrodes, an electron microscopic analysis
using a JEOL-JSM-35CF at the SEI regime was
carried out (40,000 x max).

According to Fig. 1(a), the surface of electrochem-
ically polished (EP) single crystal plane electrodes is
practically smooth within the range of sensitivity of
electron microscopy. The same conclusion is valid in
the case of electrochemically polished non-singular
(stepped at the atomic level) single crystal planes of
Bi(2TT), Sb(2TT), Cd(l 121) and Cd(ITOI) planes. The
surfaces of these electrodes consist of small terraces
with linear parameter ~ ~ 1-10 nmand from atomic
steps (1-3 atomic layers). The surface of the
nonsingular plane is a typical example of a weakly
disorbed solid surface. In some experiments the
planes Bi(111)c, Sh(111)cand Cd(000:)ccleaved at the
temperature of liquid nitrogen were investigated.
According to the data of Fig. 1(b), on the cut surface
of Bi(111)c and Sb(111)c there are thinly scattered
break steps, the distance between which is very large.
In the case of Cd(000l)c, the distance between these
break steps is somewhat smaller. In some experiments
the edI properties at electrochemically etched surfaces
of Bi(111)EE Bi(001)tCE, Cd(0001 )EEand Sh(111)EE
were investigated. The electrochemical etching of
Bi(111)BEand Sb( 111)EEwas carried out in KJ-HC1
aqueous solution at anodic currents i > 15 A cm-2.
The analysis of many experiments shows that for the
etching times T < . minutes, the edl and adsorption
parameters depend on this time, but at T > > minutes,
the influence of the time of etching to the edl and
adsorption characteristics is very weak. The main aim
of the electrochemical etching was to produce a
weakly disordered surface, ie to prepare the
polycrystalline surface with self-similar fractals at the
electrode surface. According to the electron micro-
scopic studies, there are surface pittings (triangles)
with linear parameter v~ 1/nn at the surface of
Bi(lll)EXE Between the pittings the surfaces of
Bi(111)EE and Sb(111)EE seem to be practically
smooth. The statistical analysis of many electrodes,
prepared by the electrochemical etching at high
anodic currents, shows that 3-5% of the whole
surface is covered by the pittings. To increase the
concentration of defects at the electrode surface, the
self-made massive single crystal Bi and Sb electrodes,
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grown by the Horizontal Bridgman method in Tartu,
have been used. At the surface of electrochemically
treated self-made Bi(IlI)EE and Sb(Ill)EE elec-
trodes there are 5-25% of surface defects (Fig. 1(c)).

In some experiments the edl and adsorption
characteristics of organic compounds at chemically
etched in the mixture HNOj + NH:NO: + HD
Bi(l I1)GE  Sb(llIl)GE  BIi(00!)CE  Cd(000I)CE
Cd(10TO)CE and Cd(l120)CE have been investigated.
According to Fig. 1(d), additionally to the surface
pittings (triangles) with linear parameter x ~ I pm, a
great number of various surface defects at the surface
of chemically treated Bi, Sh and Cd (self-made
massive Bi and Sb monocrystals) electrodes exists. In
some experiments, the mechanically polished (with
AhOj) and thereafter chemically etched PC Bi
(BioE)MPCE electrodes have been investigated (Fig.
1(e)). At the first approximation, the surface ofa PC
electrode prepared in such a way can be described as
a uniformly inhomogeneous surface.

The experimental edl and adsorption character-
istics for variously prepared electrodes have been
compared with the data for solid bismuth drop
electrodes with remelted surface (Blde)* [ ], as well as
with the data for wedge shape two-plane model
polycrystalline PC-Bi electrodes (wme) with conceded
and therefore to some extent known crystallographic
and energetic inhomogeneity of surface [26-28]. In
some experiments the solid Bi drop electrodes
without any additional remelting of the surface
(BioE)WR have been used. According to the electron
microscopic studies, at the surface of (BIDE)MR the
homogeneous areas are smaller and the concentration
of surface defects is noticeably higher than at (BioE)R-

3. RESULTS AND DISCUSSION

3.1. Cyclic voltammograms (CVs)

The CVs for different single crystal Bi, Sb and Cd
electrodes were recorded in neutral aqueous NaF,
LiCIO* and acidified LiClO« solutions and non-
aqueous LiClO« solutions. In the NaF aqueous
solutions the Bi single crystal electrodes are ideally
polarizable in  the range of potentials
—160V < E< —0.50 V [4,38, 39], and the single
crystal Sb electrodes are ideally polarizable in the
range of —1.45V < E < —0.45 V [39]. All potential
values presented in this work are measured in the
scale of saturated calomel electrode (see). The Cd
planes are ideally polarizable in the range of
- 170V < E < —0.90 V [38]. In the aqueous LiClO«
solutions the anodic limit of ideal polarizability is
shifted ~200mV to the positive direction. In the
acetonitrilic and methanolic LiCIO« solutions the
single crystal Bi electrodes are ideally polarizable in
the range of —1.80V < E < —0.25V [34,38,39]
and in the ethanolic and isopropanolic solutions in
the limits - 1.60V < E< -0.05 V. The potential
range of ideal polarizability of cut and electrochemi-
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cally etched electrodes is practically the same as for etched Bi, Sb and Cd electrodes is shifted ~ 50 mV
the electrochemically polished electrodes. The posi- towards the negative direction and the negative limit
tive limit of the ideal polarizability of the chemically is shifted ~ 50 75 mV toward the less negative

e

Fig. 1. Photomicrographs of elcctrode surfaces obtained using JEOL JSM-35CF clectronmicroscope (x 10,000, x 20,000):
(a) electrochemically polished Bi( 11 |)EP, (b) cieaved at temperature of liquid nitrogen Bi(l 1l)c; (c) electrochemically etched
at high anodic currents (" > 15 A cm*“2) Bi(l 11)tct; (d) chemically etched in solution HNOj + NH4NO3+ H2 Bi(l 11)CE
(ictching > 2 min); (e) mechanically polished with Al201 and thereafter chemically etched (Bipc)MPCE
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potentials. The values of current density at E - const,
are 20-30% higher than for EP Sb, Bi and Cd
electrodes. This effect is probably caused by the
increase of the working surface area of treated
electrodes, as well as by the more active surface state
of modified electrodes. The continuous cycling of the
potential in these limits of ideal polarizability does
not evoke noticeable changes in the shape of CVs and
capacity-potential curves and does not affect the
limits of ideal polarizability of electrochemically
polished Bi, Sb and Cd electrodes. The continuous
cycling of Bi, Sb and Cd electrodes on a larger range
of E causes noticeable transformations in the shape
of CVs, differential capacity curves (values of zero
charge potential £».0 and values of differential
capacity at £,, =0), in the limits of ideal polarizability
and in the values of adsorption parameters of Sh, Bi
and Cd electrodes. According to the impedance and
cyclic voltammetry measurements, the tendency of
surface reconstruction increases in order of electrodes
(BIiDER< BiP < (Bide)wr < BIHE < Bi(E< CdfP <
CdEE Accordingly, the charge-induced (ie induced
by the oxidation and reduction of the surface) surface
reconstruction is possible, but these problems have
not been an object of this work and will be discussed
in the next paper after obtaining STM and AFM data
bases.

3.2. Precision of experimental capacity data

For the accurate determination of the precision of
the experimental data the statistical treatment of the
data was carried out. The geometrical surface area
was established by using optical methods to a
precision of +2%. The mean values of differential
capacity C, charge density a, Helmholtz layer
capacity and their standard deviations 5,.
standard error of the mean Sc(C*) and the coefficient
of variation Vv at fixed £ = const, (or at a = const.)
and at fixed ¢ = const, were calculated using a HP-85
computer and General Statistics Pac [4, 26-28].

The statistical analysis shows [4, 26-28] that in the
case of electrochemically polished single crystal Bi, Sb
and Cd electrodes, the value of C, a and CH can be
determined sufficiently exactly by the measuring
procedure used (the relative error of the parameters
determined is not over 2-5%). For ECE electrodes
the relative error of parameters is not more than
4-8% and for CE electrodes 5-12%. For EP and cut
Bi(ll 1), the measuring precision of the p.z.c. (£,-0)
is 5mV. and + 15mV for ECE and =20 mV for
CE electrodes. For the other EP single crystal
electrodes the measuring exactness of £,, _o is 10 mV.

As follows from the experimental results, in
moderate surface inactive electrolyte solutions
(cn»f > 0.03 M), the experimental values of C for EP
Sh, Cd and Bi can be established better than +3%
for the whole region of a. But the precision of
experimental values of C decreases when the
concentration of the solution decreases, and for the
dilute solutions (cn»f < 0.01 M) the maximum values
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£ vs.SCE/V
Fig. 2. C(E)-curves (v=210Hz) for (BiCBR (1, 4, =),
Bi(ll DEP(2, s, 10), (Bipc)MCE (3, 7) and Bi(11L)E(5, 9) in
aqueous solution of NaF, M: 1, 2 0.1; 3-6: 0.01; 7-10:
0.002

of error (5-8%) can be established in the region of a
where the derivation dC/d£ is large. For ECE and
CE electrodes, the error in the region of high dC/d£
is very big (~20%). In the region of surface charge
densities 0<0.54C cm'2 the error of C for EP
electrodes (2-4%) is only somewhat higher than for
more concentrated solutions. For ECE and EC
electrodes the error of C is ~5 s% Comparison of
the statistically treated C(£)- and C(<7)-curves shows
that the C(£)-curves are more erratic than the
C(cr)-curves calculated at o = const. The same
conclusions have been made in review articles [2, 41]
analyzing the capacity data for Hg and other liquid
electrodes, as well as for various PC electrodes. In the
case of PC electrodes investigated in this work the
main reason for this effect is the variation of Enin
(max +20mV) from one experiment to another.
The experimental values of C in the region of the
diffuse minimum are constantly higher than those
calculated by the Gouy-Chapman-Stern-Grahame
(GCSQG) theory [15-18] for ideally smooth electrodes:

e = \/CO + I/CH, ie CH= V(:/C- 1/C0), (s)

where Cd and CH are the values of the differential
capacities of the diffuse part and of the inner part of
the double layer.

Comparison of C(£)-curves for various
electrodes at £ = const, and = const, shows
that C increases in order of electrodes

Bi(l )P £ Bi(lll)c < Bi(I')EX < Bi(111)E <
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(Biis )MP(Fig. 2) The same conclusion is valid in the
case of differently prepared Bi(OOI), Sb(l 11) and Cd
electrodes (Fig. 3). According to the experimental
results, this deviation depends on the concentration
of surface inactive electrolyte and the value of AC
increases with dilution of electrolyte solution. This
effect is in accordance with the calculations by the
1DL model.

The potential of the minimum of C(£)-curves
depends on the surface pretreatment and £nin
moves to the direction of less negative potentials
in the order Bi(l.:)BP> Bi(ll I)c > (BiDER>
(Bil>e)WR > Bi(11)EE > Bi(lll)CE > (Bipc)WP >
(Bipc)MPCE (Table 1). The same order of £ni, values
is valid for modified Sb(l 11) electrodes. Accordingly,
with increasing of the concentration of surface defects
(other planes than Bi(l 11) or Sb(l 11) at the modified
Bi(lll) and Sb(111) surface), having less negative
values of £,,, othan Bi(111) or Sh(111) plane, £nin
moves to the direction of less negative £. As shown
in Fig. 2, in the case of modified Bi(111)EE and
Bi( 111)CE the value of £ni, moves to the direction of
less negative potential with decrease of concentration
of electrolyte. Such dependence is characteristic for
the electrodes with polycrystalline surface structure
and can be explained by the increase of the
adsorption activity of anions at defect surface regions
[1-5]. But the main reason of this effect is the fact that
C(£)-curves for single crystal plane electrodes are
non-symmetrical with respect to potential of capaci-
tance minimum [2.4,20-29,41]. The derivative

E vs.SCE/V

Fig. 3. C(E>curves (i =210 Hz) for Cd(l I121)EP (1-4) and
for Cd( 1121)4E (1-4 ) in aqueous solution of NaF. M .
M 01:22005: 2 003: 3. 3:0.01 and 4. 4': 0.002.
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dC/d£ is always higher in the region of positive
surface charge densities (a > o) than in the region of
negative surface charge densities (a < 0). Therefore,
the value of £nt,does not correspond to the condition
of a = o (if = RZiXi0,) for polycrystalline electrode
(15, 20-23].

In the case of monocrystalline Sb and Bi
electrodes, having less negative values of £, =othan
Bi(lll) or Sb(lll), the surface etching shifts the
values of £nmto the negative direction. For example,
the negative values of £, ,for Sb(00l), Bi(00I)
and Cd(0001) electrodes increase in the order
(SbDBR < Sb(001)BE < Sh(001)E < Bi(00l)c <
Bi(001)EP, ie towards increasing the inhomogeneity of
the electrode surface.

These results are in very good accordance with the
experimental data for (Bipc)MPCE and vme and with
results of simulation by the IDL model [20-28]. As
found, with increasing the share of plane having more
negative values of £,,_oat the surface of (Bipc)MP or
wme, the value of £ nmshifts toward the more negative
potentials [26-28].

3.3. Electric double layer and fractal structure of
electrode surface

The ~differential admittance was measured in the
ac frequency (V) interval from 60 to 21,000 Hz. For
the electrochemically polished single crystal Bi, Sb
and Cd, as well as for cut Bi(lll) and Sb(lll)
electrodes, a very slight variation of capacity (3-6%)
as a function of v was observed (4, 34]. For (BioE)R
the dependence of C from v is somewhat lower
(1-3%) [21,25] than for Bi(lll)EP or Bi(lll)c. For
(BioE)WR this dependence is in the same order as for
electrochemically etched single crystal Bi, Sb and Cd
electrodes (5-8%). A more pronounced dependence
of ¢ on v was found for chemically treated (5- 10%)
and mechanically polished (10-25%) electrodes.
According to the experimental results the "true"
roughness factor values at £ = const. (/ = C;wHr
Ca0Hr), have been calculated and presented in Table
1 According to the data of Table 1, the values of
/, are practically independent of the solvent
properties and, in the region of ideal polarizability,
the values off for different electrodes increase in the
order (BiDER< Bi(l 11)FP < Bi(111)c < Bi(001)EP <
Bi(OIT)EP < (BiDEWR < Bi(2TT)EP < Bi(l 1.)EE <
Bi(001)EE < Bi(l 1D < Bi(l 1)MP < (Bipc)Mp. The
same order of the influence of the surface
pretreatment to f values is valid for Sb and Cd
electrodes. The very low values of/, for (BiDERand
Bi, Sb and Cd single crystal planes indicate that these
surfaces are smooth and the values of C are free from
components of pseudocapacity.

The phenomenological description of the fre-
quency dependence of impedance Zcre
(CPE = constant phase element) is given as [42, 43]

Zcpe % (iu>)~1 O<da< 1) @]
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Table I.

E. Lust et al.

Eleclric double layer characteristics for Sh, Bi and Cd electrodes

Solvent Electrode - Emm (sec) (V)
H:0 Bi( 111)'m 0.655
Bi(lll)* 0.650
Bi(l 1)EF 0630
Bidu p 0.620
Bid 1)ME 0.625
(But)R 0.625
(Bing)** 0.620
Bi(001)EP 0.595
Bi(00NEE 0.610
Bi(00L)E 0.615
Cd(0001)EP 095
Cd(000!)c 0.97
Cd(0001)EE 0.97
Cd(000D)E 1.00
Cd( 1120)P 1.02
Cd( 1120)BE 0.99
shdii)P 0.46
Sh(lll)c 0.45
MeOH Bi(lll)P 052
Bi(00I)EP 0.45
(Bide)* 0.49
AN Bi(l 1) 0.50
Bi(00!)P 042
(BIiOE)R 0.47

D, fractal dimension, dimensionless parameter.

EP, electropolished surface.

¢, cleaved at the temperature of liquid nitrogen surface.
HE electrochemically etched surface.

CE chemically etched surface.

OldH Or-
c jayl/ 177 D (uFcm 2
104 104 203 256
106 106 204 289
109 108 205 21
1 110 207 338
115 1.20 2.11 320
1.02 1.01 201 25.8
108 11 205 255
107 106 205 284
116 113 207 201
1.20 115 2.08 288
104 109 205 38.0
1 06 11 207 370
109 1.20 2.06 371
1 125 2.10 350
106 114 2.06 48.6
108 128 209 59.6
106 106 204 236
108 109 2.06 389
103 105 203 198
105 107 204 230
1.01 1% 2.01 22.2
105 106 204 148
1.02 0.98 2.01 174
1.01 115 — 15.0

MRCE mechanically polished and thereafter chemically etched surface.

(BioE)R. remelted solid drop Bi electrode.

(BilEwW solid drop Bi electrode without additional remelting of surface

The CPE angle < is related to a as.

= ()

The value a = | corresponds to normal capacitive
behaviour. Recently some new ideas have been put
forward to explain the so-called constant phase
element CPE (42, 43]. The main position is that the
deviations from the ideal behaviour are caused by
surface roughness of a special kind, today commonly
denoted by the term “fractal” [42, 43]. The so-called
fractal dimension D introduced by Mandelbrot [43] is
a formal quantity which attains a value between :
and 3 for a fractal structure and reduces to 2 when
the surface is flat. D is related to a by

a= UE>-1). 9

The established values of D, presented in Table 1
show that the surfaces of (BiDE)Rand electrochemi-
cally polished Bi, Sb and Cd single crystal electrodes
are practically smooth. The slightly higher values of

p for the cut electrodes indicate that the surface of
electrodes, cleaved at the temperature of liquid
nitrogen, is to some extent geometrically and
energetically inhomogeneous. Somewhat higher val-
ues of o have been established for ECE electrodes.
The surfaces of ECE Bi, Sb and Cd electrodes are
relatively flat in comparison with the surfaces of
chemically treated and mechanically polished elec-
trodes.

3.4. Parsons-Zobe! plots

The Parsons-Zobel (Cpc'(Cs’)] plots [14] at
v = 210 Hz, represented in Figs 4-6 for the various
electrodes studied, were calculated at the potential of
diffuse minimum (£m,)p< of differential capacity
curves, and also at various surface charge densities
(T= const.,, from the experimental Cpc(E)- or
Cpc(ff)-curves. The values of Cd were calculated
according to Gouy-Chapman theory under the
assumption that for (£T,n)k the overall surface
charge density = 0. At the first approximation,
according to the data of Figs 4-6 the Parsons-Zobel
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plots for EP electrodes can be considered linear in the
concentration range of electrolyte cei from o 01 M to
01 M But for the ECE and CE Cd, Bi and Sb
electrodes, the Parsons-Zobel plots can be considered
linear in the very narrow concentration range of
solution. The wvalues of the fitting (roughness)
coefficient. / Pz, estimated from the inverse slope of
nearly linear segments of these dependencies,
reflecting the geometrical roughness of surface, the
exactness of the determination of the surface area and
electrolyte concentration cG[34, 38-40, 44-46] as well
as the crystallographic heterogeneity (AL, (i,
OCH*°), are given in Table 1 Meanwhile, in the
absence of these two mentioned components of the
errors, the fitting coefficient/ Pz would correspond to
RF, where F represents the crystallographic hetero-
geneity and R the geometrical roughness of the
surface, respectively. As shown theoretically in
[20-23] and proposed from the experiments for wme
[26-28], the coefficient F depends on the differences of
the zero charge potential AE,m0 of the individual
planes and on c#4, ie on the differences of differential
capacity AC for individual planes at E —const. The
values of F increase if the AE,.0 and ACf, @&
increase and cri decreases. Nonlinearity of the
Parsons-Zobel plots is also an indication that the
Grahame model is not valid in the case of wme and
for other PC electrodes investigated, since the values
of charge density at different homogeneous regions

Coi1/nF’cm:

Fig. 4. Parsons Zobel plots (v = 210 Hz) ata = 0(1-7) and
ai a= —1/jc cm-" (8) for (Bioe)R I: WME-
Bi[0.4(0IT) + 0.6(TOT)]. 2, WME-Bi[0.8(0IT) + 0.2(111)]. 3;
ir;w-Bi[0.5(0IT) + 0.5(1 11)]. 4; Bi(l 11)EP. 5, Bi(l 11)EE 6. 8
and Bi(lll)‘ E 7.
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214

Co’1l/ nF‘lcm2

Fig. 5. Parsons-Zobel plots (m= 210 Hz) for Cd(0001)EP, (1,
2); Cd(0001)EE 3 and Cd(l I2I)EE 4 at a = 0 (2-f) and at
a= —1fiC cm-2, 1

depends on £,,=o of plane, ie the charge density is
distributed in an non-equal manner over the
macropolycrystalline surface Therefore, for PC
electrodes with v*>10nm. the one-dimensional
Gouy-Chapman model is not applicable [20—28].

If the model of IDL is valid [15. 20. 21]. the partial
charge densities a, of the faces found for uwefO.S
Bi(001) + 0.5 Bi(lll)] at (£,,.,,)« differ from zero,
and for 0.01 M KF solutions have values of
JEa = —0.15 and <7,in,= +0.39/;,c cm :. The
calculated values at (£n,,)pi are found to be equal to
(Cd)iiii) = 24.11 and (Co),»,!, = 23.09 //[F cm -\ while
calculated from the Gouy-Chapman model for
(Trc = 0 gives Cd(<t) = 22.90 <F cm :. For the (1:1)
face in 0.01 M KF the dispersion of ACr>= Cdnur
CD(rr) is ~5% of cn(<r). and increases with the step
of dilution (in 0.001 M KF ACo Cd(<x) 20%). The
difference JCH= (Ch)i - (CH): does not depend on
ckk and the relative values (ch)i. (ch): > (Cd)i.
(Cob Thus, the convexity of the Parsons-Zobel plots
is mainly caused by the dependence of ACD on ce).
The values of (Emn)pc depend on X,. from hence the
values of a, and (cd), at (£,,,,,,)* also depend on X,
even though the AE,, and (ZCH), for the wme faces
remain unchanged. The values of/p.z found for wme
and PC electrodes are apparent values, even though
they characterize to a certain extent the crystallo-
graphic (energetic) heterogeneity of the wme surfaces
[28]. As shown in [28] the plot of 1/Cp< against 1/ICd
which was obtained by summing up the partial (cd)i
and (Cd): values at (£,,,)pr. depart less from
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linearity, and the obtained values of /u O insignifi-
cantly differ from unity (/«e,= 101-1.03). In (he
case of ECE and CE electrodes, this procedure is very
complicated, because only very approximate values
of the share of various planes exposed at the PC
surface can be established by the computer simu-
lation of the experimental Cpc(£>curves.

The whole C_I(CD')-curve can be described by the
third order power function with the correlation
coefficient R: varying from 0.9975 to 0.9999 for CE
electrodes and for EP single crystal planes, accord-
ingly. The obtained values of constant term = Cfrr
at Coc= 0 are presented in Table I. According to the
data of Table I, the inner layer capacity CH"™ for
electrodes investigated is always >0 and increases in
order of solvents EtOH < MeOH ~ ACN < H20.
The deviation from linearity of the Parsons-Zobel
plots (in the same electrolyte solution) increases
in order of the electrodes (BIiDE)R" Bi" <
(BiDBw* < BIEE < BiCE< (Bipc)MP < (Bipc)MPCE

3.5. Fitting (roughness) coefficient—Debye length
plots

The third order power functions have been used
to obtain the fitting (roughness) coefficient / Pz at
the various electrolyte concentrations, ie at the
various values of length 1d- The values of fr.z have
been calculated by differentiation of C*'(C8')-plots
by an IBM-486 DX-2 computer using the Mathcad
4.0 Standard Pac. The values of ID at a - 0 have

Co*1l/ M*1cm)

Fig s . Parsons-Zobel plots ¢» = 210 Hz) for (Bioe)*. (1.4,
5.6 )and for Bi(00I). (2. 3. 7, s ) in various surface inactive

electrolyte solutions: I. 2 EtOH: 4, 7. MeOH; 3.6 : AN and
. 8. HKO

E. Lust et al.

/DInm

Fig. 7. Parsons-Zobel factor-Debye length plots for
different electrodes: 1. Bi(11)E 2. Cd(11200E 3
wWs-Bi(0.501 T) + 0.5(: 11)] (O£, « =0.08V); 4. wme-
Bi[0.8(0IT) + 0.2(111)] (A£,,. o= 0.08 V); 5. Cd(l 120)KB s .
BiGoo )P, 7, (BioB)*; 8. .me-Bi[o.«< IT)+ 0.6(ToT)J
(4£..0 = 0.015 V).

been calculated according to the Debye-Hickel
theory [47] and at a @ const, by the following

equation [30, 31]:

(InM<7) = (f> + 4no2Lile:)'\ (10)

where Lb = the
charge.

The established /p./(/0)-plols (/» = k ') are pre-
sented in Fig. 7. According to these data for (Bi»i )"
for EP single crystal electrodes, wme and ECE Bi and
Sb electrodes, the values of /p z increase when /()
increases. This is mainly caused by the fact that for
wme, (BiDER and for EP single crystal planes, the
concentration of surface defects is small and most of
the surface area is covered by homogeneous regions
which linear parameter v* P /o. For these electrodes
the IDL model is valid.

For CE Sb, Cd and Bi electrodes and for ECE Cd
electrodes, in the region of small concentrations
(/D> 2.0nm), the values of /pz increase if the
concentration of the electrolyte decreases. This result
is in contradiction with the theoretical predictions of
a new model [30, 31].

In Fig. 8 the dependence of the experimental
thickness of the electric double layer /tp (/cp= 1|
44aCeyp) on the Debye length /D are presented.
According to these data, the thickness of the double
layer increases as the dielectric constant of solvents

Bjerrum length, c¢ = elementary
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diminishes and the linear length of solution molecules
grows. Differently from the theoretically calculated
/(/o)-plots [30,31) the experimental /"p(/D)-plots are
convex curves, ie not concave curves as predicted
theoretically

3.6. Roughness function—inverse Debye length plots

For a more accurate interpretation of the
experimental data, the roughness function-inverse
Debye length [&(.v),k] plots have been constructed by
using equation 11:

The dependencies found for various electrodes are
presented in Fig. 9. According to the experimental
data, the values of roughness function (at k = const.)
increase in order of the electrodes (BIiDER< EP
Bi single crystals < Bi(l 1l)c < (BioE)WR <
Bi(111)EE < Bi(l 11)CE < Bi(l 11)MP < (Bipc)MPCE <
Sb(111)c. The nonlinearity of A(.v),K-plots is very
small for (BioE)Rand for EP single crystal Bi and Cd
electrodes. But the deviation from linearity of
A(v)K-plots increases in the same order of electrodes
as the value of R(.x). Thereafter, the nonlinear
regression analysis has been done according to the
equations (13H 15) presented in [30, 31] to obtain the
roughness parameters of electrode surface.
According to the data of nonlinear regression
analysis, in the moderate electrolyte solutions
(Gi > 0.05 M), where the influence of the energetic

1D/ nm

Fig. s . Experimental double layer thickness-Debye length
plots for (Biot)*. (1, 5. 6. 7) and for Bi(o )EP (2. 3.4, 8)
in various surface inactive electrolyte solutions: 1. 2 EtOH,;
36:AN; 4 5 MeOH and 7. s: H;0.
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K/ nm1

Fig. 9. Roughness function Gouy length plots for various
electrodes: 1, Sb(lll)c; 2, Bi(MI)E 3, Cd(lI20)KE 4.
Cd(OOQI)EE 5, Bi(001)ER, s, Sh(111)EP, 7. Cd(I120)EPand ¢,
(BiCBR

inhomogeneity (AE,, ={) of PC electrode surface on
the total edl capacity is relatively weak, the values of
R increase in order of the planes (BiDEfR< EP Bi
single crystals < Bi(l 1l)c < EP Cd single crys-
tals < EP Sb single crystals < ECE Bi and Sb single
crystals < CE Bi single crystals < MP CE Bi single
crystals < MP CE Bi* < (SbpOM* In the case of
more dilute solutions (cti < 0.05 M), the experimental
and theoretical R(.x).k-plots are going in the opposite
directions, and thus in solutions, where the influence
of crystallographic inhomogeneity on the edl capacity
of PC electrodes has a more pronounced effect, the
new theory [30. 31] is inadequate.

According to the data of computer simulation of
experimental A(.v)»c-plots, in the case of weak
roughness of electrode surface, it is impossible to
select out the "true” theoretical model for surface
roughness and therefore the future experimental and
theoretical investigations are inevitable.

3.7. Differential capacity—potential curves in the
presence of organic compounds

The adsorption behavior of cyclohexanole (CH),
propylacetate (PA), butylacetate (BA) and pyridine
(PY) on the electrochemically polished single crystal
Bi, Sb and Cd electrodes: on the cleaved at the
temperature of liquid nitrogen Bi(111)c, Cd(000l)c
and Sb(lll)c; on the electrochemically etched
Bi(lll)EE BIi(001)BE Cd(0001)EE on chemically
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Fig. 10(a)
Fig 10(c)
Fig. 10. C(£)-curves (v= 210 Hz) for Bi(11ll)c (a):

etched Bi(11:)CE Cd(l1120)CE and on the mechani-
cally polished (using AhQj) and thereafter chemically
etched (Bipc)MPCE electrodes, have been investigated
by impedance, chronocoulometry and cyclic voltam-
metry methods. The obtained results have been
compared with the data for (BiDER (BiDEWR and
wme [4,49, 50]. The experimental investigations
indicate that the shape of the differential capacity-po-

E vs.SCE /V
Fig. 10(b)

Bi(l 11)EE (b) and Bi{ 11 1)tL (c) in 0.1 M NaF (I) and with
additions of pyridine, M: 2: 0.05; 3: 0.07; 4: 0.1 and 5: 0.2.

tential curves is very sensitive to the Bi(111) surface
structure, ie to the pretreatment of electrode surface
(Figs 10-12). The C (E)-curves for EP single crystal
electrodes have their usual shape with one very high,
sharp and narrow cathodic adsorption-desorption
maximum al negative potentials [4.50.51]. For
Bi(lll)* at < >0.1 M, besides the main adsorp-
tion-desorption maximum, there are some steps on
the C (E)-curves at ihe more positive potentials than
the potential of the main maximum (Figs 10(a).
13(a)). From the C(£)-curves for single crystal planes
of Bi, Sb and Cd. at the first approximation, ii is
possible by computer simulation to obtain the share
of energetically various, but geometrically homo-
geneous surface regions, adsorption properties of
which are similar to the adsorption characteristics for
single crystal planes [4, 12.49-52]. This method is
based on the conception that at every homogeneous
surface region of a PC electrode the adsorption
process of organic compound studied can be
described by the Frumkin-Damaskin adsorption
theory [53]. and the capacity of a PC electrode can be
described by the superposition of C(£)-curves (at
£ = const.) for different homogeneous regions (single
crystal electrodes) [Il, 12]. The last presumption is
valid only at the potential of maximum adsorption
£ = £nw, but as shown in [48,49], at the first very
rough approximation it is possible to use the shape
of adsorption-desorption maxima to establish the
share of various planes at a PC electrode surface. The
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more correct method was given in [54] According to
the results of a computer simulation, the share of
plane Bi(OQl) at the cut surface Bi(lllu is 3-8%
4= + 5%).

As follows from the data of Figs 10 12, studying
the adsorption of PY and CH at (Bi0e)r, Bi(1: I)ECE

E vs SCE/V

E vs.SCE/V

Fig. 1. C(E)-curves (v = 210 Hz) for (Birc)MP (a) and for
Cd(lI20)EE (b) in 0.1 M NaF (1) and with additions of
cvclohexanole, M: 2: 002; 3: 007: 4: 0 I and 5: 0.2.
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Bi(001 )RK, Cd(12?0)EE and Bi(lll)(E the effect of
the splitting of the adsorption-desorption maxima
has been established [52]. It must be noted that the
shape of adsorption -desorption maxima depends on
the duration of the electrochemical etching of
electrodes, r. The height of additional maximum (at
Qof = const.) increases and the height of the main
maximum decreases, when r increases. But at
tece > 3min, the increase of T has very weak
influence on the shape of the adsorption-desorption
maxima at the C(£)-curves. The potentials of the
main more-negative maximum ET1, as well as of the
additional maximum E ™\ are practically indepen-
dent of the values of tece and are in very good
agreement with the potentials of £"“* for individual
planes (Fig. 13(b)). The computer simulation of the
prepared Bi(111)BE shows that the share of plane
Bi(00I) at Bi(::: )BFE surface. X< is approximately
from 0.2 to 0.4 Thus, with the increasing of tece. the
share of homogeneous surface regions, adsorption
characteristics of which are similar to the Bi(00I)
plane, increases The same tendency is valid in the
case of adsorption of CH, PA and BA at Bi(l 11)EF
and Cd(lI20)BE (Fig. 11(b), 13(e)). The same
conclusion is valid for Bi(001)BE where the increase
of tece causes the increase of the share of Bi(111)
plane at Bi(00l )EEsurface (tece ™ 3 min, > 15
30%).

According to the data of Fig. 10(c), at cPY¥>0.1 M
the adsorption-desorption maximum for chemically
etched Bi(111)E electrode is split into the three
independent adsorption-desorption maxima with the
values of potentials very close to the individual planes
of Bi. EI ~ omE' ~£B...and E\ ~ fbhuii>
(Fig. 13(c)) As in the case of an ECE, the shape of
adsorption-desorption maxima depends on the time
of chemical etching tce, but at tGe> > min the
transformations in the shape of adsorption-desorp-

tion maxima are comparatively small. For
tcf = 3 min. the share of various planes at Bi( 111)rb
is: MNomii - 50-40%, on 25-30% and
JHidTi  25-30%.

As shown in Fig. 11(a), a very low and wide
adsorption-desorption maximum for (BipG)MPK has
been found and the potential of £ n&*is intermediate
between the £nd values for Bi(lll), Bi(OIT) and
Bi(00l) planes. The values of attraction constant
obtained from the width of these maxima according
to the calculation method [:2, 13] are approximately
2.5 times lower than for single crystal planes
[4, 48, 49]. Therefore, at the surface of (BiPC)MPCE, not
very large homogeneous surface segments exist. At
the first moment it seems that by MP and CE of BifC
it is possible to prepare the more uniformly
inhomogeneous surface for which the CDL electrode
model would be valid.

The adsorption studies at (Blde)* show (Figs 12(a),
13(d)) that there are exposed three (sometimes four)
energetically different homogeneous surface regions,
adsorption properties of which are similar to those



E vs.SCE/V
Fig. 12(a)

Tor Bi(OQlI), Bi() 11) and Bi(OIT) planes. The statistical
analysis of many experiments with PA, BA, CH, PY
and alkanes (12,49] shows that mainly at the surface
of (BiDE* there are homogeneous regions, the
adsorption properties of which are similar to Bi(OOI)

E Vs.SCE/V

Fig. 12(b)

E vs.SCE/V

Fig. 12(c)
Fig. 12 C(£)-curves (v = 210 Hz) for (Bldf)r (a) and for
(BICEWR(b. ¢) in 0.1 M. (a. b) and in : M (c) aqueous NaF

solutions, (1) and with addition ofcyclohexanole. M: 2: 007
and 3 01

(Alooo = 0.4 -r 0.6), Bi(111) (Adiii = 0.3 -r 0.2) and
Bi(OIT) (JTaii, = 0.3 - 0.2).

C(£)-curves in the presence of CH for bismuth
solid drop electrode, prepared without additional
remelting of surface, are presented in Figs 12(b) and
(c). According to the experimental data of many
experiments (c,i = 0.1 M), there is only one low but
not very wide adsorption-desorption maximum at
the C(£>curves, potential of which (f?“') is
practically same as the £, value for Bi(OOl) The
values of interaction parameter (a), obtained from the
height or width of these maxima, are approximately
15 limes lower than for the single crystal planes. In
some cases only a very small additional adsorption-

desorption peak at the potentials more negative than
£m« or t[,e majn maximum can be found.

3.8. Influence of surface inactive electrolyte
concentration on the shape of
adsorption-desorption maxima

Experimental investigations at (Biof)R and
(BioE)WR in various surface inactive electrolyte
solutions show (Fig. 12) that the shape of

C(£)-curves depend on the concentration of surface
inactive electrolyte. According to the data of Fig
11(a). in 0.1 M NaF, as well in 0.05 M Na:S0.
aqueous solutions, there is only one very low and
wide adsorption-desorption peak and small steps at
more positive or more negative potentials than the
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EN-EN0/VVESCE)
Fig. 13(e)

Fig. 13. Igc(P™)-curvcs of PY adsorption (a. b, ¢) and CH
adsorption (d. e) at i I1)c. a; Bi(l IEE b: Bi(111)E c;
Biog)*. d and Cd( I120)EE e. Notations of planes are given
in figure and in text.

£~-£,.0/V(vs.SCE)
Fig. 13()

main maximum. The increase of cn.f from 0.1 M to

10 M, as well cNjso« from 0.05 M to 0.5 M results in

splitting of the adsorption-desorption maximum to

three separate adsorption-desorption maxima (Fig.

12(c)) with the potential values very close to the £ “*

values for individual plane Bi(00l) (main maximum),

Bi(l 11) (central maximum) and Bi(OIT) (maximum at

. more negative potential). This effect can be explained

e"" -erti/v(vs SCE) by the dgpendezce of ef?ective Debye screeningplength
Fig. 13(b) lax« on the surface inactive electrolyte concentration

0.6 -08 -1.0 -1.2
E™ -E'.0 / V(us SCE) a

Fig. 13(c) 1

AH— 1
b

Fig. 14, Equivalent circuits of ac for PC electrodes for the

independeni diffuse layer model (a) and for the common

) diffuse  layer ~model (b). Co=true capacity:
Fig 13(d) C* = pseudocapacity; Zw = Warburg impedance.

35
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(ata=0,in 01 M NaF lo =0.96 nm and in 1.0 M
NaF lo = 0.22 nm). Therefore, the linear parameters
of surface regions, exposed additionally to the large
Bi(001) planes at the surface of (Biot)\R must be in
the same order (~0.5nm) as the effective Debye
screening length (calculated by equation (i0)) at
which the CDL model replaces the IDL. The same
conclusion is valid for the adsorption of CH at
(Bipc)MP electrodes. In the case of (BiUERand EP
single crystal Bi, Cd and Sb electrodes, as well as for
wme and (Bipc)ECE, the influence of surface inactive
electrolyte concentration to the shape of adsorption-
desorption maxima is weak and the effects established
are in good correspondence with the theoretical
predictions of [53, 54].

3.9. Influence of the frequency on the shape of
adsorption-desorption maxima and on the linear
parameters of homogeneous regions at a PC
electrode surface

As shown in [54], if the diffusion of an organic
compound is slow and thus the rate determining
process of adsorption of organic compound at the
electrode surface, the adsorption process at two
different types of PC electrode surface can be
described by the models presented in Fig. 14. In Fig.
14: (C,), = (dcr/dE)r = true capacity of the double
layer of homogeneous region /; (CA), = adsorption
pseudocapacity (additional capacity) of region /;
(Zw)/ = Warburg impedance for the region /, and
(Zw)d/ = common Warburg impedance of the mi-

£ vs.SCE /V
Fig. 15 C(E>curves of cyclohexanole (0.08 M) adsorption
at nw-Bi[0.8(0IT) + 0.2(TOT)] at different v. Hz: I: 110: 2:
2100 and 3: 11.000

E Lust el al.

Table 2.
Adsorption parameters of CH at wedge shape electrode
(mle) and bismuth solid drop electrode (Bit>i )R

I, 10'cm

V (Hz) Bi[0.8(0IT) + 0.2(TOT>] <Bi,()R
60 1.80 1.95
210 168 1.82
510 1.58 1.78
1100 1.49 179
5100 1.40 1.64
11.000 1.29 ISO
21.000 1.20 1.30

cropolycrystalline surface, obtained by the average
charge density of a PC electrode. In the case of ac,
the concentration penetration depth of organic
compound can be obtained as L = (2D,(u)"". At high
values of v the characteristic length of homogenous
regions v* > L and the model of independent diffuse
layer (IDL) is valid, ie the diffusion of organic
compound to the homogeneous region i is indepen-
dent of the adsorption process of organic compound
to the other surface regions. At very low values of v.
L <y*, and the model of common diffuse layer
(CDL) is valid, ie the adsorption of organic
compound at every inhomogeneous surface depends
on the adsorption characteristics of all the very small
crystallites. The critical frequency at which the IDL
model is replaced by the CDL electrode model is in
the same order as the characteristic length y* of the
homogeneous surface regions which prevail and
determine the adsorption characteristics of the whole
PC electrode surface.

As shown in [54], the more sensitive (experimental)
parameter is I, = (oI, sc)r oObtained by methods
described in [53-56]. If the IDL electrode model is
valid, then 'c=/("), and if the CDL model is valid
then T, ?*/(v) (Tt = const ).

As established in [55], the rate of adsorption
process of CH at bismuth single crystal planes is
determined mainly by the rate of diffusion of CH
molecules to the electrode surface, and therefore the
adsorption data at different v can be used for
obtaining v* for wme and other PC electrodes.

The  experimental C(£E)-curves for 0.8
Bi(Oll) + 0.2 Bi(101) at various v are presented in
Fig. 15 and the obtained values of < are given in
Table 2. According to the data for wme. in the whole
region of v investigated, the value of I'. = f(c), and
probably y* > 5 10-.cm. For more accurate esti-
mation of y*. the investigations at a larger region of
v are inevitable. The adsorption data of CH on
(BIiOE)R show (Table 2) that in the region of
510 Hz < v < 2100 Hz I'c- constant, and therefore,
the values of y* - 10-scm. The same order of y* was
obtained from the data for /Moluidine adsorption at
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(Bi°F)R[s+] jhe experimental investigations of CH
adsorption at Bi(l I)ECE Bi(l 11)CE and (Bipc)MP are
in progress now and the results will be discussed in
our next publications.

3.10. The shape of adsorption isotherms and the
approximate share of various homogeneous regions
at a PC electrode surface

As established in [4, 12.48,49], the shape of an
adsorption isotherm is very sensitive to the crystallo-
graphic structure of the electrode surface. To obtain
the share of various single crystal planes at a PC
surface it is useful to present the adsorption isotherm
in the linearized Frumkin isotherm coordinates
In[Opc/(I - Opc)c] vs Opc The adsorption isotherms
for differently prepared Bi electrodes are presented in
Fig. 16. According to the experimental data, the
isotherms for PC electrodes are located between the
partial isotherm for the less-active Bi(lll) and
more-active Bi(OIT) planes (except (Bipc)MPCE). The
isotherm for cut Bi(111)c is linear in a very large
region of o pc, and the values of attraction interaction
(@ = 1s) and adsorption equilibrium constant
(Bo = 18dm}mol-1) are very close to the parameters
for EP Bi(lll) [47-49]. The computer simulation
shows that at the surface of Bi(11l)c there exist
regions (5-10% of surface), adsorption character-
istics which differ from those for Bi(lll)ER.

The adsorption isotherm for Bi(111)EE and
Bi(001)BEconsists of two practically linear segments.

9pc
Fig. 16. Adsorption isotherms of cyclohexanole at
(Bipc-r** 1; Bi(OIT)E> 2; Bi(00I)EtE, "3; Bi(lll)c. 4:

Bi(l I)CE 5 and Bi(Il))EP. 6.
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separated by a very well exposed bend at Gk ~ 0.5.
The isotherm of this form is characteristic for PC
electrodes, at the surface of which there are two large
homogeneous surface regions with clearly different
adsorption characteristics [4, 48, 49] According to
the data of computer simulation, the surface of
Bi(lll)EE is mainly covered by large homogeneous
regions with adsorption characteristics similar to
Bi(l 1) (*,m, ~ 50-60%) and Bi(001) (*«,, ~ 40-
30%). The nonlinearity of the isotherm at small sk
is more pronounced than for Bi(l 1l)c, and is caused
by the adsorption of CH at small crystallites (surface
defects) with share Adter ~ 0.1 having higher adsorp-
tion activity than Bi(001) and Bi(lll) planes.

The adsorption isotherm for Bi(l 11)CE has a more
complicated shape. At Opc < 0.15 the adsorption
isotherm is nonlinear. At 0.15 < Q< 0.30 the
isotherm can be considered linear at the very rough
approximation. At 0.30 < 6k < 0.40 a very well-pro-
nounced bend can be found and only at high
opriopc > 0 .6) is the adsorption isotherm approxi-
mately linear. The computer simulation shows that
the isotherm of this form can be described by the
following collection of parameters: a<w,= 1.83,
Aim = 17dma mol \ J(in) ~ 0.4-0.3; s<oon = 1-45,
Aooi, = 34 dm* mol * AYoou~ 0.2-8.3; = 145,
BoT, = 70dms mol-1, A%iii = 0.2-0.3; alOhr = 1-95;
oiher = 100 dms mol- * Mither  0.2-0.1 Thus, the
successful fitting of the experimental and calculated
isotherms can be achieved only after taking into
account the corrections which allow for the influence
of small crystallites in addition to the three
monocrystalline regions at the Bi( 111)CE surface.

The adsorption isotherms for Bi(l 1I)MPas well as
for (Bipc)MPCE have a very complicated shape, being
nonlinear in the whole region of o pc investigated, and
therefore it is impossible to obtain the share of
various homogeneous regions at such a prepared PC
surface The nonlinear character of isotherms shows
that there prevail very small ('™ < 10 nm) crystallites
at the surface of Bi(lll)MP and (BiPC)MP, and the
CDL model would be valid.

4. CONCLUSIONS

The systematic investigations at variously prepared
(electrochemically polished single crystal Sh, Bi and
Cd planes, cleaved at the temperature of liquid
nitrogen, Bi(lll), Sb(lll) and Cd(0001), electro-
chemically etched at high anodic currents Bi single
crystal electrodes, chemically etched Bi, Sb and Cd
electrodes, mechanically polished with AbO? and
therefore electrochemically polished or chemically
etched electrodes, wedge-shape two plane model
polycrystalline electrodes with known crystallo-
graphic heterogeneity, solid drop Bi and Sb
electrodes with remelted and without additional
remelting of surface) electrodes show that the electric
double layer and adsorption characteristics systemat-
ically depend on the geometrical structure of the
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electrode surface (roughness) and energetic inhom-
ogeneity of the electrode surface. It was found that
the value of differential capacity at the potential of
diffuse minimum increases (cd = const.) if the surface

roughness increases in the order of electrodes
(BioE)* < EP single crystal < cut single crys-
tal < ECE single crystal < (BioE)MR< CE single

crystal < MP single crystal < MP and CE PC. The
deviation from linearity of Parsons-Zobel plots, as
well as the values of Parsons-Zobel factor frz
increase in the same order. The formally found
values of the inner layer capacity and roughness
factor (fitting coefficient) increase in the same
order of electrodes. In the case of ECE, CE and
MP electrodes it is impossible to establish the
“correct” values of the fitting coefficient fp.z. at
which the CH(«r)-curves would have a smooth shape.
The computer simulation of the electric double layer
and adsorption data of many electrodes shows that
in the case of (BIiDE)R EP single crystal planes, ECE
single crystal planes and CE single crystal planes,
the independent diffuse layer (IDL) model is
valid. The linear parameter of homogeneous
surface regions which prevail at the surface of EP,
ECE and (BiCE)R electrodes r* > 10 nm. Probably,
the surface of MP CE polycrystalline electrodes and
(BioE)WR consists mainly of many very small
crystallites, which v* < 10 nm, and therefore for
these electrodes the common diffuse layer (CDL)
model might be valid.

The so-called “Debye length dependent roughness
function” has been calculated, and using the
non-linear regression analysis the various surface
roughness models (sinusoidal corrugation, random
Gaussian roughness, periodical system of linear
defects, rectangular grating, proposed in [30.31]).
have been simulated.

As found in the case of an EP single crystal, the
surface roughness is very small and it is impossible to
choose the “true” surface roughness model The
experimental data for MP and MP CE electrodes
show that in the concentrated electrolyte solutions
(0.05 M < ¢ < 0.1M) the model of random Gaussian
roughness or the periodic system of linear defects [30]
would be valid. It must be noted that the further
experimental investigations of differently prepared
PC electrodes in various electrolyte solutions and
theoretical simulations of experimental results using
various roughness models should be done for a more
substantiated conclusion.
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Abstract

The adsorption behavior of various organic compounds at bismuth, antimony, cadmium, mercury and other “‘mercury-like metals has
been discussed. The systematic trends of the influence of the chemical nature of electrode metal and adsorbate to the molecular interaction
parameter, a; limiting Gibbs adsorption. / Anu4; and Gibbs energy of adsorption. AGa. have been analyzed. The ingredients of the total
Gibbs energy of organic compound adsorption have been found. A new more general method for obtaining the metal-water interaction
Gibbs energy has been worked out and used. It was found that the dependence ot Gibbs energy of metal-water interaction on the
chemical nature of metal and aliphatic organic compound studied is weak Only in the case of chemically very different metals, for
example for Sb and Zn, the difference of Gibbs energy of metal-water interaction values is somewhat higher than the exactness of the
determination of the experimental values of Gibbs energy of organic compound adsorption. C 1997 Elsevier Science S.A.

Keywords: Organic adsorption: Hydrophilicity: Thermodynamics; Bismuth, cadmium, antimony, mercury, tin. lead and zinc electrodes

1 Introduction

For several decades the quantitative analysis of the
electric double layer (edl), adsorption of ions and organic
molecules at the polycrystalline (PC) bismuth and anti-
mony electrodes have been studied in the Laboratory of
Electrochemistry of the University of Tartu

The adsorption parameters of various organic com-
pounds (aliphatic alcohols, ketones, esters, carboxylic
acids, amines, as well as pyridine, toluene, benzene and
other aromatic compounds) have been established [1-7]. It
was found that, to the first approximation, the adsorption
process of various aliphatic compounds at the PC-Bi and
PC-Sb electrodes can be described b\ the generalized
Frumkin-Damaskin adsorption theory [X.9] The system-
atic trends of the dependence of attractive constant, limit-
ing surface concentration and the shill of zero charge
potential, due to the displacement of the surface monolayer
of H:0 by adsorbate molecules, on the chemical nature of
metal and organic compound structures have been estab-
lished and discussed [1-7] Since 1978 the adsorption
behavior of cyclohexanol (CH) [9- 11]. isomers of butanol
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(BA) [12.13]. butyl acetate (BAC) [14]. cyclohexanone
(CHE) [15]. cyclohexane carboxylic acid (CCA) [16] and
pyridine (PY) [17] on the single crystal Bi. Sb and Cd
electrodes has been studied It is generally accepted [1-28]
that all the compounds mentioned above (except PY) are
physically adsorbed at Hg. Bi. Sb and Cd electrodes and
the interaction between the hydrocarbon chains of adsor-
bate molecule and the metal surface must have mainly the
character of dispersive forces. This interaction is weak and
slightly depends on the nature of the metal and its crystal-
lography. and at the first approximation it was assumed
that Gibbs energy of metal-organic compound interaction
AG'™ (= const 11-28]. Therefore the only plausible
explanation for observed changes in Gibbs energy of ad-
sorption of the same aliphatic organic compound (JICNT=
const.; AG”, Gibbs energy of adsorption of the organic
compound at the air-solvent interface) from a certain
electrolyte system (AG", = const.; AG”, increase of the
Gibbs energy of adsorption of the organic compound at the
air-solution interface induced by the addition of a strong,
surface inactive, electrolyte to the solvent) at various met-
als is conditioned by the dependence of the hydrophilicity
of the surface on the chemical nature of the metal
(AGW H,, mconst.. AGJJ,C H,0 is the Gibbs energy of
adsorption of H ,0 at the metal surface). As found in Ref.
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AGO* / kdmol’

Fig. I. Dependences of the difference between ihe Gibbs energy of
adsorption of an organic compound at a meial-ekctrolyte interface
<A,C") and the increase of Gibbs energy of organic compound adsorption,
caused by the addition of electrolyte into the solution AC”, (A(ACa) >

on lhe Gibbs adsorption energy of (he organic compound
at the air-solution interface (A4CL|,) for various compounds and single
crystal planes of bismuth. (Notation of compounds and planes in the
figure)

[16]. the value of the Gibbs energy of metal-H20 interac-
tion. AGme. h.o. obtained in Refs. [1-7,9-16] depends on
the aliphatic compound studied, and with the increase of
the adsorption activity of the adsorbate at the air-solution
interface (AG®r) the difference between the adsorption
activities for various metals, as well as for different single
crystal planes of the same metal, increases (Fig. I). In Fig.
| the values of AG” have been corrected by the term
AG”,, as chemically various surface inactive electrolytes
with different concentrations have been used. The methods
for obtaining AG®) values will be discussed later. The
results of Fig. | indicate that using (he adsorption data
only for one organic compound to establish the AG'mc_h,0
values for different metals or different single crystal planes
is a very rough approximation. The main aim of this work
is 10 establish some systematic trends of the influence of
the chemical nature and crystallographic structure of elec-
irode surface to the hydrophilicity of single crystal Bi and
polycrystalline Bi. Sb and Cd electrodes, and to give a
more generalized approach to find ihe AGj® H,0 values
for various metals.

2. Results and discussion

2.1. Basic concepts o/ tuhani, compound adsorption al ihe
ideally polarizable electrode surface

According lo the Andersen-Bockris model [22] the
adsorption process of an adsorbate at the electrode surface
can be described by ihe well-known equilibrium

Ab+ nW%* A k+ »Wb n

where A stands for ihe adsorbate; W for solvent (water): b
for bulk and s for surface, and n is the size ratio parameter
which shows the number of solvent (W) molecules dis-
placed from lhe surface to solution by one adsorbate (A)
molecule. Thus, the Gibbs energy of adsorption AG* is
given as the sum of the differences between the chemical
potentials of the adsorbate (/bfi) and n solvent (water)
molecules (n/x") at the surface and in the bulk, respec-
tively

ACH = (Man ~ NVb>) + ("Mwt, ~ Ma>) (2)

where the second term is surface (metal) independent The
above presented scheme was introduced by Bockris el al.
[22,29], Gileadi [30] and Everett [31.32] and ii has been
widely adopted by electrochemists, but there is no agree-
ment over the size ratio parameter, since up to now its
determination has presumed model assumptions.

The number of the desorbed solvent molecules n also
depends on the orientation of the adsorbed molecule which
is related with the molecular area (structure) of the adsor-
bate, as well as on the adsorbed H ,0 monolayer structure
(hydrophilicity) at the electrode surface studied. The num-
ber of desorbed solvent molecules can be calculated ac-
cording to equation:

a“ "A.T»/T*Tn=AnlA,,, (3)

where TA and > m, are the maximum Gibbs
adsorption values of adsorbate and solvent respectively;
Aa and -4M are the maximum molecular areas of adsor-
bate and solvent, accordingly. The estimation of n by this
equation may involve very big errors (up to 40%) since the
“absolute” value of surface coverage of adsorbate at
A mM is uncertain Reasonable values of THOTIX are in
the range between 1.2 and 1.6 X 10 9 mol cm *. corre-
sponding to ihe molecular area AN} from 0.14 to 0.10 nnr
and ihe values of J1n for various monofunctional aliphatic
compounds are in the range from 0.40 lo 0.25 nm’
[1,2.8.9.22.29-34] Thus, the comparison of the area corre-
sponding lo a water molecule wiih ihe area corresponding
to the maximum adsorption of many aliphatic compounds
appears lo contradict the assumption that the adsorbed
particles of the solvent (H,0) and the adsorbate occupy
equal areas on ihe electrode surface. The probable explana-
tion of this result is that a group of bonded H:0 molecules
instead a single water molecules occupies one adsorption
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siie on the mercury and "mercury-like™ metal surface.
From the thermodynamic standpoint this may mean that
the work of transfer of the associated molecules from the
surface into the volume is less than the total work of
transfer of all the solvent molecules individually [1-34].
This view is supported by the sigmoid shape of the
isotherms of H20 vapor adsorption from the gas phase on
Hg [35) as well by the quantum chemical calculations of
HjO adsorption at metal clusters [36] indicating consider-
able attraction between the adsorbed H,0 molecules.
Guidelli and co-workers [37,38] and Nikitas 139.40] have
shown that the models which treat the solvent as distinct
entities and with strong lateral hydrogen bond interactions
predict an apparent Frumkin behavior. The concept of
associated H ,0 molecules adsorbed on Hg and “ Hg-like"
metal surfaces justifies, to the first approximation, the use
of the Frumkin isotherm as the semiempirical basis for the
examination of the adsorption of organic molecules at the
electrolyte-electrode interface in the form

55 -exp( -2 aHn) @)
-8
where BAF is the adsorption equilibrium constant of the
organic compound at zero charge potential E =0; 0A=
's the surface coverage of the organic com-
pound at the electrode surface and a is a certain quantity
characterizing the interaction between the adsorbed parti-
cles at E = 0. In this case the following equation of state is
valid

= -RTf. In I-
rs ®)

where Tr- ly = vH, Q v is the surface pressure of the
film of adsorbed adsorbate molecules equal to the decrease
of the surface tension Ay caused by the addition of
adsorbate to solution

To verify the applicability of the Frumkin adsorption
isotherm and to obtain the values of B"r and a usually the
value of In[0OA/(I - O0A)cA] is plotted against OA and the
slope of this linear dependence (0.1 < < 0.8) gives the
molecular interaction parameter (-2 </) and the intercept
provides the adsorption equilibrium constant (InRAr) at
£=o

The Gibbs energy of adsorption of the organic com-
pound corresponding to the standard state being the unit
mole fraction of the organic species in the bulk (XA= 1)
and the monolayer coverage (0A= 1) of the ideal noninter-
acting adsorbate [22-26] has been obtained by

IG" = -RT In(s;,fx 555) 6)

The preference of this choice of standard state is that the
determined Gibbs energies can be easily compared with

the literature data, because the adsorption behavior of
many organic substances at the solution-electrode inter-
face has been described by the classical Frumkin isotherm
[1-21]. The disadvantage of this standard state is that the
ACA values depend on the magnitude of the limiting Gibbs
excess. t\m,, (limiting surface concentration) [8,20.23-
26]. Consequently, when the values of AGA for different
organic compounds are compared, some of the observed
differences are caused by the variation of the FAna4 val-
ues. For the organic compounds discussed in this paper,
the changes of t\v alues neverexceed 30 to 40%. and
the changes of the reported values caused by the variation
of FAml> will never be greater than +0.8 kJ mol 1,
which is of the same order as the error in the determination
of experimental AO'A values and, to the first approxima-
tion, the influence of /Kl to AGA values can be ig
nored. A more detailed discussion about the influence of
/n Ta» t0 *e values for organic compounds will be
given in the following paper.

For a more profound solution of the problem connected
with the experimental determination of the value of n. a
generalized Frumkin isotherm must be used [41-43]

n( |- DA)Trexp( -2aBA) )

in which it is taken into account that n solvent molecules
are displaced from the surface when one organic molecule
is adsorbed. As shown in [37.38] this isotherm can be
obtained from the random mixing approximation (RMA)
taking into consideration the different sizes of solvent and
solute molecules. To verify the generalized Frumkin ad-
sorption isotherm, represented by Eq. (7), the value of
In[0A/n (I - 0A)V A] is plotted against OA at various val-
ues of n and the more linear isotherm at n = const, would
be selected. An analysis of many experimental data of
simple aliphatic compounds adsorption on Hg and “ Hg-
like" metals shows that the experimental values of n are
very close to unity [1-8,14,44-46].

A more convenient method for establishing the devia-
tion of the real experimental system from the Frumkin
model would be to compare the experimental impedance
data with a more general equation for the description of
the adsorption behavior of organic compounds at the
metal-electrolyte interface from which the various surface
layer models (Frumkin [8.9]. Hansen [47] and Parsons
[41,42] models) could be obtained as particular cases Such
an equation can be written as follows:

[C..(I -0A) +,,C,0A]f —,.C.EN[*(I -0 A)]0A
| + nOn - 6n
@)
where a is the surface charge density; n and k are the

parameters, characterizing the deviation of the real system
from the various simplified theoretical models noted be-



f. Llistetul./ Journal u/ fcuvtH Hitialyiim! ( /H4T.Mn -4M \1W 2t |,.SA 201

lore (8.9,41,42.47); C',and C\ are (he values of differential
capacity at #1 =0 and at WA- I. respectively, and Hbl is
the limiting adsorption potential equal 10 the change of the
l.ero charge potential due to the displacement of a mono-
layer of water molecules by a monolayer of organic com-
pound. It should be pointed out that the parameters n and
k. in the case of adsorption of simple monofunctional
aliphatic compounds at Hg and Hg-like" metals investi-
gated in this work does not differ very much from unity
[8.9.44,45) and therefore the corrections to parameters,
obtained by the classical Frumkin model, would be made
according to Egs. (9a). (9b) and (9c):

AA=AR4n/(n + 1)3 (9a)
EN~E£E V 14 -(«-1)(*-1)] (9b)
el-eJV* (9¢)

where /g »BTFAm, and the superscript F denotes the
effective parameters of organic compound adsorption, ob-
tained according to the classical Fnimkin isotherm and the
Frumkin-Damaskin adsorption theory 11-9.40-48). In this
work the corrected values of flAand a have been used to
establish the values of Gibbs energy of adsorption AGA of
some organic compounds at various polycrystalline and
monocrystalline electrodes.

A somewhat different method for obtaining the value of
n has been discussed in Refs. [39,40,49) where the adsorp-
tion isotherms have been expressed in the terms of the
molar fraction of the organic compound in the adsorption
state XA~ and of the solvent in the adsorption state
*wi.«<u by the following equations:

omE=— j-T)gAma =~ (0)
As found in Refs. [39,40,49) the values of n for 2-butanol
and for other simple organic compounds are very close to
unity.

Thus, at the first approximation we assume that the
adsorption of one organic molecule at the electrode surface
causes the desorption not a single solvent molecule but
their groups, and the Gibbs adsorption energy of the
uncharged organic compound on the uncharged metal-
electrolyte interface can be expressed as

ACA= AGg, + AG",+ AGM A- ACA" H.() )

where the value of the Gibbs energy of the metal-water
interaction AGj,e.H,0 (hydrophilicity) corresponds to the
model that the value of n ~ 1.

The value of AG®, depends on the molar volume of the
adsorbate. its molecular structure and the presence of
hydrophilic (polar) groups on it. because the solution of
the organic compound in water (electrolyte solution) breaks
the hydrogen bonds between the associated water molecules
and therefore changes both the entropy and the internal
energy of water. AG™ A is determined by the geometri-

cal and electronic structure of the adsorbate. as well as bv
the chemical and crystallographic structure of the electrode
surface. AGm, depends on the hydrophilicity of ihe
electrode, i.e. on the H.O-inetal interaction energy, and
on the adsorbed layer structure of the monolayer of water
molecules at ihe ntetal surface. Consequently, ihe Gibbs
adsorption energy of the organic compound AG,"” is deter
mined by the physical and chemical properties of the
adsorbate. as well as by the chemical nature and crystallo-
graphic structure of the electrode surface. To establish the
values of AG",. H and AG”, a it is necessary to obtain
ihe AC*, and AG", values (1.2.8.18-20.27.28).

2.2 Gibbs energy of adsorption of organic compound at
the air-solution interface

Usually ihe Gibbs energy of adsorption of organic
molecules at the air-solution interface (without elec-
trolyte) has been calculated from the initial pan of the
-(In cl4f) curves, where the adsorption of organic com-
pound is very small (OA~ 0) and the Henry isotherm is
valid

AT AbH = li» (g (12)

where WA is the adsorption equilibrium constant of or-
ganic compound A at the air-solution interface. li must be
noted that in the limit of zero coverage the Henry, Lang-
muir and Frumkin isotherms, describing the adsorption
from solution, reduce to the Henry isotherm [23.46]. Ai
ihese conditions the following equation of state is valid:

~=RTI (13)

and the adsorption equilibrium constant is related to the
standard Gibbs energy of adsorption through the equation

ACar = - RT Infl” (14)

To obtain the values of Gibbs energy of organic com-
pound adsorption at the air-solution interface AGa at the
similar standard state as in the case of adsorption at the
nietal-solution interface (Frumkin isotherm. XA*=1; 4 = |
and 0= | for ideal noninteracting adsorbate) the Eq (13)
>hould be rewriiien in the following form [20.23.24]:

- = RTH «V <4/55.5 = RT1\ max BAX/1 (15)

where VA is ihe mole fraction of the organic species in the
bulk of solution.

In this work the values of 77 have been obtained by the
maximum bubble pressure method for solutions without
addition of surface inactive electrolyte and also by the
drop weight method [50]. The coincidence of the tt values
obtained by these two methods was good. The statistically
treated ir( XA) curves at low mole fractions have been
differentiated by the computer. Thereafter the values of
AG", have been calculated according to Egs. (14) and
(15) The error analysis shows that at higher values ot Inc



t Lustetat./ Journal ofElectroanatytuol Chemistry 4M (1997) IH3-201

the values of it can be obtained with an accuracy of +o.2
(iJem 3

The values of t\ mill have been obtained from (he
slope of the linear part of the 7r(IntA) dependence at the
region of high In<Aaccording to the Gibbs relation

1/ pgn \
M~ nr(AnTr),,

The +r(In c) dependences have a good linearity at higher
Inc values and therefore the values of FAmi, are quite
precise [12,17,20]. The standard deviation for FArml, has
been obtained from the linear regression analysis and it
may be summarized that the maximum error of [Adl,
varies from +0.3 X 1010 to 0.5 X 10-10 mol cm'2
Therefore the maximum error for AG“, is not over +0.5
kJ mol" 1 The values of AC°, for aliphatic alcohols and
carboxylic acids obtained in this work are in a good
agreement with those presented in Refs. [4,6.27,28,30-33].
The errors are: A(AG°r 1 R . lldoU« 0.5 kJ mol ',
- 0.6 kJ mol*“'.

As shown in Refs. [27,28], in the case of linear aliphatic
compounds —alcohols (AA), esters (AE), ketones (AK),
amines (AAM) and carboxylic acids (ACA)— the values
of AGR) at the first approximation can be obtained by the
following generalized correlation equation

OC°,= -0.8/?K1-2.5 10-J*A) 17)
where the molar refraction of the organic compound
KA= JIi#(np - \)/d(nD+2) (18)

In Eq. (18) nD is the refractive index, M is the molar
mass, and d is the density of the organic compound.

The values of obtained by Egs. (15) and (17)
coincide with one another with the accuracy of +0.5 kJ

10l [54]

The ACH,( tfA) dependences for the homologues senes
of various organic compounds are presented on Fig. 2. The
values of [C”, have been calculated according to Egs
(14) and (15) using the experimental s41nc) dependences.
The chemically different organic compounds give us dif-
ferent linear ACNARA) plots with the values of correlation
coefficient R2 varying from 0.9308 for AA to 0.9889 for
ACA. But the dependence of AG°r on the chemical nature
of adsorbate is very weak and at the first approximation
the collection of all experimental AC*, data can be de-
scribed with the common AGA,(/?a) dependence with a
correlation coefficient R2=0.9686. The maximum stan-
dard deviation for AG°r obtained from the linear regres-
sion analysis is + 0.5 kJ mol" 1, which is in the same order
as the precision of determination of experimental values of

[Co

2.3. Salhng-out effect of adsorbate and the method for
obtaining 4GS, values

The values of AGE, have been calculated according to
the equation

[C*,= —2.3RTK,,Cxi (19)

where KW is the salting-out constant of adsorbate and cw,
the concentration of the surface inactive electrolyte. The
correction of the experimental AGA values by the AGM
term is indispensable as the adsorption behavior of various
organic compounds at different polycrystalline (PC) elec-
trodes have been studied from various electrolyte solutions
(in surface inactive electrolytes with different chemical
composition and ionic strength 1) and there are no system-
atic experimental adsorption data for one fixed electrolyte
at 1=const. Moreover the values of Gibbs energy of
adsorption at the air-solution interface AG°, have been

R a/cms mol

Fig. 2. Dependence ot ihe Gibbs energy of organic compound adsorption ai the air-soluiion interface AGM, (without addition of surface inactive

electrolyte) on the molar refraction of various aliphatic compounds.

38
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mainly obtained at the condition | = 0. But as established
in Refs. (1,8,9,51-64) the values ol /¥ and therefore the
values of 4,G* depend on the chemical nature and concen-
tration of the surface inactive electrolyte.
Using the Setchenov’s law (log SJ,, iiiw = log S"

+ KVII£'S) where log S*“/»arpl and log V', . ,, are the solu-
bilities of the organic compound in solution at / = const,
and at 1= 0. respectively, the value of the adsorption
constant at / = const, can be expressed as

*°8 ®A./-consi = 1°8 Ba.i-o (20)

where B °,.0 is the adsorption equilibrium constant at
/=0 (56,59). The values of have been calculated
from the dependence of the potential of adsorption-de-
sorption maximum of the organic compound Enui on the
concentration of the surface inactive electrolyte solution
cwl Al the minimum of the E~Mlog <>ol) dependence the

@

-30 -20

AG

-30
-30 -20

value of term Irtlog cwT)( =0 and can be
obtained according to the following equation (56.59):

an
sinh- —arcsinhf \ (¢2Y)]
2 l2Axc”j

where A = /6/1T/2TT and f is the dielectric constant of
the solveni. <u is the charge density of the electrode in the
surface inactive electrolyte solution. A more detailed dis-
cussion is given in Refs. [56.59].

According to the experimental data [27,28.55,56,59). at
the first approximation it can be supposed that the depen-
dence of on ihe chemical nature of ihe aliphatic
compound studied is weak and so the following values of
A0l have been used [27,28,55.56,59): /~A(NajSOj =
0.37; KAHjSO,)* 0.1; A~NaF) = 2.8 Thus.'ihe fol-
lowing corrections to ACp values have been made in kJ

* AA[L3]
. AE[5)
. AK[4]
0 ACA[6]
«AAM[7]
-10 0
catr / kJ mol'l
-10 0

A G °air/ kJ mol'l

Fig. 3. A(ACa ).AC;;T dependences of adsorption ol various aliphatic compounds at a PC-Bi electrode (a) (notation of compounds and relerenccs in the
figure). Common A(AG"),AG”r dependence of organic compound adsorption at a PC-Bi elcctrode (bl.
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mol AC'700-SM Nil,SO,) = 0.21: AC",(0.04M
Na,50j + 0.0IM H,$0j)=0.17; A(7~(0 IM NaF) =
160; ACHY,.(04M Nii, SOj + 0.1IM H,S04)=170;
AC“,(0.5M Na:SO,) = 2.10; A0™,(05M H ,S04) =0 57.

Comparison of the adsorption data lor AA, ACA and
AE from the solutions with different concentration and
chemical composition of various surface inactive elec-
trolytes on Hg and PC-Bi electrodes [1,2.8,27,28,56-63]
shows that the values of (40" AG",) can be established
with an accuracy of +0.3 kJ mol

24. (AG*“- AG*“/). AG"It plots for Hg and polycrys-
talline Bi electrode

Using the data of Refs. [1-7] the values of (4 Ca-
AC°)) = A(AC°) calculated by Egs. (6). (7), (19) and (20)

-30 -20

and Eq (21) have been used for constructing of the
A(A6'a). AC", dependences for polycrystalline Bi (PC-Bi)
and Hg electrodes (Figs. 3 and 4). As it can be seen on
Figs. 3 and 4. the different classes of aliphatic organic
compounds give different linear dependences with the
correlation coefficient varying from 0.938 for AA (PC-Bi)
to 0 999 for AAM (PC-Bi). At higher absolute values of
AO™, = const A(ACga) depends on the chemical nature of
the organic compound studied and the adsorption activity
of organic molecules at the PC-Bi-solution interface in-
creases in the order: AAM S AE < ACA < AK < AA and
at the Hg-solution interface in the order: AE < ACA <
AK < AA. This effect is usually explained by the weak
specific interaction between the functional group of the
adsorbate and the surface atoms of the electrode. But in the
case of adsorption of AAM, ACA, AK and AE on PC-Bi,

-10 0

AG°M/kJ mol'l

AG °ar/ kJ mol'l

Fig. 4. A(ACA).ACdr dependences of adsorption of various aliphatic compounds at a Hg clectrode (a) (notation of compounds and references in the

figure). Common A(/IC*

dependence of aliphatic compound adsorption at Hg (b).



Table |

Electric double layer and adsorption parameters For various electrodes

Electrode

PC-Bi

Hg

PC-Sh
PC-Sn
MOa)
PC-Pb
PC-Cd
ZMoooi)
PC-Zn
Oa

(ic'i, A-
- [

compound  JIC0 A" I7M>». H,0 -,I'ICI:i ho W (tVv) ax(v)
(ki mol'") +0.6 (kI mol“ 1) +0.6 (ki mol"1) £0.6  +0.25

AA (1.3) 29 2.4 2.4 4.40 0.070

AK|4) 2.2

AENI 3.0

ACA (6) 18

AA (8) 3.9 2.7 2.7 4.49

AA(91 2.9

AK (36) 2.6

AE [3437] 33

ACA 132.33) 31

AA [2) 23 - 2.3 4.55 0.020
AA (67) 2.9 - 2.9 4.42 0.125
AA (73) 2.8 - 2.8 4.12 0.095
AA (66) 3.4 - 3.4 421 0.130
AA (68-70) 3.7 B 3.7 4.22 0.260
AA 171.72) 3.9 - 3.9 490 0.960
AA [79) - - - 433 0450
AA (74) _ _ . 420 0.210
NCh, difference belween Ihc Cihbs energy of organic compound inleraclion with metal (/1C «,.

Ciibbs energy of water adsorption al metal, if 4C,,T A» 0

Wt: work function into UHV,
A X relative interfacial paramcler (21.77 -79]

zero

charge potential.

W ': electrochemical work function, obtained according to Refs. (21.77-79).

I X ': relative mterfacial parameter, obtained from electrochemical data according to Refs. (21.72—75].

/,,: thickness of inner layer in surface inactive electrolyte at "

L<V> £0.01
(SHE)

-0.38

-0.193

-0.395
-0.395
-0.650
-0 605
-0.735
-0.775
-0 795
-0690

sy W'ev) ax e(v) AX my)

(Eq. (24))
4.38

4.55
4.37
417
4.25
4.11
4.08
407

(Eq (25))

4.24
421
4.15

(Eq. (24))
0075

0020
0.085
0 150
0.170
0.16?
0 180
0.180

(Eq. (25))

0.320
0.325
0.160

/,- 1/4ncC,
(nm)

0.034

0.029

0035
0024
0014
0028
0040
0007
0.005
0006

A) and the Gibbs energy of water adsorption at the electrode surface (4C2, H,,)

AisiweyD B MAfRUEOIGAIF P [eunor /e B IS 3

102 v/
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this interaction very weakly depends on ihe length of the
hydrocarbon chain (except the niethanoic and ethanoic
acids [62)). as the values of the slope of the A(AO™). A<
dependence for these compounds are very close to unity
(from 0.996 to 1.003) Therefore the increase of the ad-
sorption activity of adsorbate at the K'-Bi -solution inter
face with increasing length of the hydrocarbon chain is
caused mainly by the increase of the adsorption activity of
the organic compound at the air solution interface. In the
case of AA adsorption, the slope of the A(AGa). AG,,
dependence is noticeably higher than unity (I 110). and so
the adsorption activity at the metal-electrolyie interface
increases faster than at ihe air-solution interlace. Probably
it is caused mainly by the weak specific interaction of the
AA functional group with the surface atoms of PC-Bi.
which increases when the vertical orientation of AA
molecules decreases with the lengthening of the AA hydro-
carbon chain. This conclusion is also valid in the case of
AA and ACA adsorption at the Hg electrode [8.18.19.64)
(Fig. 4). Adsorption behavior of AAM at PC-Bi and Hg
electrodes is somewhat different from other aliphatic com-
pounds studied as the slope of ihe A(AG*), AG*, depend-
ence is very slow in comparison wiih other compounds
(for PC-Bi the slope is equal to 0.632 and for Hg 0.622)
Accordingly the adsorption activity of AAM at the air-
solution interface with increasing length of hydrocarbon
radical increases faster than ai the metal-elecirolyie solu-
tion interface.

The values of (AGT* A- AG”,.H<0) have been ob-
tained by the extrapolation of the linear A(AG“). AG",
dependence to AG", -* 0. According to the data of Figs. 3
and 4. at AC“ =0 the dependence of A(AG*) on the
chemical nature of the adsorbate is very weak and at the
first approximation one can assume that AGbIA* const,
or the difference between AGDb,a values for various
aliphatic compounds does not exceed +0.6 k] moll
which is comparable with the lotal error of obtaining
A(AG*) values for ihe PC-Bi electrode (0.4 kJ mol 1
for the same metal). The values of (AGj,, _4- AGliu H.,,)
obtained by the extrapolation of the A(AG”). AG“r depen-
dence to AG* -»0 are presented in Table I. It must be
noted that the experimental adsorption data for various
organic compounds al PC-Bi can be described by a total
A(AG*), AG", dependence with a not very bad correlation
coefficient R- ~ 0.956 (Fig. 3b) As it can be seen, the
value of (AG",. n- AG".. obtained from this total
dependence very well corresponds with the values ob-
tained from A(AGa). AG", dependences for different
compounds (Table 1) The difference between the values
of (AG,f 4 - AGE ,, obtained by the extrapolation
of the A(AGa). AG],, dependence to AC", -* 0 for various
organic compounds adsorption on Hg does not exceed
+0.6 kI mol 1 which is of the same order as the total
experimental error of obtaining A(AGA) values. As in the
case of PC-Bi. the experimental adsorption data of various
aliphatic compounds ut Hg can be described by a tolal

39

AIAG™), AG.}, dependence with the correlation coefficient
K - 0.466 and the values of (AGj™. - AG'NJ ,, ,,) arc
presented in Table I According to the data of Fig. 4a. the
harmony of A(AG'V) values for AA adsorption on Hg
established in Rel's. (9.64) is good (A[A(AG"™)) ilik's not
exceed +0.7 kJ mol 1).

25. (JG™  JG",;;J. JG™, ploisjorad.uirptinti nfaliphatic
ulcohiilx ui lanous electrodes

The adsorption data for aliphatic alcohols at various
polycrystalline electrodes have been used to establish the
(AG'm, n- AC'“c_H,0" values for other "mercury-like"
metals, i.e. for PC-Pb (66); for PC-Sn [67): for PC'-Cd
[68 70); for Zn(0001) [71.72); for In(Ga) liquid alloy [73);
for Ga [74) and for Ag(l 11) [18,19,75). According lo ihe
data of Table I and Fig 5, ihe absolute value of (AGj~ A
- AG'm, h,0) (obtained by the extrapolation of ihe
A(AG”), AC", dependence to AC*, = 0) seems to increase
in the sequence of metals PC-Sb < Hg < PC-Bi < PC-Sn
< In(Ga) < PC-Pb < Ga < PC-Cd < Ag(111) < Zn(000l).
li must be noted that the position of PC-Pb, Ga and
Ag(111) would be seen as probable (but not conclusive)
because in the literature there are only a few data for

i=-10

Sb[2]

Bi[1,3)
Sn[67]
Hg[9,64)
In(Ga)[73)
Pb[66]
Ga[74]
Ag(111)[18,19)
Cd[68,69]
Zn(0001)(71]

& "g°R

-30 -20 -10 0

AG°m, 1 k] mol-

Fig. 5. 1(/1ICA).N0"", dependences of adsorption of aliphatic compounds
at v-irious liquid, polycrystalline and monocrystal line metals (notation of
elecirodo in the figure)
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Bi(111)
I 5 Bi(001)
Bi(011)
% .15
n-HEX
-25
-25 -15

AG°a,f/kJ moll

Fig. 6. M AGj 1AG;;, dependences of aliphatic alcohol adsorption at bismuth single crystal planes (notation of planes in the figure)

aliphatic alcohol adsorption at these metals (for n-pentanol
and n-hexanol at Ag(l 11) [18.19], for n-butanol and n-pen-
tanol at Ga [74] and PC-Pb [s6]) and for this reason the
extrapolation of the A(AG*). AC" dependence to ACR) =
o is impossible.

If we assume that, to the first (very rough) approxima-
tion, the meial-aliphatic alcohol specific interaction en-
ergy is metal independent and this interaction is very
weak, i.e ACM,,A* o . then the A(AG)J) values at AG",

Table 2

=0 would correspond to the Gibbs energy of water ad-
sorption at various electrodes [1-49,51-74]. According to
the data of Table I. the dependence of AG"C+ ,0 on the
chemical nature of the metal is very weak and only for
chemically very different metals (for example. PC-Sb or
PC-Bi and PC-Cd or Zn(000D) the difference in AG. ¢+ .0
values is noticeably higher than the total error in obtaining
A(OOp). The same order of the hydrophilicity of metals
has been established in Refs. [17-21.27.28.48-52]. At

Electric double layer and adsorption parameters for various single crystal plane electrodes

Electrode  Ref. ACN. A Arpme-n.o WEV) ax (V) £,.,.(V)
(kj mol 1) 0.5 +0.25 +0 01
(SHE)
Bid 1) 36 4.5 0.205 -9.410
BKOOI) (16.831 34 -0 340
BKOIl) 3.0 -0 335
BK2H) 31 - 0325
SWIII) - - - -0 215
SbtOOl)  (16.83) 47 0 140 -0 125
SbhtoU) - -0.145
SM2Ti) . - - 0095
Sn(00l) - -0 335
sn(ITo) (8L - - -0 375
SnuUI0) - - -0.385
PWIII) - - - 0625
PWIOO) [86.871 - - - - 0595
PbtllO) _ —05X5
PWI112) - - - - 0585
C<K0001> - -0.715
CdO0i0) (16.83) - - - - 0765
Cd(1120) v - -0 775
ZrrfOO0I) 39 4.9 0.960 -0.775
ZndoTo) (711 -0 865
M 1120) - 0875

v (V) OAT (V) X s (V)
(Eq (24))  (Eq (25)) (Eq. (24))  (Eq (25)) 1/4u<
(nm)
445 0.085 0.035
4.40 0.055 0031
441 0.050 0.033
442 0.045 0033
450 0.040 0038
457 0.005 0032
455 0.010 0.034
459 0.000 0035
44 0.060 0024
438 0075 0024
43" 0.078 0024
419 0.135 0.023
421 0.125 0029
422 0.120 0.029
422 0 120 0029
4i 0.155 0023
4.09 0170 0019
408 0.180 0018
40% 424 0 175 0.320 0.007
401 415 0.210 0 330 0003
4.00 413 0.215 0335 0002
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higher negative values of (<", (A6'*r< - 15 kJ mol 1)
ihe dependence of M AG") on the chemical nature ol the
metal is noticeable and the difference between the values
of O(A67) for different electrodes increases when the
adsorption activity (negative value of AC*“() of organic
compound increases This effect is mainly caused by the
fact that with decreasing of the molar volume of adsorbate
transformations in the adsorption layer structure (caused
by the adsorption ol surfactant) are not so noticeable, if the
adsorption ol large adsorbate molecules occurs. Therefore
the difference between adsorption properties of various
metals is smaller in comparison with the situation, if the
adsorption of large adsorbate molecules takes place.

At Fig 6. the A(ACp). AC/“T dependences for single
crystal bismuth electrodes are presented. According to the
data of Table 2. the adsorption energy of H20 increases in

ihe order of planes Bi(()I 1) < Bi(2l 1)« Bi((X)I)< Bi(111),
but the dependence of MAG™) on ihe reticular density of
planes is very weak. Only for planes having a different
electron configuration (10-17.54.76) the difference in
A0y, values is somewhai higher than the error in
obtaining the A(A4(7a) values. Comparison of ihe aliphatic
alcohol data for Bi(OIT). BK2TT). Bi(TQT). Bi(OOI) and
Bid 11) planes with the data for Ag( Il11). Ag(100).
Ag(110) (18.19.75] and for Zn«KK)l). zn(1010) and
Zn( 1120) [71] shows that the hydrophilicity ol the elec-
trodes increases in the presented order of planes

26. n,, JAG ~i and alAG'J,, >pirns

The slight dependence of A(4Ca) on the nature of the
organic compound studied at AC™'( = const may be caused

* Hg[9]
«Ga[74]

- Sn[67)

« Pb[66]
0Cd[68.69]
- Bi(1,3]

. In(Ga)[73]

02Zn(0001)[71]

-15

AG?air/ kJ mol-

. AA-BI[1,3]

. AA-Hg[9]

. AE-Bi[5]

a AE-Hg[61]

. AK-Bi[4]

0 AK-Hg[56,59,63]

. ACA-BI[6]

. ACA-Hg[60] |
« AAM-BI[1,3]

« AAm-Hg[53] !

AG-°af / kJ mol ’

Fig 7 Dependences ol (he limiting Gibbs adsorption (1Twx)on the Gibbs energy of adsorption at the air-solution interlace (4CA) for various organic

compounds at Bi and Hg electrodes (a) (notation ot compounds and electrodes in the figure).

various polycrvstalline electrodes (b) (notation of metals in the figure).

dependences of aliphatic alcohol adsorption at
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by ihe dependence of ihe limning surface concentration
FABL on the nature of the adsorbate [1—21,23—26). Ac-
cording to the data of IFig. 7. the dependence of f\ on
the chemical nature and geometrical structure of the adsor-
bate (hydrocarbon chain structure), as well as on the
chemical nature of the metal is very complicated. The
value of [Aufl> seems to decrease (except ACA, AK and
AAM on Hg; AE and ACA on Bi) if the negaiive value of
AG* increases. The value of /Amal seems to increase if
the hydrophilicity of the electrode metal increases. As
noted before, the influence of /'Ame( values on AC*
values will be discussed in the next paper.

According to the data of Fig. 8 the molecular interac-
tion parameter a nearly linearly depends on the iC “r or
(ACp - AG™,)) values (except AK on Hg) and increases

2.0

-20

when the adsorption activity of the organic compound at
ihe air-solution or at the metal-solution interlace in-
creases. The values of 4 depend on the chemical nature of
the electrode metal, as well as on the energetic homogene-
ity of the surface (1.8,21.461, and ai A0, s -20 Id
mol 1 a increases in the order of polycryslalline metals:
Sb < Bi < Cd 5 Sn < Pb < Zn((XX)I) < Hg. i.e. except Hg
and Cd. as [16'™ HnA, increases. The interaction parameter
a depends on the chemical nature of the aliphatic com-
pound studied (1-21.30-47) (on the structure of hydrocar-
bon chain and on the chemical nature and structure of the
functional group), and in the case of Hg and Bi electrodes.
a increases in the order of compounds AA < ACA <
AAM < AE < AK. But according lo the data of Refs.
(1-7.9-21.66-72] the value of a noticeably depends on

. AA-Hg[9]

. AE-Hg[61]

. AK-Hg(36,59,63]
. ACA-Hg[60]

« AAm-Hg[53]

. AA-Bi(1,3]

0 AE-Bi(5]

0 AK-Bi(4)

. ACA-Bi(6)

. AA-Sb(2]

-10 0

AG°ur /kdmol-

AG°ar/ ki mol

Fig. 8. Dependences of ihe molecular interaction parameter (i) on the Gibbs energy of organic compound adsorption at the air-solution interlace (iG |[()
for various aliphatic compounds at Bi and Hg electrodcs (a) (notation of compounds and metals in the figure). o(AG*“¥) dependences oi adsorption ol
aliphatic alcohols at various polycryslalline electrodes (bl (notation of metals in the figure)
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Ihe crystallographic structure «I" ihe electrode surface stud
ied and in the case of polycrysialline electrodes a more
detailed discussion is somewhat speculative.

2.7. The interfileml parameter X and the adsorption actit
ity of organic compounds at electrodes

If the potential of /ero charge is measured against a
given reference electrode, then the following dependence
is valid [77-83]:

£,., vs. ref= Wle + &M 4 &*sl + const. (22a)

where Wt is the electron work function in ultra high
vacuum (UHV); s *M expresses the perturbation of ihe
electron distribution in the thin surface layer at the metal -
electrolyte interface; *M is the surface potential of the
bare metal surface in UHV; 64", expresses the change in
orientation of the solvent at the metal-electrolyte phase
boundary ( x> < the surface potential at the free surface)
and the value of the constant depends on the reference
electrode used Since, the two perturbation terms (6* M
and s "W) are specific to the given interface and are
experimentally inseparable, they can be grouped into a
single quantity X, called the interfacial term [77-79]

£,_0 vs. ref = We + A + const (22b)

As the interfacial parameter X cannot be measured di-
rectly, usually the values of X have been obtained from
the linear dependence of IMC versus (SHE). If X
were metal independent and equal to the value for Hg, all
points should be on a straight line of the unit slope passing
through the point of Hg. The Wt(Ea. 0) dependence pre-
sented on Fig. 9 has been constructed using the values of

£,,_, published in Ref. [79] and the values of recom-
50
>Zn(0001)
46
an Pb
Ga
42 cd
In*
T
38
09 -0.7

mended in Ret [84]. The horizontal distance between a
given point for a metal M and the straight line of the unit
slope measures the difference between £,. ,, of the given
metal corresponding to the point and of the ""hypo-
thetical™ metal (lying on the line), with the same work
function as metal M. but with the same value of X as Hg
|7f>- 78] Thus, from Eq. (22b) and Fig. 9 we can obtain
the relative values of interfacial parameter [ X

AX = A (23)

which coincides with the relative change of Wt between
M and Hg upon the different adsorption of water. The
values of J1X obtained are reported in Table I If, to a first
approximation, we assume that 8 * M is metal independent
[77 -83]. then the hydrophilicity, i.e. the affinity of the
metal surface atoms for water molecules increases in the
order of the metals; Hg < Sb S Bi < In(Ga) < Sn < Pb <
Ga < Cd < Zn. It must be noted that the value of the
electronic work function W. noticeably depends on the
crystallographic orientation of the plane as well as on the
crystallographic surface structure of the electrode studied,
and therefore the surface pretreatment method used has a
very noticeable effect. In the case of polycrystalline elec-
trodes from metals with low melting point the accuracy of
obtaining W. values is of the order of +0.25 eV (some-
times +0.5 eV). The reproducibility of the £,,.,, values
for solid “ mercury-like' metals is noticeably better if
mainly two (or three) surface pretreatment methods have
been used. Electrochemically (sometimes chemically) pol-
ished polycrystalline Sn, Pb, Cd and Zn electrodes have
been used [65-72,79] for edl and adsorption studies, the
error in the £,,0 value is of the order of +10 mV.
Usually polycrystalline Sb and Bi solid drop electrodes

Sb(001)
Bi(l 11) sb
Sn «Bi Hg
-0.3 -0.1

£ 00/ V(SHE)

Fig. 9 Dependence of the electron work function (inio UHV). Wt. on ihe poien'ial of rero charge
| Straight line of the unit slope through the point for Hg

monocrystalline electrodes (notation of electrodes in ihe figure)

40

(SHE), for various polvcrystallme and
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wilh u remelied surface 1 an atmosphere of very pure
molccular hydrogen have been used lor edl and adsorption
studies 11-7]. In this case the error of establishing by IS
of the order of + 10 mV and for the value of ACT" for
organic compound adsorption of the order of *0.5 kJ
mol . Sometimes electrochemically polished polycrys-
talline Sb and Bi electrodes have been investigated. Com-
parison of \alues for polycryslalline Sb and Bi
electrodes, prepared by different methods, shows that the
error in is usually + 15 mV [1-7.82.83].

Fig. 10 shows A(AC”). AX plots for various aliphatic
alcohol adsorption on various polycryslalline sp-melals.
These plots can be considered linear and the adsorption
energy of aliphatic alcohol decreases in the order of the
metals: Sb > Hg > Bi > In(Ga) > Sn > Pb > Ag(l 11) >
Ga > Cd > Zn, if the water adsorption energy increases.
Similar trends have been reported for n-hexanol [19] and
for n-pentanol [18.21.78] But according to the data of Fig.
10, the dependence of A(40°) on AX decreases as the
adsorption activity of the aliphatic compound ai the air-
solution interface decreases. This result is in very good
accordance with the data of Fig. 5

In the literature there are no work function data on the
“mercury-like” low melting point sp-metal (Zn. Cd. Sn,
Pb) and sp-semimetal (Bi, Sb) single crystal plane elec-
trodes (except Zn(000l), Bi(lll) and Sb(001)). For that
reason the so-called electrochemical work function We*
values for monocrystalline and polycrystalline electrodes
have been calculated according to Trasatti's concept
[21,77-79]. The electrochemical work function for Sb. Bi.
Cd, Sn [85] and Pb [86.87] mono- and polycrystalline
electrodes have been obtained according to the equation:

| 33We* -6.20 (24)
§ -20
<l
-30
01 0.1

and lor Zn and Ga according to the equation:
m, ., -tV 501 (25)

The established values of W. lor polycrystalline and
monocrystalline electrodes are presented in fables | and 2
Comparison of W and W.* values for polycryslalline Sb.
Bi. Cd. Pb. Zn and liquid metal alloys In(Ga) and Ga
shows that the accordance is not very had and. to a first
approximation, it was assumed that the values of for
single crystal planes and Egs. (24) and (25) can be used for
obtaining the We’ values for single crystal plane elec-
trodes. The values of W." as well as lor Sb. Bi, Cd
and Zn planes (except Bi(111) and SW111)) increase with
the surface atom density of the planes, and this result is in
a good accordance with W data for Ag. Au and Cu
electrodes [76-79]. As seen from Fig. Il. the values of
W/ for single crystal Zn electrodes calculated according
to Eq. (25) do noi lie at the same straight line as for Sh. Bi,
Pb. Sn and Cd electrodes, and therefore Eq. (24) has
additionally been used for obtaining the W.* values for Zn
single crystal plane electrodes. Values obtained by using
Eq. (24) of We* lie at the common for all ‘mercury-like*
metals line and therefore these values have been used
additionally for obtaining the OA’’ values according to
Egs. (22b) and (23) and the method described before. The
established values of O X ' for single crystal planes are
presented in Table 2. As seen, the dependence of AX ' on
the crystallographic orientation of the plane is weak, but
\ X ' seems to increase with the decrease of the reticular
density of the planes. The obtained values of [ X ' have
been used for constructing the (A4G"™- AC",). A X ' de-
pendence for monocrysialline Sb. Cd, Zn [72], Pb [86,87]
and Sn [85] electrodes. Fig. 12 shows that the O(AC*K

Hg[9]
Hg[64]
Sb[2]
" B|[1.3]
1In(Ga)[73]
sn[67]
r Pb[66]
. Ga[74]
. Cd[68,69]
. Zn(0001)[71]

0.3 05
AX IV

Fig 10 Dependences of lhe difference A(AG™) for various alcohols on ihe relative value of ihe inierfacial parameter /1X of various metals The number
of each plot denoies the number of carbon atoms of the given aliphatic compound
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-1.0 -07 -0.4 -0.1
E..,0/V(SHE)
Fig. Il Dependence ol the electrochemical work function ' on lhe potential of zero charge £ , for various single cr\stiit and polycrystalline

electrodes: I. SM2TT): 2. SHOOK: 1. ShtOITI. 4. PC Sh (PC = polycrystalline): V Hg: 6. SM111> 7. B«2M>: 8. Bi(loT); 9. Bi(Oll): 10. Bi(00l); II.
Snd 10): 12. PCBi. IV Sn(ITo): 14. PC Sn: 14 Bid I1): 16. PM 110): 17. PW 100); 18. PC-Pb. 19. PK I11): 20. In(Ga): 21. Ga; 22. TKGa): 2J.C<XOOOlI).
24. PC-Cd: 25. CddOI0); 26'. CddIUO): 26". ZiHOOOI): 27. PC Zn: 28. Znt 10101: 24. Zn<1120): M). ZntOOOI): M PC Zn. 12. 7ndO10): W. Zn(l 120)
The values ol WF* 1-29 have been calculated according to Eq (24) and 30 -13 according to Eq. (25).

NX * plots for cyclohexanole adsorption at various metals
studied can be considered linear, and the adsorption energy
of cyclohexanole decreases when [ X ' increases. The
same tendency is valid for the other compounds adsorption
at Bi and Sb monocrvstalline electrodes Thus, the adsorp-
tion energy of water at single crystal plane electrodes
increases in the order of the metals: Sb < Bi < Sn < Pb <
Ag < Cd < Zn. but the difference between Sh. Bi, Sn [85]
and Pb [86.87]. as well as for Cd and Zn [71] is very small.
This result is in a very good accordance with the adsorp-

tion data of aliphatic alcohols al polycrystalline Sh, Bi, Sn
and Pb electrodes (Fig. 5 and Table 1). In the case of
single crystal Sh. Bi, Cd and Zn electrodes the metal-water
adsorption energy (except Bid 11) and Sb(l 11)) increases
as the interfacial density of planes decreases, i.e. increases
in the order of the electrodes: SW2TT) < Sb(00l) <
Sb(l 11) < Bi(OIT)_< Bi(21U < Bi(00l X Bid 11) <
Cd(0001)_< CddOIlO) < Cd(l 120) < Zn(0001) < Zn(lIO10)
< Zn(l 120). This result is in accordance with the conclu-
sions of Refs. [19.20.77.78] for Ag and Au electrodes.

5 i ~~ T pc |
«(001) J
1 L (100) 1
2 CH-Zn[71] !
g R -(on);
U 15 CH-Sb CH-Bi ~CH-Cd CH-Zn[71] tzl.llJl)) ;
CH-Hg
*CH-PH[86 87] -(110)]
o [ CHCA-Bi =(0001) j
CHN-Sb * CHN-Bi ° (1010)i
mCHCA-Sh BA-Bi -(1120)j
-25
-0 05 0 10 025
AX*' IV

I'ig 12 Dependences °l ihe difference /1 ( ) tor c>clohelanole (CH), cyUohexanone (CHN) and lor c\clohexane carbo\\ lie acid (CHC’A) adsorption
on (he relative value of interfacial parameter /1 .V lor Sb. Bi. Pb. Cd and Yj\ single :rvslal plane electrodes (Notation of planes and metals in the figure.>
I. values of U and 1 V «»blamed according to the I:q (24) jnd 2. according to Lq (2%)
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0.01 002

Ho[9]

Hg(64]

Sb[2]

Bi[1.3]
In(Ga)[73)
Sn[67]
Pb|66]
Ga(74]
1Cd[68,69)
Zn(0001)[71]

003 0.04 005

In/ nm

Fig. 13. Dependence d lhe difference A(4Cg) for adsorption of various aliphatic alcohols on the thickness of lhe inner layer /H (for ihe surface inactive
electrolyte solution al £,,.,,) for various metals. The number in each plot denotes the number ol carbon atoms of the given aliphatic alcohol.

The anomalous position of Sb(111) and Bi(111) planes
is probably caused by (he different semimetallic nature of
various Bi and Sb planes and their work functions include
a surface contribution from the space charges. As shown in
Refs. [82,83], the value of s *, depends noticeably on
the crystallographic orientation of Sb and Bi planes, and so
the simplification = const, is not a good approxima-
tion.

The established experimental order of hydrophilicity of
Cd and Zn planes is in accordance with the results of

0.01

quantum chemical calculations of H,0 adsorption at
Zn(0001). Zn( 10T0). Cd(0001) and Cd( foTo) clusters [36].
but the experimental order of the metals is in contradiction
with the theoretical predictions of these calculations. Com-
parison of aliphatic alcohol adsorption data for Bi and Zn
and Ag data shows that the hydrophilicity of metals in-
creases in the order Bi < Ag < Zn The direction of the
dependence of u. /1 X and A(7'*0 HQ on the reticular
density of Pb planes is a bit surprising, because the Pb
crystallizes in the same fee (face centered cubic) system as

002 003 004
In/ nm

Fig 14. Dependence of ihe difference M AC£ I ol cyLlohexunolc adsorption nn the thickness of inner layer /,, at a = 0 in a solution of surface inactive
electrolytes for various electrodes: 1. sm 111): 2 Bt(111): 3. SW277): 4. PC-Bi (14 = polycrystallme): 5. BATOI): 6. sn (x11L 7. Bit271): 8. BKOII): 9
BKOOI), 10.PMOOI): II. PN11(l): 12. Hg: I13.PC-Pb: 14. Sn((X>I>: 15. FW 111): 16. PC-Cd: 17.C<HOOOI>: IK.CdtluTO): 19. Cdl 1120): 2«. ZNMKX)!). 21.

ZirtloTo). 22. Znt 112(1)
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Au. Ag and Cu. and lor Ag and Au the waier adsorption
energy increases as ihe reticular density of planes de
creases 118.14,76-78]. But the dependence of W. and
E,',.n values on the reticular density of the Pb and Sn
surface is very weak and future experimental and theoreti-
cal simulation of edl and adsorption data are indispensable

At Figs 13 and 14 the dependences of A(AG") on ihe
inner layer thickness /H(/H—1/4 uTCH'". where '} s
the differential capacity of the inner layer at ie
A(ACH). /v plots arc presented. The values of CL| ™
presented in Refs (16.74,81-83] have been used. Accord-
ing u> the data of Figs. 13 and 14. at the first approxima
tion, these plots can be considered linear and the adsorp-
tion activity of organic compounds at the electrode-solu-
tion interlace decreases as the thickness of the double layer
decreases, i.e. as the hydrophilicity of the electrode in
creases. But the slope of 4 (4Cga). /H plots decreases if the
adsorption activity of the aliphatic alcohol at the air-solu-
tion interlace decreases. This result is in a very good
agreement with the data of Figs. I, S. 6 and 11. Data for
Bi(111) and SWIII) planes show a noticeable deviation
from the general plot which is mainly caused by the more
pronounced influence of the capacity of the metal phase of
these electrodes in comparison with other Bi and Sb single
crystal planes [16.83].

3. Conclusions

A systematic analysis of the influence of the chemical
nature of the electrode metal as well as of the hydrocarbon
chain structure and the functional group nature to the
adsorption characteristics of organic compounds at various
electrodes has been carried out. The ingredients of the
standard Gibbs energy of adsorption, such as Gibbs energy
of adsorption at the air-solution interface; the increase of
Gibbs energy of adsorption at the metal-electrolyte inter-
face caused by the addition of surface inactive electrolyte
to the solution; the metal-organic compound interaction
energy and the metal-water interaction energy have been
calculated li was found that the values of A(AG”) = AG"
- AG", (where AG” was obtained by using the general-
ized Frumkin isotherm and corresponding to the standard
state the unit mole fraction of the organic species in the
bulk of solution and monolayer coverage =1 of an
ideal noninteracting adsorbate) very weakly depend on the
chemical nature of the adsorbate: on the chemical proper-
ties of the functional group and on the structure of ihe
adsorbed layer. This effect was explained by the weak
dependence of A(AG”) on the value of I'gmjl. Systematic
analysis shows that the interaction energy of functional
groups > ('-(). -COOH. and -COOR with Bi. Cd. Sh.
He and other 'Hg-like” meials is very weak and is
practically independent of ihe length of the hydrocarbon
chain (except for HCOOH and CH,COOH) It was found
that (he standard Gibbs energy of adsorption of a neutral
organic compound which interacts weakly with metals can

4

also be used as a measure of their hydrophilicity. In the
case of higher aliphatic alcohols adsorption the more pro-
nounced interaction of the -OH group with the surface
atoms is possible [18,19]. But this interaction is very weak
in comparison with the interaction established in the case
of aromatic compounds studied [1.8.20].

The hydrophilicity of electrodes increases in the se-
quence of metals PC-Sb < PC'-Bi < Hg < In(Ga) < PC-Sn
< PC-Pb £ AgOIl) < Ga < PC-Cd < Zn(0CX)l). How-
ever, the dependence of A6’,,, on the chemical nature
of the metal is very weak, and only for the chemically
more different electrodes (for example PC-Sb and
Zn(O0O0I)) the difference in A6'( u.o values is notice-
ably higher than the total error of obtaining the A(AG*)
values. Approximately the same order of hydrophilicity of
the metal has been established in Refs. [7-21,27.28.77-83].
According to the data of cyclohexanol adsorption the
hydrophilicity of “mercury-like” and single crystal plane
electrodes increases in the order of Sb(011) < SWOOI) <
Sb(l 11) < Bi(OIT) < Bi(2H) < Bi(OOI) < Bi(111) <
Pb(l 11) < PbOOOhs; Pbl110) < Sn(l 10) < Cd(0001) <
CddOl0) < CtKI 120) < Zn(0001) < Zn(1010) < Zn(l 120)
i.e. with the decrease of the reticular density of planes,
except all Pb planes. Bi( 111) and SM 111) The anomalous
position of Bi(l 11) and SWI 11) is mainly caused by the
different electronic structure of this plane [10-17,43]. Ac-
cording to the data of aliphatic alcohol adsorption the
hydrophilicity of single crystal planes increases in the
order of Bi(OIT) < Bi(00l) < Bi(l 11) < Ag(l 11) <
Ag(I00) < Ag(l 10) < Zn(0001) < Zn(loTo) < Zn(l 120).

The hydrophilicity of electrodes has been tested using
the work function values W, in UHV as well as the
electrochemical work function values I1V/, obtained ac-
cording to Trasatti’s concept [77-80]. The established
relative values of the so-called interfacial parameter A X
4 X=(8*s+ 8*MHf - (b*, + &M)M) increase in the
order of the electrodes Hg < Sbh < Bi < In(Ga) < Sn < Pb
<Ga<Cd<Zn. Using the established AX values and
A(AG°) values for various aliphatic compounds for differ-
ent metals the A(ACpA). AX dependences have been con-
structed. At the first approximation these dependences can
be considered linear and A(AG”) decreases when the
value of AX increases. Bui the slope of A(AG”). AX
plots decreases if the adsorption activity of the organic
compound at the air-solution interface decreases and for
n-propanol the difference beiween A(AG*) values for
chemically very different metals (for example. Sb and
Zn(000l)) is only somewhat higher than the total error of
obtaining the A(A4Cpa) values. This result is in a very good
agreement with the data obtained from [A(ACp). AG”,
dependences.

As in the literature there are no work function data for
single crystal electrodes, prepared from “mercury-like”
metals with low melting point the electrochemical work
function values IV.” and corresponding AX “ values have
been obtained according to Trasatn’s concept [21.77-80]
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As found (he value of O X * increases in ihe order ol
SM2U) < SM(K)I) < SW 111) < Bi(0OM)< BK2M) <
BKOOI )< Bid 11) < Sn(00I) < PMII2)_< PWII(»<

Pbl (3> < PM 111) < Cd(OOOI) < Cd(I010) < Cd(1120) <
Ag{ 11J) < Ag(100) < Ag(l 10) < Zn(OOOI) < Zn(K)IO) <
Zn(1120) as ihe interfacial density of planes decreases,
except for single crystal Pb planes, Bi(111) and SW1I1)
Using the obtained [ X * values and the data of cyclohex-
anole adsorption at different single crystal electrodes the
A(A0's). AX' dependence has been constructed. As
found, at the first approximation the adsorption behavior of
cyclohexanole at Sb, Bi, Pb. Cd and Zn single crystal
plane electrodes can be described by a common linear
A(ACp). A X' dependence and accordingly the hydro-
philicity of single crystal plane electrodes increases in the
orderof Sh(21T) < SM00I) < Sb(l 11) < Bi(Ol I) <
Bi(211) < Bi(OOI) < Bi(111) < PMI 11) < PM 100) <

PM 110) < Cd(0001) < Cd(loTo) < Cd(1120) < Zn(000l)
< Zn(10To) < Zn(l 120). Thus, ihe two different approxi-
mations used in this work give practically the same order
of the hydrophilicity of the electrodes.

It must be noted that further extensive theoretical and
experimental investigations at the metal-UHV. metal-
solution and air-solution interfaces are inevitable to obtain
the correct quantitative C”~c_Hn values for single crys-
tal Sh. Pb, Sn, Cd, Ag, Zn(10IO) and Zn(l 120) electrodes.
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Abstract

Cyclic voltammetry. impedance and chronocoulometry have been employed for quantitative study ot n-propanol (u-PA) adsorption at
the bismuth single-crystal planelagueous Na,SOj solution interface. The adsorption characteristics of H-PA. obtained from the impedance
and chronocoulometric measurements, are in good agreement within the limits of surface charge densities - 16 < a < 10 /iC cm-3. The
adsorption characteristics (Gibbs energy of adsorption - AGj; limiting Gibbs adsorption | ; limiting potential shift of zero charge £N;
molecular interaction p?ramcter a, etc.) of n-PA depend on the crystallographic structure of the electrode surface. Comparison of the
adsorption parameters for n-PA, »-butanol In-BA), isobutanol (iso-BA), jei'-butanol (sft-BA), K-rz-butanol (/fri-BA), butylacetate
(BAC) and cyclohexanol (CH) shows that the adsorption activity and other parameters depend on the length and structure of hydrocarbon
radical of (he organic compound studied. The adsorption activity of n-PA rises in the order of Bi planes (111) < (001) < (OIT). The
difference between (he adsorption activities of various Bi planes decreases as the adsorption activity of the organic compound at the
metal Isolution interface decreases in the order of adsorbates BAC > CH > n-BA > n-PA.. The molecular interaction parameter a decreases
in order of planes (001) > (111) > (0iT) as the reticular density of planes increases, and in order of adsorbaies n-PA < n-BA < CH as the
molar volume of adsorbate rises. The limiting Gibbs adsorption increases in order of planes (OIT) < (111) < (001) as the superficial
densi(> of planes decreases. Very low 'rm and £N values for Bi(Oll) plane indicate that n-PA molecules probably have a flat
orientation on the chemically most active Bi(01l) single-crystal plane in the region of maximum adsorption. © 1997 Elsevier Science
S.A.

Keyuobl*: H-propanol adsorpuon: Impedance: Chronocoulomeiry

1 Introduction

This work is pari of a project devoted to the study of
the influence of the crystallographic structure of electrode
surfaces on the adsorption characteristics of neutral or-
ganic molecules at the Bilsolution interface [I -6]. Adsorp-
tion of various organic compounds ai the polycryslalline
bismuth and antimony solid drop electrode has been de-
scribed previously [7-9] The adsorption behaviour of
various aliphatic compounds with different geometrical
structures of the hydrocarbon radical, but with (he same
functional group (n-propanol (n-PA). (7-butanol (n-BA).
isobutanol (iso-BA). rfr/-butanol (ferr-BA). set-butanol
<.w-BA> and cyclohexanol (CH) [1.2,5]) at electrodes
with ihe same crystallographic structure of the surface

Corresponding author Tel + 372-7-465-165: lav + ?72 7-465 IM):
¢ mail: enn<p chem ut.ee.

0022*0728/97 /$17 00 i* 1997 Elsevier Science S.A. All rights reserved
PH S0022 0728(97)00317-3

under other identical conditions would provide further
useful information on the role of the hydrocarbon chain
structure of the adsorbate to the formation process of the
adsorbed layer and their molecular structure, i.e.. on the
orientation of adsorbed molecules and to the process of the
formation of the hydrogen bonds, between adsorbate-ad-
sorbate. H,0-adsorbate and H.0--H,0 molecules in the
inner layer region of the electric double layer (edl). In fact,
the chemical nature of the metal and the crystallographic
structure of the single-crystal-plane electrode is known to
affect the structuring of interfacial water molecules [1-28].
which has been studied extensively from both experimen-
tal and theoretical points of view. This is therefore used to
exert an indirect influence upon the adsorption behaviour
of the same aliphatic compound on different metals. Sys-
tematic adsorption measurements of /t-aliphatic alcohols
and their isomers from aqueous electrolyte solutions have
been carried out o:1 various sp-metals. such as Hg. Pb. Bi.
Cd. Sn. Sbh. Zn. Ag. In-Ga and Ga [1-20.22,24-28]. In
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general. ihesc measurements indicate lluit the adsorption ol
aliphatic compounds is weaker when the metal is more
hydrophilic. However, us found in Reis. [27.2Sj the differ-
ence between the adsorption activities of the same com-
pound at various metals depend on the adsorption activity
of adsorbate at the electrodelsolution interface, as well as
o11 the adsorption activity of the compound at the absolu-
tion interlace |2X], The difference between various metals
diminishes if the adsorption activity at the mctallsolution.
as well as at the absolution interface, decreases.

A further difficulty in comparing results from different
laboratories lies in the fact that different experimental
techniques arc often used. In the specific case of organic
adsoiption on single-crystal planes of various metals, there
are three main approaches: (a) static capacitance measure-
ments by means of a manually operated bridge: (b) dy-
namic capacitance measurements by means of a lock-in
amplifier: (c) charge measurements by potential steps
(chronocoulometry). Dynamic measurements are not usu-
ally considered an equilibrium approach in view of the
continuous potential scan, while full confidence is placed
on chronocoulometric experiments [5.6.12-15].

Therefore we have carried out systematic simultaneous
impedance (capacity bridge) and chronocoulometric inves-
tigations of the adsorption of various organic substances
on Bi single-crystal planes [5,6]. For a more profound
understanding of the importance of the crystallographic
structure of the electrode surface and the geometrical
structure of the hydrocarbon chain of the adsorbate in
adsorption phenomena, in the present work we have stud-
ied the adsorption of propanol (rc-PA) on singular Bi faces
(111). (001) and (OIT). The results obtained have been
compared with the data for butanol isomers Oi-BA. iso-BA.
.vec-BA and tert-BA), butylacetate (BAC) and CH adsorp-
tion at various electrodes.

2. Experimental

The experimental procedure used in this work has been
described in Refs. [1-6]. The crystallographic orientation
was determined by X-ray analysis, using a special crystal
holder and a goniometric head. The electrode was cut
along the chosen crystallographic orientation with the pre-
cision +0.3°. The isolation of the faces was carried out by
a thin polystyrene film (dissolved in toluene) covering the
pail of no interest, and then the sample was placed in a
Teflon holder. The surface was polished to a mirror finish
by using standard metallographic procedures. The final
surface preparation was obtained by electrochemical pol-
ishing in an aqueous KI + KCI solution. Thereafter the
second X-ray diagram was used to determine the precise
angle, and only the samples whose precision on the orien-
tation was better than +0.10° were used for electrochemi-
cal investigations. After the last stage of surface prepara-
tion (electrochcmical polishing), the electrodes were very

well rinsed with ultrapurified water and were polarised at
- 12 V vs. the saturated calomel electrode (SCE) in the
surface inactive electrolyte solutions.

For an additional characterisation of the working sur-
face of electrodes, electron microscopic analysis by JF.OL-
JSM-35CF at the SEI regime was made (40000 x maxi-
mum). According to these measurements, the electrochem-
ically polished surfaces of bismuth electrodes were smooth
(understandably, within the range of the sensitivity of
electron microscopy) [27].

2./. Sululions

The water for preparing the solutions was purified by
triple distillation (a quartz system was used for the last)
and purified additionally by using the special method
described in Refs. [1-6,27] Solutions were prepared volu-
metrically using Na,S04 purified by triple recrystalliza-
lion from water, followed by vacuum heating to dryness
Na:SOj was calcined at 700°C immediately prior to the
measurements. The change of the Na:SOj solution pH in
the range 4.0 to 6.0 was effected by the addition of a
calculated amount of H:S04 solution prepared from triply
distilled concentrated sulphuric acid. The solution pH was
determined with a pH-meter Electrolytic hydrogen was
bubbled for | to 2 h through the electrolyte before the
submersion of the electrode in the solution. The tempera-
ture was kept at 298 K and an aqueous SCE was used as
the reference electrode. The /i-propanol was purified ac-
cording to Ref. [29].

3. Results and discussion
3.1. Cyclic voltammograms ICV's)

The CV's were recorded in order to determine the
quality of the surfaces investigated and the potential range
in which the adsorption of »-PA occurred. The shape of
the CV recorded for the supporting electroly te was charac-
teristic of the bismuth single-crystal planes in accord with
our previous studies [1-6]. The cyclic voltammetry curves
also indicated that the bismuth single-crystal planes inves-
tigated are ideally polarizable in the potential range of
- 18 to -0.35 V (SCE) in aqueous 0.05 M Na:S04
solution. In aqueous 0.0499 M Na;S04+ 1x 10~J M
H,SOj solution, bismuth electrodes are ideally polarizable
in the range of —1.3 to -0.1 V (SCE).

3.2. Differential capacity <s. potential curies (C<E) cunest

The edl differential admittance was measured from 60
to 21 000 Hz. The capacity dispersion with frequency f is
very small in the proximity of the differential capacity
minimum (in the region of maximum adsorption), whereas
it increases somewhat in the region of the adsorption-de-
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sorption peaks, but this dependence is noticeably smaller
than for ii-BA, CH or for pyridine [5.6.30]. As shown in
Refs. [5,6.10,30-32], if the rate of the adsorption of the
organic compound is limited by diffusion, the equilibrium
values of the differential capacity al v =0 can usually be
found of a .sufficient degree of accuracy by extrapolation
of the Cw (wx/~) curve (w-lirv) to ui' *=0. In the
region of 60 Hz < v < 610 Hz. the u>")curves have
a good linearity and, accordingly, we can obtain the equi-
librium values of the differential capacity. According to
the method [5.6.10,27,30-33]. the equilibrium values of
the differential capacity can be calculated by Eq. (I):

Ckm(w = 0) = CAd( (0)/2'(«»)an2+ |

APy w} (%)

where Cm (w) and /?p(w) are the values of differential
capacity and solution resistance at w = constant.

The components of the adsorption impedance were
calculated from the impedance data of the cell used for the
measurements (series circuit), i.e., Cs(w) and $5(n>),
following the procedure described in Refs [5.6,10,30-34].
By extrapolating the As(w)-values to w * we deter-
mined the solution resistance Rs(u>)= RMI. Since the
amount of organic compounds added is small and does not
affect the solution resistance, one can assume to be
equal to the ohmic component Rs of the impedance in the
pure base electrolyte solution. Then the series equivalents
Rs(w) —/?7| and Cs(a*) of the impedance were converted
into the parallel equivalents CP+ Cle and Rr via the
relations given in Refs. [5,6.10,30-33]. The equilibrium
values of w = 0). calculated according to Eq. (1) (for
example for 1.0 M n-PA solution the values of Cw (w—0)
are 28+ 3; 33+ 3 and 35 +4 cm”: for Bi(OIT),
Bi(l I1) and Bi(001) planes, respectively) are in good
agreement with the values obtained from <0l/2) curves
(26 + 3; 35+ 3 and 38 + 4 /aF ¢ m 2. respectively).

For accurate determination of the precision of the exper-
imental data, a statistical analysis was carried out at v =
210 Hz [5,27]. The statistical analysis showed that in the
case of electrochemically polished single-crystal Bi elec-
trodes. the values of C. surface charge density a and the
decrease of the specific surface work (surface tension)
(¥~ In) can be determined sufficiently accurately by the
measuring procedure used, and the error of these parame-
ters is not greater than 59c. The values of the potential of
maximum adsorption £mjj and of the potential of the
adsorption-desorption maximum, Eni' . can be established
with accuracies of £25 mV and 5 mV. accordingly.

All the C(£) curves (i>=2\0 Hz) determined in the
presence of n-PA in the solutions investigated merge with
the curve for the supporting electrolyte at -1.8 V (SCE),
indicating that n-PA molecules are completely desorbed
from the bismuth surface at these negative potentials (Fig.

43

£ v*SCE/V
Fig. 1. Differential capacity vs. potential curves (v-210 Hz) for (I)
Bid 11) in 0.0} M N«,SO, and with addition of n-propanol: (2) 0.6 M;
(3) 1L.0M: (4) 15 M: (5) 20 M

1). Al less negative potentials, the C(£) curves display
characteristic adsorption-desorption peaks. The height of
the peak at £ < £,,_0 increases and its potential shifts in
the negative direction with increasing n-PA concentration.
The shape (the height and width) of (he adsorption-de-
sorption maximum at c,,t « constant depends on the crys-
tallography structure of the electrode surface. The width
decreases and the height of the peaks (at *» constant)
increases in the sequence of planes (OIT) < (111) £ (001)
as the reticular density of the planes decreases. Accord-
ingly, the attractive interaction between the adsorbed n-PA
molecules increases in the sequence of planes (011) <
(111)Z (001).

The height of peaks at caf = constant increases and the
width decreases in the sequence n-PA > tert-BA > sec-BA
> is0-BA > n-BA > BAC > CH (Fig. 2), which means that
at E<E, nD the attractive interaction between the ad-
sorbed aliphatic compound molecules increases in the se-
quence of adsorbates n-PA < terr-BA < sec-BA S iso-BA
< n-BA < CH as the molar volume of adsorbate increases
(except BAC). The adsorption-desorption maximum po-
tential in the relative scale £"“*—E,_0 at £<£,,.,,
(c,,f = constant) depends on the geometrical structure of
the adsorbate. and the adsorption activity of aliphatic
alcohols increases in the sequence n-PA <n-BA < CH.
The value of £m*- £,,_0depends on the crystallographic
structure of the electrode surface (Fig. 3); and the adsorp-
tion activity of the surface increases in the order of planes
(112) < (©O< (on).

Going further in the positive direction, the differential
capacity decreases to a value much smaller than that
observed for the pure base electrolyte, indicating that n-PA
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E vs.SCEIV
Fig. 2. Differential capacity vs. polential curves (*'=210 Hz) lor (1)
Bi(lll). Bi(OOl) and Bi(OM) planes in 0.05 M Na2S04 and wiih
addition of various alcohols (0.1 M): (2) /i-PA; (3) n-BA: (4) CH.

molecules are replacing water at the interface The limiting
capacity C, at £mex decreases in the sequence of planes
((]T)< (111) < (001). According to the Helmholtz equa-
tion for a parallel plate condenser C = e/4ird (e is the
macroscopic permittivity (dielectric constant) and d is the
thickness of adsorbed layer), there are two possibilities: (i)
the value of C, decreases if the amount of H,0 molecules
ai surface coverage B = 1in the adsorbed layer decreases
(e decreases): and (ii) C, decreases as the vertical orienta-
tion of molecules increases (d increases) in the order of
planes (OT). (I1'1) <(001). A more detailed discussion
will be given later.

The adsorption-desorption maxima at for
n-PA were found at £> -0.3 V (SCE) for all planes
investigated. Thus, the desorption of adsorbed ir-PA
molecules occurs at positively charged surfaces. At £ >
£, =n- lhe height of peaks in the C(£) curves decreases
and the width increases in the same order of planes as at
£ < E,,m0. Thus, at £ > £,,,0 a increases in the sequence
(OIT) < (111) < (001) as the reticular density of planes
decreases.

3J. Charge density-potential curies

The crO(£) curve for base electrolyte solution was
obtained by integration of the C(£) curve, extrapolated to
the condition v =0, starting from the potential of zero
charge (pzc) £,»,. The values of £,,0 for different Bi
singe-crvstal planes were obtained from the position of the
diffuse layer minimum on independently measured differ-
ential capacity curves for dilute solutions of the base
electrolvte [5.6,27,34]. The cr(£) curves for solutions with

different additions of adsorbate were obtained by back
integration of ihe C(£) curves (extrapolated to B>= 0).

starling from £ = - 18 V (SCF.) and assigning the value
of (r (E= - 18 V)equal to <, (E = -1.8 V), because
there is no adsorption at £ = - 1.8 V (SCE)

The <r(£) curves for different concentrations of n-PA
investigated intersect ihe <r,.£ curve obtained for the base
electrolyte, which is nearly linear in ihe region of £ <
E,=,. The potential at which the curves intersect is the
potential of maximum adsorption £,,.* As we can see
from Fig. 4, £,al is practically independent of cal4 and the
values of £lllax are equal to -0.90. —0.85 and —0.80 V
for the Bi(l I). Bi(00l) and Bi(OIT) planes, respectively.
The charge density <hil> al which the maximum adsorption
takes place depends slightly on the plane, and <mit de-
creases in the order (01T)> (001) > (111) (—4.0 + 0.5;
-5.0 £ 0.5and -5.5 £0.5 gC cm"2), The nearly linear
segments are observed on the a(E) curves around £ra>
By linear extrapolation of these fragments of the curve to
a = 0. one can determine the potential of zero charge
corresponding lo the surface covered by adsorbate
molecules. The difference between these experimental val-
ues and the value of £,=0 for ihe pure base electrolyte
solution is equal to the change in the surface potential due
to the displacement of a monolayer of water molecules by
a monolayer of adsorbate (£ N). The established values of
£n are presented in Table I.and we can see that the values
of £n increase in the sequence of Bi planes (011) < (001)
<(111). The same order of planes is valid for tert-BA.
pyridine (PY), n-BA. BAC and CH adsorption at Bi planes
[1,2,5,6,27,34]. With the help of the unrationalized
Helmholtz formula, £N can be expressed as

En=48TT, (U - WX )A %)

where Tax is the limiting surface excess of n-PA; /x‘rf
and /x“ are the components of the dipole moment normal
to the surface of the electrode for the organic compound
and H,0 molecules, respectively; n is the number of H ,0

(E~-E7ol'VISCE)

Fig. V Dependence of the difference between the potential of the
adsorption-desorption maximum and the /ero charge potential ETn' -
£f_o on I°g rai?

(2X001): (3) (111)

n-PA for various Bi single-crystal planes: (1) (011):
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E vs.SCE/V
Fig. 4. Charge densily vs. potential curves (obtained from chronocoulometry) for (I) Br01T) in 0.05 M Na,S04 and with addition of n-PA: (2)0.2 M: (3)

05 M.(4) 1.0 M; (5) 2.0 M

molecules, displaced by one adsorbed n-PA molecule; and
e is the permittivity of the inner layer The positive sign of
£n indicates that either (1) |y™*\>|n/t"l and u™* >0
(m= 8 0)or (2) |[/xwfl< Imjiw!and n"* <0 (ft** £ 0). In
the first case is positive which means that the
molecules of n-PA are oriented with the hydrocarbon
chain facing the Bi surface at Emi%. In the second case
/i-PA molecules may be oriented with the hydrocarbon tail
towards the electrode surface (n*t >0). as well as the
-OH group facing the electrode surface ( < 0). In
these two latter cases, the very large positive values of £N
would suggest a strong preferential orientation of H20
with oxygen atoms towards the electrode surface at ELLL
(not far from £,,.0) with /x* < 0- which for Bi planes is in
contradiction with the data of our previous work (I-
6.27.28,34]. As the maximum adsorption of it-PA takes
place at the negatively charged surfaces (from <,,~ -4.0
+0.5 to -5.5 +0.5 fiC cm ;). it seems that the first
possibility for Bid 11), BKOOI) and Bi(OIT) planes is more

Tabic |
Adsorption parameters of H-propanol al the various electrodes

Electrode

plausible. Thus, the effective dipole moment of the organic
molecules must be positive and in the region of £101, the
n-PA molecules on bismuth single-crystal planes are ori-
ented with the hydrocarbon radical facing the bismuth
surface and the functional -OH group facing the solution
side of the interface. The same conclusions are valid if the
adsoiption of aliphatic alcohols (C,H50H, fa-PA) takes
place at Hg and Zn single-crystal planes [8,10—12,20,35].
The noticeably lower value of Es for the Bi(Oll) plane
probably indicates that a more pronounced horizontal ori-
entation of n-PHOH at this chemically most active plane is
plausible. Accordingly, the increase of C, for (011) com-
pared with (001) and (111) is mainly caused by the
decrease of adsorption layer thickness for the (011) plane
According to the data of Table | and Refs. [1,2,5], £N
depends on the geometrical structure of the hydrocarbon
chains of adsorbate, and the effective dipole moment in-
creases in the order BAC < iso-BA < 5«>BA < /i-BA <
Wf-BA < n-PA Thus, at Bi(001) and Bid 11) planes the

“n o+ 01 C,t015 izs 1005 (10" X rm>>)+ 0.4 s« fi, + 0.20 - AC?+ 0.2
(nVem ‘1 tVISCE» (molcm '2) Inm:) (dmlimop 1) (kITol )
Bidlll 10] 5.05 0.54 51 032 1.65 112
BiHIOI) 0.X6 5.(X) 0.44 6.4 0.26 184 115
Buoin 065 540 0 >7 31 0.54 283 12.3
Hg [10,11] i 4.85 033 57 0.30 3.00 12.7

is the attraction interaction constant at Emty (impedance data)
C, is the limiting capacity (0 = I) at Emax (impedance data).
/:N is the limiting potential shill of
(tala).

* *be limiting Gibbs adsorption (chronocoulometry data)

, is Ihe limiting projected surface area at E,, 0 (vhromKoulomeiry data).
h,, i> the adsorption equilibrium constant at

neén is ihe Gibbs adsorption energy at

due to the displacement of the monolayer of H>0 by the monolayer of adsorbate molecules (chronocoulomein

(Frumkin isotherm; impedance data).

and at the standard state being the unit mole fraction of the organic species in the bulk of solution and

monolayer coverage (/*» | of the ideal noninteracting adsorbate (Frumkin isotherm; impedance data).
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/j-PA molcculcs would have more vertical orientation com-
pared with ihe //-BA. BAC. CH or iso-BA molecules
adsorbed

3-1 Piil’iuuil slep measurements

The values of ihe initial and final potentials for the
poteniial slep experiments were chosen with ihe help of
ihe C(£) and cyclic voltammelric j(E) curves The initial
poteniial £, was varied from -0.40 to - 1.80 V (SCE).
The final potential E, was equal to - 1.60 V (SCE) for
t<Qf < 0.01 M and - 1.80 V (SCE) for <,f>001 M. Its
value was chosen carefully in order to: (I) achieve the
complete desorption of n-PA; (2) keep the curreni of
hydrogen evolution small enough so that the faradaic
reaction would not interfere with the determination of the
electrode charge density (cr) [5.6,12-15,34].

The chronoamperometric curves were integrated digi-
tally to obtain the charge transients [5,6,12-15.34]. The
chronocoulometric curves display an initial fast-rising sec-
tion, corresponding to the charging of the edl followed by
a quasi-plateau in which ihe charge varies slowly and
linearly with time. The slope of this segment is small
(owing io a very slight hydrogen evolution reaction). In
this way. the faradaic contribution from hydrogen evolu-
tion was minimized. The relative charge densities [eT
were determined from these step measurements:

A<T( E) = <r(£,) —cr( Ef) (3a)

In Eq. (3a), cr(£,) and <r(£f) are the charge densities at
the metal side of the interface at potentials £, and £f,
respectively. Knowing the value of £,,_,,, determined by
impedance measurements [5,6,27,34], the absolute charge
densities were calculated for each value of £ by using the
formula

<T(E) = A<r(£) —pa cr( E7_0) (3b)

The precision of charge measurements is about 2 to 34c.
The shape of these curves is typical and all the curves
merge at - 1.8 V (SCE). Accordingly, a complete desorp-
tion of H-PA takes place at £ = - 1.8 V (SCE).

Starting from £ = - 1.8 V (SCE) and going in the
positive direction, a sharp rise in the charge density is
observed if n-PA is present in the bulk of the solution. The
increase in cr slows quickly, and the charge becomes
nearly linearly dependent on the potential. The a(E)
curves for different concentrations of /i-PA intersect the
rr,,(£) curve at the potential of maximum adsorption Emex.
Ai E = constant, the values of o are practically indepen-
dent of the direction of poteniial step measurements, which
means that the adsorption of n-PA is practically reversible.
The comparison of ihe cr.E plots from the impedance and
chronocoulometry measurements shows lhat the difference
between the values of cr, obtained by these methods, does
noi exceed +0.5 uC cm'2. A particularly good agree-
ment has been established at surface charge densities from

- 16 to 10 fiC cm where ihe analysis of ihe experi-
mental data of n-PA was carried out. Comparison of cr.E
curves, obtained from impedance and chronocoulometric
measurements for ;i-PA. ten-BA. /i-BA, CH and PY
[5.6.27,34]. shows that the difference between cr values in
the region - 16 < < 10 gC cm increases as (he ad-
sorption activity of ihe organic compound at the electrode
rises.

3.5. Specific surface work, amifilm pressure curves

The capacitance curves were twice back-integrated lo
obtain a specific surface work decrease (y —y,,) as a
function of £ and adsorbate concentration [5,6,12-
15.27,34]. The second integration was performed from the
same negative charge at first, assigning the value of zero to
the specific surface work al the pzc in the base solution.
Our data show a progressive decrease of the specific
surface work when ¢ increases. The shape of the (y —
y0),£ curve is typical for the adsorption of the organic
compound. A good accordance between (y —y0),E curves,
obtained from impedance and chronocoulometry measure-
ments, can be seen between - 12 and 6 pi cm-2, where
the thermodynamic analysis takes place. The adsorption
activity of bismuth electrodes increases in the sequence of
planes (111) < (001) < (011). According to Refs. [12-
15,22.35-39], the adsorption activity of aliphatic organic
compounds at 7.n. Ag and Au planes rises as the superfi-
cial density of the plane increases. The superficial density
of Bi planes increases in the order (001) < (111) < (Oil).
The anomalous position of the Bid 11) plane is evidently
determined by the competitive adsorption of water and the
organic substance, as well as by the crystallographic and
electronic structure of Bi electrodes. Just as in the case of
cyclohexanol [1,27.34], butanol isomers [5], PY [6] and
BAC [4] adsorption, the basal plane (111), where the
surface atoms are chemically saturated (electron configura-
tion sp’d2) [1-6.40]. has the lowest adsorption activity.
The most active one is the singular Bi(011), where unsatu-
rated covalent bonds are distributed uniformly over the
whole surface (s2p*).

The comparison of the tfE) curves obtained from
impedance and chronocoulometry measurements shows that
the departure from the equilibrium is probably very small
under the peak al negative rational potentials. Thus, ther-
modynamic analysis is still possible in the potential range
studied; however, ihe capacitance at the minimum of the
curves should be substantially reliable, since no noticeable
frequency effects are expected in that potential range. The
pressure of the film of adsorbate tr can be determined as

irCE) =yc.,,- x = fhrrdf - [tZ_IdE (4)

where subscripts ¢ and ¢ = 0 indicate the presence or
absence of the adsorbate in the bulk of the electrolyte
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E vs.SCE/V

Fig 5 Surface pressure '* potential curves M BK 111) (chronocoulomeiryl in 0.05 M Na; SOj aqueous solunon vuih .iddilion of n-PA: (1 )0.1 M: (2) 0.2

respectively [10.15]. The calculated ir(£) curves are plot-
ted in Fig. 5. For more concentrated solutions of H-PA
(t > 0.01 M), the curve displays a maximum, the potential
of which is practically independent of r  and this value
is in good agreement with the value of £nui for C(£)-
curves. The film pressure of the adsorbate increases in the
sequence of compounds H-PA < /m -BA < vei-BA < iso-
BA < h-BA < BAC and in the sequence of planes (111) z
(001) < (OIT) (Fig 6). Accordingly, the adsorption activity
of compounds and electrodes increases in the sequence of
adsorbates and planes presented.

.16. Gibbs excess-potential and Gibbs excess-log c,,Ir
curies

The film pressure data were used to calculate the rela-
tive Gibbs surface excess. First the film pressure was

plotted against log c at E = constant (Fig. 7). The
curves display a long linear section at higher ¢ and its
slope gives the limiting value of Mbk [10.15.36-39,41,42]:

r= R;‘I(\ din c) E2., ®)

The mole fraction on /i-PA never exceeds 2.5#. hence at
the first approximation it was assumed that the activity of
n-PA depends linearly on its concentration according to
Henry's law [8-15,38,41-44]. The values of ™ ob-
tained are presented in Table |. Calculated according to
the values of , the values of molecular surface area

corresponding to the area of one adsorbed molecule
at the maximum adsorption potential increase in
order of Bi planes (OIT) < (111) < (001). If the adsorbed
molecules of n-PA and /i-BA were oriented perpendicu-

E vs.SCE/V

Fig h Surface pressure vs. potential curves (chronocoulometry) for: Bi(OM). (1) and (4): Bi(00l). (2) and (5): Bitll ). (3) and (6) in 005 M Na,SOa
aqueous solution with addition nf n-PA: (1). (2). (3) 2.0 M and (4). (5). (6) 0.5 M.

44
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log (¢~ /mol dm 3)

Fig, 7 Surface pressure vs. log C curves (chronocoulomeiry) for the
Bi(OOI) plane ai different electrode potentials (mV), noted by numbers.

larly at the Bilelectrolyte interface, the values of Smjix
should be the same for n-PA and n-BA and would be
equal to S”'°ry~0.21 nm2 [8-15,24]. The same conclu-
sion would be valid, if the orientation of adsorbed
molecules is independent of the crystallographic structure
of the electrode surface. The lower experimental values of
Fml and the increase of the projected area 5mix can be
explained by more tilted orientation of adsorbate molecules
going from s-PA to n-BA, as well as from Bi(OOI) to
Bi(011). This conclusion is in good accordance with the
noticeable decrease of ENand a values in the sequence of
planes Bi(OOl) 2: Bi(ll 1) > Bi(011).

In the bent region of the 7r(In <¢) curves, the slope
changes noticeably and the error of differentiation of w(In

-1,8 -1,3 -0,8
E vs.SCE/V
Fig. 8 Gibbs excess vs. potential curves (chronocoulometry) for: BitOOI)
(1-8  Bid 11) (T-.V) and Bi(OIT) (I"—3") with different additions of
h-PA (M> 05 (1. I T): 10(2, 2. 2"): 200. 3.34

log (c I mol dm*3)

Fig. 9. The Gibbs excess vs. log ¢ curves (chronocoulometry) for Bi(001)
at differenl electrode potentials (mV), noted by numbers.

c) curves is large [15] and the related Gibbs excess values
for the intermediate coverages were determined from the
cr,£ curves using the well-known formula [10]

! i "bi \V »
r-o

The values of (ar - <r, ()) were obtained by the extrapo-
lation of the linear sections of the <r(E) curves. The shape
of the T'(E) curves for different c,,g (Fig. 8) and of the
r(log c) curves (Fig. 9) suggest that the relative maxi-
mum of the adsorption of n-PA on all the planes investi-
gated is reached at -0.9 V< E< - 12 V (SCE) and it
depends on the crystallographic structure of the Bi surface.
The values of T'TKl increase in the order of electrodes
(OT) < (1 11) < Hg < (001). These values are in good ac-
cordance with I'nu,, obtained from 7Tr(1n c) curves using
Eq. (5). and this indicates the absence of big systematic
errors in the data analysis. The slope of the '( £) curves
at the region of intermediate values of I (t*j = constant)
increases in the order of planes (011) < (111) < (001) and
in the order of adsorbates »-PA < ten-BA < H-BA < .w-
BA < iso-BA < CH as the attraction between the adsorbed
molecules rises.

3.7. Adsorption isotherms

The differential capacity C, at the coverage B = | was
obtained by extrapolating the 1/C vs. \/c,,s plots to
(lc,t) 0. The data taken at the maximum adsoiption
potential Emex lie satisfactorily on a straight line and
values of C, are presented in Table I.
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big. 10. Frumkin adsorption isotherm <i» = 210 Hii) for n-PA adsorption
on Bi single-crystal planes: (1) (OIT): (2) (001); (3) (!!!)

The surface coverage at £ = £,,uv was first estimated
from Eq, (7) based on Frumkin's two parallel condensers
model [8.10.11].

"=(Q-Q)/(cu-c,). (?
Thereafter, at the first approximation, the applicability of
the Frumkin adsorption isotherm

B

B,,.c = 1. exp( - 2aw0) ®)
for the interpretation of n-PA|Bi data was assumed. In Eq.
(8) Bmand umare the adsorption equilibrium constant and
molecular interaction parameter respectively, at £,,,,,. The
applicability of Eq. (8) was tested using the log[0/(l-
B)c].B plots. Fig. 10 shows that these plots have a good
linearity in the region of 0.1 < B <0.9 for all the faces
investigated. Thus, the slope gives the molecular interac-
tion parameter (-2 am) and the intercept provides the
adsorption equilibrium constant log Bm at £ne> accord-
ingly.

The adsorption isotherms at various < = constant were
calculated by the methods described in Refs. [10,12.15.38—
44]. The adsorption isotherms at a = constant show larger
deviations from the Frumkin isotherm behaviour than those
at £ = constant, where the deviations in the region -0.6
V< E< - 12V (SCE) are small. A more detailed discus-
sion will be given in a future paper

3.8. Gibbs adsorption energy-potential und lateral inter-
action- potential curi es

The energetics of n-PA adsorption are characterised by
the magnitude of the Gibbs energy of adsorption. Fig. 11
shows the ACpA(E) curves determined from the initial
slope of 7r(In XA) curves al E =constant, according to

Egs. (9) and (10), following Henry's lau isotherm
[8.10,15.36-39.41-44]

= Bac"/55.5 = RTImn X, 9)
NC{*= - RT In B, (10)

where An is the mole fraction of organic compound in
solution and SG" is the Gibbs adsorption energy. As is
shown in [15.36.37.41-44], the values of AC" obtained
according to Hgs (9) and (10) correspond to a similar
standard state as the Gibbs adsorption energy of the or-
ganic compound, obtained according to the Frumkin
isotherm (Eq. (8)). being the unit mole fraction of the
organic species XA in the bulk of solution and a mono-
layer coverage of the ideal noninteracting adsorbate at the
electrode surface. According to the data of Fig. II. the
06'a(£) curves display a parabolic behaviour. It must be
noted that the precision of AG” values obtained by this
method is improved by avoiding the differentiation of 7r(in
XA) plots as the values of Tn. obtained from the linear
part of the 7r(In c) plots are quite precise [15]. Thus, the
precision of the film pressure data must be very high in
order to obtain the precise values of AC". Therefore, in
addition to the previously described method, the ACp
values at zero coverage as a function of £ were obtained
by fitting the experimental isotherms at £ = constant to
the Frumkin isotherm [13.15]:

Kaexp 5 exp( -2 a0) (n

RT
where a is the Frumkin interaction parameter at E =
constant. The values of ACp and a were obtained from the
intercepts and slopes of the least-squares fittings to a
straight line of In[0/(I-O)c] vs. B plots al £= constant
over the range of B from 0.1 to 0.9. A good fit to Eq. (11)

-1.8 -1.3 -0,8
£ vs.SCE/V

f-ig 11 (nhh. adsorption energy vs poteniial curves lor n-PA. obtained
from chronivoulomeirv. lor Bi single-crystal planes: (1) (111); (" HOIV

ol (0il)
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E vs.SCE/V

Fig. 12. Attraction interaction constant vs. potential curves for <I) BK111Y.
(2) Bi(OOI): (3) Bi(OIT).

was achieved with ihe parameter a noticeably depending
on the electrode potential (Fig. 12). The accordance of the
ACph values of n-PA adsorption, obtained from »r(In c)
plots and the Frumkin isotherm, is good (the error of AC®
is 1.0 kI Tol 1), which indicates the absence of big
systematic errors in the daia established. The values of
AG", obtained from ir(In c) plots, are always somewhat
higher than those, obtained from the Frumkin isotherm.

The adsorption data of n-PA on the Bi single-crystal
planes are collated in Table I, which shows that the
adsorption activity of n-PA increases in the sequence of
planes (111) < (001) < (OIT). The surface activity of ad-
sorbates increases in the sequence n-PA < /er/-BA < sec-
BA < is0-BA < n-BA < BAC as the adsorption ai the
absolution interface increases.

The lateral interaction constants a are positive (Fig. 12
and Table 1) and the dependence of £ is approximately
parabolic. This result shows that the value of the projected
area of the organic compound at the electrode surface
decreases linearly as B increases. According to Fig. 12. the
attractive interaction at £,,,,, and at £rill increases in the
sequence of planes Bi(OIT) < Bi(00l) < Bi(Ill). The same
order of planes at £ra< was found in the case of adsorp-
tion of n-BA. w-BA. ten-BA. iso-BA. CH, BAC and PY
adsorption at Bi single-crystal electrodes [1-6.34]. In the
case of adsorption of organic compounds at the metal
surfaces from solution, the value of a can be expressed in
terms of different particle-particle interactions at the inter-
face [6,10.12-15.24.36-39]

2</= (2Z* A—ZA A-Zw *)/RT (12)

where Z, ( is the particle-particle interaction energy. W
stands for H;0 and A lor adsorbate. The positive values of
a mean that 2ZW n > ZA n+ ZWW. i.e.. the adsorbate-
adsorhate and water-water interactions are much more
attractive than the adsorbate-water interaction (Ztt x)
The same conclusions arc valid in the case of adsorption of
aliphatic alcohols at Hg. Ag(lll). AgOIO). Ag(l00).
Au(100). Au(ll0). AtKIII). Zn(OOOIl). Zn(loT()) and
ZrK2I 10) electrodes [S.10-15.20.35-39]. If we assume lo
the first approximation that the water-water interaction
energy at the same Bi single-crystal plane is independent
of the aliphatic compound studied (Zw w = constant) then
the positive values of a indicate that the A-A interactions
are stronger than the W -A interactions. The shorter alco-
hols are presumably better and more strongly solvated by
H3C molecules compared with longer alcohols. Thus, ihe
increase of a values in the order n-PA < ten-BA <n-BA
< sec-BA < iso-BA < CH can be explained by the in-
crease of A-A interaction energy in the order of com-
pounds presented, as well as by the decrease of W-A
interaction energy in the same order of adsorbates. How-
ever. the later effect seems to be small for the organic
compounds studied in this work.

3.9. Analysis of the adsorption-desorption peaks

If ihe Frumkin-Damaskin model [1-6.8.10,11] is ac-
cepted, further information on adsorption parameters can
be obtained from an analysis of the adsorption-desorption
peaks. The following analysis is not unquestionable per se.
First, frequency effects are included and the established
C~J'(ai = 0) values have been used: secondly, the validity
of the formulae entails in particular a congruence of
isotherms with respect to the potential and constants C,
and C,. However, the analysis is carried out in order to
compare the adsorption of the same compound at the
various planes of the same metal, using the same experi-
mental variable. Therefore, the relevance of the conclu-

-05 -0.1 0.3
log mol dn-r)

Fig LV
n-PA adsorplion-de>orpti<m peak.s lor Bi single-crystal plunes (1) (001>

<MD oHOT

*vs. log c plots (> = 0) al negative potentials ol
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sions reached with (lie aid ol ilic present analysis is
believed lo be incomesiable. Fig 14 shows that (he varia-
tion of (Cux- C,) ui gj=0 with log r (ati- >0.1
M) is linear for all the systems studied. The slope of the
plot in Fig. 13 is given by bq (13) [5.6.10.14.30]

d(C— -C0)/d logc4 =2.3(C,- C,)/(2- )
(13)

Since CO and C, are known independently, a value of
attraction interaction a"*' at £ = £nux can be obtained
from Eq. (13). The established values of ant%for the Bi
(001), (I11) and (010 planes are equal to |43, 1.45 and
1.40, respectively, and are in good agreement with the
values of «"* obtained from the width of the adsorption-
desorption peaks according to the analysis of refs.
[10,11,14]. The intercept of the plots in Fig. 13 is given by

intercept = slope(log Bm+ e* 72.3)
+(C, + C,)/2. (14)

Using the values of a™' obtained from Eg. (13). the
adsorption equilibrium constant Bm at £ng, can be ob-
tained from Eqg. (14). From the experimental data analo-
gous to Fig. 13, we obtained log Bm values for the
single-crystal Bi electrodes which are in agreement with
the values of log Bm obtained directly from adsorption
isotherms.

According to Frumkin's model, (E™' - £M,)J should

-0,6 -0,3 0 0,3
log (c*g / mol dm'3)

Fig. 14. (E"* - £1W1); vs log r plots at negative potentials of n-PA
adsorption-desorption peaks for Bi single-crystal planes (1) (OM); (2)
(111); (3X001)

45

be linearly related to log < with a slope given b\ Hg (15)
[10.11.14]:

d( €™ - £,,,):/d log f = 4.6 RTTmjJ ( C\ - C,)
(15)

Since C( and C, are known; 'rax can be estimated from
Eg. (15) Fig. 14 shows that the plots are satisfactorily
linear: ihe values of QX obtained for n-PA adsorption at
BKOOI). Bid I1) and Bi(ON) are equal to 6 35 X 10“™;
5.13 X 10~* and 3.08 X 10"10 mol cm 3. respectively.
Thus, the values of B 1, obtained on the basis of Eq. (14).
are in satisfactory agreement with the values obtained from
Figs. 9 and 10.

4. Conclusions

The adsorption behaviour of n-propanol at singular
Bi(l I1), Bi(001) and Bi(OIT) has been studied by cyclic
voltammetry. impedance and chronocoulometry methods
The results presented indicate that the adsorption parame-
ters of n-PA depend on the crystallographic structure of Bi
planes The adsorption parameters for n-PA derived from
the capacitance data (at - 16 < << 10 /aC cm :) are in
good accordance with the data from the chronocoulometric
measurements. However, the comparison of the impedance
and chronocoulometry data for u-PA, rm-BA, CH and PY
shows [5,6,27,34] that the difference between a values,
obtained by these two methods, increases when the adsorp-
tion activity of adsorbate at the Bi surface rises It was
found that the difference between the adsoiption activities
of various Bi planes increases in order of adsorbates
n-PA < tert-BA < jec-BA S iso-BA < n-BA < BAC as the
adsorption activity of the organic compound at the absolu-
tion interface, as well as at the Bilsolution interface rises

The values of the Gibbs energy of adsorption have been
obtained from the initial part of the 7r(In XA) curves, as
well as from the Frumkin isotherm. The difference be-
tween J1Cp values is not greater than + 1.0 kJ mol "1 The
adsorption activity of n-PA increases in the order of planes
Bi(l 11) < Bi(001) < Bi(OIT). The same order of Bi
single-crystal plane electrodes (Bid 11) < Bi(001) <
Bi(2H) < Bi(011)) has been established if the adsorption
of n-BA. iso-BA. sec-BA. rm-BA, CH, PY and BAC
occurs [1-6.34]. Thus, except Bi(lll), the adsorption ac-
tivity of the Bi planes rises as the superficial density of
planes increases in the order of planes Bi(001) < Bid 11)
< Bi(2TT) < Bi(OIT). The same tendency is valid for Ag
[13,15.22]. Au [15.22.36-39] and Zn [20,35] electrodes if
the adsorption of various aliphatic compounds occurs. The
anomalous position of Bi(l 11) is probably caused mainly
by the less active surface state of this chemically saturated
(electron configuration sp'd2 [40]) basal plane. The most
active one is the singular face Bi(OIT). where unsaturated
covalent bonds are distributed uniformly over the whole
surface The adsorption activity of n-PA at Bi(00I) is very
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closo to thal lor a polycrysialline bismuth solid drop
electrode (7], and (his result is in very good accordance
with the conclusions of Refs. [1-6.27.28.30.34]. where it
was found that the surface of the polycrystalline Bi elec-
trode mainly consists (from 50 to 70°X) of comparatively
large homogeneous surface areas (grains), the adsorption
characteristics of which are very close to the Bi(OOI) plane
characteristics. The comparison of the - AG" values of
/i PA and cyclohexanol adsorption at Bi. Hg and Zn
electrodes [1-6,10.11.20.35] shows that the hydrophilicity
of electrodes increases in the sequence BiCOl I) < Hg <
Bi(2IT) < Bi(OOl) < Bi(l 11) < ZMOOOI) ¥ ZndoTo) <
Zn(1120).

The positive values of the lateral interaction constant a
means that the surfactant-surfactant and water-water in-
teractions are much more attractive than the surfactant-
water interaction. Al negative surface charge densities, the
molecular interaction parameter a decreases in the se-
quence of planes (001) 2 (111) > (OIT) as the superficial
density of planes increases and the limiting Gibbs adsorp-
tion decreases. The dependence of a on £ is approxi-
mately parabolic and this result shows that the value of the
projected area of the organic compound at the electrode
surface linearly decreases as the surface coverage in-
creases. The value of a increases in the order Bi(OIT) <
Bid 11) < Hg < Bi(001) < Zn(0001) [10,11,20] as the
value of and the hydrophilicity of electrodes in-
creases. The stronger water adsorption causes a more
vertical orientation of adsorbate molecules, and the in-
crease of £n values. The value of a increases in the order
of adsorbates n-PA < lert-BA < n-BA s jec-BA 5 iso-BA
< CH as the molar volume of the adsorbate increases
(except BAC). The lower value of a for n-BA than for
j€c-BA and iso-BA probably indicates that the hydrocar-
bon tail in the adsorption layer is not linear or the n-BA
molecules would have the more tilted orientation.

The limiting Gibbs adsorption increases in the
order of electrodes Bi(011) < Bid 11) < Bi(00l) as the
superficial density of planes decreases. The projected area
i'mj, decreases and IT,, increases in the order n-BA < n-
PA. The decreases of and of the limiting potential
shift En values and the increase of Smix as the number of
carbon atoms in the aliphatic alcohol molecule increases,
can be explained by an increasingly tilted orientation of
«-BA molecules compared with n-PA at the single-crystal
Bi(OOIl) and Bi(l I1) planes, as well as at Hg [10-12]
electrodes. Very low values of a4 and the £N values for
Bi(OIT) indicate that the n-PA molecules probably havea
flat orientation on the chemically most active Bi(01l)
plane
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Abstract

Cyclic voltammetry, impedance and chronocoulometry have been employed for
guantitative study of 1-hexanol (n-HA) adsorption at the bismuth single crystal
plane laqueous Na2S04 solution interface. The adsorption characteristics obtained
from the impedance and chronocoulometric measurements are in reasonable agree-
ment within the limits of surface charge densities -18 < a < 5 [JCcm-2. The adsorp-

tion isotherms, Gibbs energies of adsorption [ , the limiting surface excess

and other adsorption parameters, dependent on the crystallographic structure of
electrodes, have been determined. The adsorption of «-HA on Bi single crystal
planes is mainly physical and is limited by the rate of diffusion of organic mole-
cules to the electrode surface. Comparison of the adsorption data for n-HA with
normal propanol (n-PA), normal butanol (1-BA), butyl acetate (BAC), cyclo-
hexanone (CHN), cyclohexane carboxylic acid (CHCA) and cyclohexanol (CH)
shows that the adsorption characteristics depend on the structure of hydrocarbon
radical, as well as on the chemical nature of functional group of adsorbate. The ad-
sorption activity of adsorbates at bismuth Isolution interface increases in the se-
quence n-PA < n-BA < CH < CHCA < CHN < BAC < n-HA as the adsorption at
the air Isolution interface increases, except CHCA. In the case of all compounds
studied, the adsorption activity increases in the sequence of planes (111) < (001) <
(011 ). According to the values of the standard Gibbs energy of adsorption it was
established that the hydrophilicity of electrodes increases in the sequence
Sb(21T ) <Sb(001) < Sb(l 11) <_Bi(0IT) < Bi(21T) < Bi(ToT) < Hg < Bi(001) <
Bi(l 11) < Cd(0001) < Cd(K)TO) < Cd(l 120) < Ag(l 11) < Ag(100)< Ga<
Ag(110) < Zn(0001) < Zn(10TO) < Zn( 1120).

1. Introduction

This work is a part of the project devoted to the study of the influence of the crys-
tallographic structure of bismuth on the adsorption of neutral organic molecules at
the Bi Isolution interface [1-8]. Adsorption of various organic compounds at the
polycrystalline bismuth solid drop electrode (BDE) has been described previously
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[9-14]. The statistical treatment of the electron diffraction studies and capacity data
shows that the surface of the BDE consists mainly (ca 60%) of homogeneous seg-
ments whose crystallographic, double layer and adsorption characteristics are simi-
lar to those for the (001) plane of bismuth [9, 15].

The electrosorption behaviour of the same aliphatic compounds from electrolyte
solutions on different metals under the other identical conditions may provide fur-
ther useful information on the role played by metal-water and water-water interac-
tions upon electrosorption [1-24]. In fact, the chemical nature and crystallographic
structure of the single crystal plane electrode is known to affect the structuring of
interfacial water molecules; which has been studied extensively from both experi-
mental and theoretical points of view [1-8, 16-28]. Systematic adsorption mea-
surements of n-aliphatic alcohols and their isomers from aqueous electrolyte solu-
tions have been carried out on various sp-metals, such as Hg, Pb, Bi, Cd, Sn, Sb,
Zn, In-Ga and Ga [9-14, 18-24, 29-39]. In general, these measurements indicate
that the adsorption of aliphatic compounds is weaker the more hydrophilic is the
metal. Comparison of the adsorption data of n-PA, n-BA, CH, CHN, CHCA and
BAC shows that the difference of the adsorption parameters for various planes in-
creases as the adsorption activity of adsorbate at the air | solution, as well as at the
electrode |electrolyte solution interface rises [6, 35, 36, 40-42]. This is mainly
caused by the fact that with decreasing the molar volume of adsorbate the transfor-
mations in the adsorption layer structure, caused by the adsorption of one surfactant
molecule, decrease in comparison with the situation when the adsorption of very
large particles takes place. The adsorption investigation of various butanol iso-
mers [5] shows that the adsorption parameters depend on the geometrical structure
of hydrocarbon tail of adsorbate, and thus the comparison of adsorption behaviour
of n-HA with CH would provide more information on the influence of the hydro-
carbon chain structure on the adsorption process and about the attractive interac-
tions in the adsorbed layer. However, a further difficulty in comparison the results
from different laboratories lies in the fact that different experimental techniques are
often used [18-21].

Therefore we have carried out systematic simultaneous impedance (capacity
bridge) and chronocoulometric investigations of the adsorption of various organic
substances on Bi single crystal planes. For a more profound understanding of the
importance of the crystallographic structure of the electrode surface and the geo-
metrical structure of the hydrocarbon chains of adsorbate in adsorption phenomena,
in the present work we investigated the adsorption of normal hexanol (n-HA) on
singular (111), (001) and (OIT) faces of bismuth and compared the established
results with the adsorption data of various organic compounds on Bi planes [1-8].

2. Experimental

The experimental procedure used in this work has been described in Refs. [1-8].
The final surface preparation was obtained by electrochemical polishing in the
aqueous Kl + HC1 solution. Thereafter, the second X-ray diagram was used to de-
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termine the precise angle, and only the samples whose precision on the orientation
was better than +0.10° were used for electrochemical investigations. After the
electrochemical polishing, the electrodes were very well rinsed with ultra purified
water and were polarised at -1.0 V vs. a saturated calomel electrode (SCE) in the
working surface-inactive solution.

For an additional characterisation of the working surface of electrodes, electron
microscopic analysis by JEOL-JSM-35CF at the SEI regime was made
(40000 x max.). According to these measurements, the electrochemically polished
surfaces of bismuth electrodes were smooth (naturally within the range of the sensi-
tivity of electron microscopy) [7].

Water for preparing the solutions was treated with the Milli Q+ purification
system. Solutions were prepared volumetrically using Na2S04 purified by triple
recrystallization from water, and treated in vacuum to dryness. Na2S04 was cal-
cined at 700°C immediately prior to the measurements. The change of the Na2S04
solution pH in the range 4.0 to 6.0 was effected by the addition of a calculated
amount of H2504 solution prepared from triply distilled concentrated sulphuric
acid. Electrolytic hydrogen was bubbled for 1-2 hours through the electrolyte be-
fore the submersion of the electrode into the solution and the temperature was kept
at 298 K. (normal hexanol) was purified according to Ref. [43].

3. Results and discussion

3.1. Cyclic voltammograms (CVs)

The CVs were recorded in order to determine the quality of the surfaces investi-
gated and the potential range in which the adsorption of n-HA occurred. The shape
of the CV recorded for the supporting electrolyte was characteristic of the bismuth
single crystal planes in accordance with our previous studies [1-8]. The cyclic volt-
ammetry curves also indicate that the bismuth single crystal planes investigated are
ideally polarizable in the potential range of -1.8 to -0.35 V (SCE) in aqueous
0.05 M Na2504 solution. In aqueous 4.99x10~2M Na2S04 + 1x10™* M H25 04 solu-
tion, bismuth electrodes are ideally polarizable in the range of -1.3 to -0.1 V
(SCE).

3.2. Differential capacity Vvs. potential curves (C(E)-curves)

The edl differential admittance was measured at ac frequency v from 60 to
21000 Hz. The capacity dispersion with v is small in the proximity of the differen-
tial capacity minimum (in the region of maximum adsorption), whereas it increases
noticeably in the region of the adsorption-desorption peaks. Comparison of the
(CI™ - C0) vs. (O2curves (CT™ — differential capacity at the potential of adsorp-
tion-desorption maximum Em\ CO— differential capacity at in the base electro-
lyte; — co= 2nv) for n-PA, n-BA, CH, n-HA, BAC and pyridine (PY) shows that
this dependence increases in the presented order of compounds as the adsorption
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activity at the air | solution or at the metal | solution interface rises, thus as the mo-
lecular weight and the molar volume of the adsorbate increases, except PY. The
anomalous position of PY is probably caused by the weak chemical interaction of
this compound with the Bi electrode surface [8]. The same conclusion is valid if the
adsorption of PY at Ag and Au single crystal planes occurs [20, 45, 46]. As shown
in Refs. [23, 47], if the rate of the adsorption of organic compounds is limited by
diffusion, the equilibrium values of differential capacity at v =0 can usually be
found with a sufficient degree of accuracy by extrapolation of the Catd(«l/2)-curve
to 10”2 =0. According to the experimental results, in the region of 60 < v <410 Hz,
the Cadift)m)—curves have & good linearity and, accordingly, we can obtain the
equilibrium values of differential capacity.

According to the method described in Refs. [23, 4779], the equilibrium values
of differential capacity can be calculated by Eq. (1)

Q(e>=0) = Qd(WAA R+ 1" G/ FHOW ©
where Calia>) and Rp(to) are the values of differential (additional) capacity and
parallel resistance at to = const. The components of the adsorption impedance were
calculated from the impedance data of the cell used for the measurements (series
circuit), i.e. Cs(co) and Rs(co), following the procedure described in Refs. [23, 47-
49]. By extrapolating the Rs(ca)- values to (00— the solution resistance
Rs(co) = Rso\ was determined. Since the amount of organic compounds added is
small and does not affect the solution resistance, one can assume /?d to be equal to
the ohmic component Rs of the impedance in the pure base electrolyte solution. The
values of Rs0\ and Rs obtained in this work are in good agreement with the data of
Refs. [5, 50]. Then the series equivalents Rs(co) - R& and Cs(co) of impedance were
converted into the parallel equivalents Cp + Qrie and R? using the relations given in
Refs. [23, 47-49].

The equilibrium values of Cadd(<w=0) for 0.04 M n-HA + 0.05 M Na2504 sys-
tem, calculated by Eq. (1), at ZMare 77-82 [jF cm-2, 74-79 cm-2 and 71-
77 jF cm-2 for Bi(001); Bi(lll) and Bi(OIT) respectively. These values are in
good agreement with the values obtained from Cat{<w’*)-curves at the condition
a/2=0 (76 £5.0 fxFcm-2 for Bi(111); 76 £5.0 |iFcm-2 for Bi(001) and
73 £ 6.0 |lIF cm-2 for Bi(Oil)).

All the C(E)-curves (a) = 0) determined in the presence of n-HA in the solutions
investigated merge with the curve for the supporting electrolyte at -1.8 V (SCE)
(Fig. 1), indicating that n-HA molecules are completely desorbed from the bismuth
surface at these negative potentials. At less negative potentials the C(E>curves dis-
play the characteristic adsorption-desorption peaks. The height of the peak in-
creases and its potential shifts to the negative direction with increasing n-HA con-
centration. As we can see from Fig. 1and Fig. 2, the shape (the height and width) of
the adsorption-desorption maximum at cag= const, depends on the geometrical
structure of the adsorbate hydrocarbon chains and at E < £ 0=0 the attractive interac-
tion between the adsorbed molecules increases in the sequence n-PA < n-BA <
n-HA < BAC < CH. The potential of the adsorption-desorption maximum Em at
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E < E&0 ("org = const.) depends on the geometrical structure of the adsorbate, and
the adsorption activity of adsorbates increases in the sequence of n-PA to n-HA
(Fig. 3). The height and potential of the adsorption-desorption peaks depend on the
geometrical structure of the electrode surface and this dependence is more pro-
nounced for CH in comparison with n-PA adsorption at Bi planes (Fig. 4). Ac-
cording to the experimental data these maxima increase in height in the sequence of
faces (011 )< (111)< (001). Accordingly, the attractive interaction constant am at
peak potentials E™increases as the superficial density of atoms decreases. The same
tendency is valid for n-PA, n-BA, CH, CHE, CHCA and PY adsorption at the Bi
single crystal plane electrodes [1-8].

At E ~ Ea= the differential capacity decreases to a value much smaller than that
observed for the pure base electrolyte. The potentials of capacity minimum of the
C(E)~curves £mex are independent of the concentration of adsorbate indicating that
the orientation of adsorbed n-HA molecules is practically independent of the sur-
face coverage B in the region of maximum adsorption. The values of the limiting
capacity C\ at the surface coverage 0=1 atE = E ~, obtained by the extrapolation
of the linear dependence of 1/C on I/cagto l/cag=0 (cag— concentration of or-
ganic compound in solution), increase in order of planes (001) < (111) < (011)
(Table 1). According to the Helmoltz equation for the plate condenser C = £ /41td,

(where £ is the dielectric permittivity of the adsorbed layer, and d is the thickness of
the adsorbed layer) the decrease of C\ can be explained by the decrease of £ caused
by the increase of the amount of organic compound in the adsorbed layer, as well as
by the increase of the adsorbed layer thickness, which may be caused by the more
vertical orientation of the adsorbed molecules. The same order of the dependence of
Ci on the crystallographic structure of the electrode surface is valid for n-PA, n-BA,
CH and BAC adsorption at Bi electrodes. A more detailed discussion will be given
late.

The adsorption-desorption maxima at is'"1> Ea=o for n-HA were found at -0.3 <
E <-0.05 V (SCE). For more concentrated solutions of n-HA (cag> 0.035 M), the
peaks lie at very positive potentials (E > -0.15 V (SCE)) and are probably distorted
by a slight specific adsorption of anions [2-6]; therefore, they were not used for the
calculation of adsorption parameters. As in the region of potentialst < E ~, the
height of peaks at E™> Ea=o increase in the order of planes (011) < (111) < (001),
but the maxima at Em> E ~ are noticeably narrower than those at E < E~. Thus,
the attractive interaction at E > E ~ is somewhat higher than that for negatively
charged surface.

3.3. Charge density-potential curves

The charge density-potential <7o(£)-curve for base electrolyte solution was obtained
by the integration of the C(£)-curve (to=0), starting from the potential of zero
charge Ea=0. The values of Eo=0 for different Bi singe crystal planes were obtained
from the position of the diffuse layer minimum on independently measured differ-
ential capacity curves for a dilute solutions of the base electrolyte. The established
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values of E ~ were in good agreement with our previous data [5-7, 28, 50]. The
charge density-potential curves for solutions with different additions of adsorbate
were obtained by back integration of the C(E)~curves (co= 0), starting from
E=-1.8 V (SCE) and assigning the value of <(E=-1.8 V) equal to a0 (E - -1.8 V),
because there is no adsorption at £=-1.8 V (SCE). The shape of a(ZT)-curves is
typical observed for the adsorption of neutral organic molecules at ideally polariz-
able electrodes [2-8] (Fig. 5) and will be discussed later.

The values of the initial and final potentials for the potential step experiments
were chosen with the help of the C(E)- and cyclic voltammetric /(E>curves. The
initial potential E\ was varied from -0.40 to -1.80 V (SCE). The final potential Ef
was equal to -1.60V (SCE) for corg<0.0056 M and -1.80V (SCE) for
corg> 0.005 M. This value was chosen carefully in order to: (1) achieve the com-
plete desorption of n-HA, (2) keep the current of hydrogen evolution small enough
so that the faradaic reaction would not interfere with the determination of the elec-
trode charge density (a) [5, 8, 18-21, 29, 45, 46]. Five series of step experiments
were made for n-HA concentrations from 2x1 04 to 4x10~2 M.

The chronoamperometric curves were integrated digitally to obtain the charge

transients [8, 18-21, 29, 45, 46]. The chronocoulometric curves display an initial
fast-rising section, corresponding to the charging of the edl followed by a quasi-
plateau in which the charge varies slowly and linearly with time. The slope of this
segment is small (owing to a very slight hydrogen evolution reaction), but it is
smaller than this for n-PA or n-BA, and thus, the adsorption of n-HA causes the rise
of the hydrogen evolution overpotential. These linear segments of the transients
were extrapolated to zero time to obtain the relative charge densities Act In this
way, the faradaic contribution from hydrogen evolution was minimised. The rela-
tive charge densities J<rwere determined from these step measurements:
Ao(E) = 0iEi)-0{Ef) (2a)
In Eq. (2a) cr(£]) and o(Ef) are the charge densities at the metal side of the interface
at potentials E\ and Ef respectively. Knowing the value of E~q, determined by im-
pedance measurements in the dilute solutions of base electrolyte [5, 50], the abso-
lute charge densities for surface inactive electrolyte solution were calculated for
each value of E by using the formula

(5(E) - A(5(E) - A<5(Ea=0) (2b)

The absolute charge densities for solutions with addition of n-HA were calculated
according to the Eq. 2c
o(E) = (M(E = -1.8 V (SCE)) - Ao(E) (2c)
were Oo(E = -1.8 V (SCE)) is the surface charge density obtained for the base elec-
trolyte solution at £ =-1.8 V (SCE), as there is no adsorption of n-HA at this po-
tential. The precision of charge measurements is about 2-3%.

The cs(E)-curves for different concentrations of n-HA investigated intersect the

curve obtained for the base electrolyte (Fig. 5). The comparison of the charge-
potential data for the capacitance and potential step measurements shows that the



difference between the values of a, obtained by these different methods, does not
exceed +0.75 RC cm > which is only slightly higher than the experimental error of
the obtaining of crvalues. The small deviation of cr.Zs-curves, obtained from imped-
ance, from the chronocoulometric (T,E-curves indicate that in spite of the extrapola-
tion of C,E-curves to «=0 these curves are non-equilibrial. Comparison of the
charge— potential data for n-PA, n-BA, tert-BA, CH, n-HA and PY [6-8, 50]
shows that the difference between cj values obtained by these methods increases in
the sequence of adsorbates n-PA < n-BA < tert-BA < CH < n-HA < PY as the ad-
sorption activity of organic compound at the electrode rises. Therefore, the quanti-
tative data, presented in this work, are mainly obtained from the chronocoulometric
measurements. The potential at which the curves intersect is the potential of maxi-
mum adsorption E ~. As we can see from Fig. 5, E ~ is practically independent of
Cab and the values of EnaXare equal to -0.85; -0.75 and -0.70 V for Bi(lll),
Bi(001) and Bi(OIT) planes respectively. These values of EnaXare in good agree-
ment with the potential of capacity minimum at C(E)~curves. The charge density
-Crax, at which the maximum adsorption takes place, slightly depends on the plane,
and the absolute value of <haXdecreases in order (OIT) < (001) < (111) ((-(W is
equal to 3.5; 4.0 5.0 /J.C cm-" respectively). The nearly linear segments are observed
on the o{E)-curves close to E ~. By linear extrapolation of these fragments of the
curve to a= 0, one can determine the potential of zero charge corresponding to the
surface covered by adsorbate molecules. The difference between these experimental
values and the value of E~q for the pure base electrolyte solution is equal to the
change, in the surface potential due to the displacement of a monolayer of water
molecules by a monolayer of adsorbate (EN). Thus, the variation of the charge and
the potential of maximum adsorption reflects changes in the shift of the potential of
zero charge. The established values of Eu are presented in Table 1 These quantities
are related by the following equation derived from the model of two parallel ca-
pacitors [23]

ATex ~ £,=<) = AL/ (Co ~ C|)» =—  co{c)—=C) @)

The calculations show that the values of En increase in the sequence of Bi planes
(01 1) < (001) < (111), and this is in good agreement with the decrease of absolute
values of qiraxin the sequence of the planes (111) > (001) > (011 ). The same order
of planes is valid for n-PA, n-BA, CH, BAC, PY, CHE and CHCA adsorption at Bi
planes [1-8, 50]. With the help of the unrationalized Helmholtz formula, ENcan be
expressed as

En = 4/rrnaQua8- nu')/e 4
where 'Tax is the limiting surface excess of n-HA; /u0lg and /iware the components
of the dipole moment normal to the surface of the electrode for organic compound
and H2O molecules respectively; ffrg- tiff = £¢ff where OeNeis the effective di-
pole moment; n is the number of HXD molecules, displaced by the one adsorbed
n-HA molecule; and e is the permittivity of the inner layer. The positive sign of £N
indicates that either (1) 1pT8> \n/i"\ and jfrg>0 (/iw<>0) or (2) Vidld< InWIM and



&< 0 (juorg<>0). In the first case } frgis positive what means that the molecules of
n-HA are oriented with the hydrocarbon chain facing the Bi surface at E ~. In the
second case n-HA molecules may be oriented with the hydrocarbon tail towards the
electrode surface > 0), as well as the -OH group facing the electrode surface
Quog < 0). In these two latter cases, the positive values of £ Nwould suggest a strong
preferential orientation of H20 with oxygen atoms towards the electrode surface at
Emrex (not far from 0) with /T < 0, which is in contradiction with the data of very
weak H20 adsorption at Bi planes [1-8, 28, 42]. As the maximum adsorption of
n-HA takes place at the slightly negatively charged surfaces it seems that the first
possibility for Bi(ll1l), Bi(001) and Bi(OIT) planes is more plausible. Thus, the
effective dipole moment of the organic molecules must be positive and in the region
of potentials of maximum adsorption n-HA molecules on bismuth single crystal
planes are oriented with the hydrocarbon radical facing the bismuth surface and the
functional -OH group facing the solution side of interface. The same conclusions
are valid if the adsorption of aliphatic alcohols n-PA (£n =0.33V); n-BA
(En=0.24V); and n-HA (EN= 0.20V) takes place at Hg electrode from 0.1 M NaF
aqueous solution 121, 22, 23, 29]. The noticeably lower value of En for Bi(OIT)
plane probably indicate that a more pronounced horizontal orientation of n-HA at
this chemically most active plane is plausible. The value of ENdepends on the geo-
metrical structure of the hydrocarbon chain of adsorbate, and the effective dipole
moment /7eff increases in the sequence of adsorbates n-HA < BAC < n-BA < CH <

CHCA < CHE < n-PA < PY [1-8]. Thus, at Bi planes investigated the n-HA mole-
cules would have the more horizontal orientation compared with n-PA or n-BA
molecules adsorbed [3, 5-7]. The same conclusion is valid for Hg electrode [22, 23,
29]. The effective dipole moment of compounds, containing six carbon atoms, in-
creases in the sequence n-HA < BAC < CH < CHE [1-7] as the effective dipole
moment of organic compound in gas phase rises [43, 51].

3.4. Specific surface work andfilm pressure curves

The capacitance curves were twice back-integrated, and the chronocoulometric
a(£)-curves were once back-integrated to obtain a specific surface work decrease
(7- 1) as a function of the electrode potential and adsorbate concentration [6- 8,
18-21, 50]. The second integration was performed from the same negative charge at
first, assigning the value of zero to the specific surface work at the pzc in the base
solution. A good accordance between (7- T)(£)-curves, obtained from capacity-
potential and potential step measurements (A(7~ 70) = £0.50 /J1 cm“2), can be seen
between -13 and 4 83 cm-2, where the thermodynamic analysis takes place.
The pressure of the film of adsorbate /:can be determined as

E E
k(E)=7,=0-7, = K .d £- J7GOdE (5)
£() £0

where subscripts ¢ and ¢ = O indicate the presence or absence of the adsorbate in the
bulk of the electrolyte respectively. The calculated w(E)-curves are plotted in Fig. 6.
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For more concentrated solutions of n-HA (c > 0.005 M) the curve displays a maxi-
mum, the potential of which is practically independent of cagand this value is in
good agreement with the value of Enax for C(£)-curves. The comparison of the
7r(E>curves, obtained from capacity-potential (« =0) and potential step measure-
ments, shows that the departure of Bi |n-HA system from the equilibrium is small
under the peak at negative rational potentials. The film pressure of the adsorbate at
cag = const, increases in the sequence of compounds n-PA < n-BA< CH<
CHCA < CHE < BAC < n-HA (Fig. 7). Accordingly, the adsorption activity of
compounds increases in the presented sequence of adsorbates.

The adsorption activity of bismuth electrodes increases in the sequence of planes
(111) < (001) < (011) as the surface density of atoms increases (except Bi(l 11)).
This deviation is evidently determined by the competitive adsorption of water and
the organic substance, as well as by the crystallographic and electronic structure of
electrodes. Just as in the case of CH, BAC, CHE, CHCA [1-7, 50], butanol iso-
mers [5] and PY [8] adsorption, the basal plane (111), where the surface atoms are
chemically saturated (electron configuration sp32) [52], has the lowest adsorption
activity. The most active one is the singular face Bi(OIT), where unsaturated cova-
lent bonds are distributed uniformly over the whole surface (s203).

3.5. Gibbs excess —potential and Gibbs excess — log corf, curves

The film pressure data were used to calculate the relative Gibbs surface excess.
First the film pressure was plotted against Incagat E - const. (Fig. 8). The curves
display a long linear section, its slope giving the limiting value of I'tax

= RT V<9In0\] ©

£,7>

As the mole fraction of n-HA never exceed 1.5%, at the first approximation, it was
assumed that the activity of n-HA depends linearly on its concentration according to
Henry's law [6, 16-27, 53-55]. The values of J~x obtained for n-HA are presented
in Table 1and the comparison of these data with data of Refs. [2-7, 50] shows that
'max decreases in the sequence of adsorbates: n-PA >n-BA > CH > n-HA as the
molar volume of organic compounds increases. Calculated according to the values
of 1Tx the values of the molecular surface area (Table 1), corresponding to the
area of one adsorbed molecule on the electrode surface at the maximum adsorption
potential EniX decrease in order of Bi planes (OIT) > (111) > (001). If the adsorbed
molecules of n-PA, n-BA and n-HA were oriented perpendicularly at the
Bi lelectrolyte interface, the values of Srex should be the same for n-PA, n-BA and
n-HA and would be equal to Sw/MNM~ 0-21 nm2 [23, 24]. The same conclusion would
be valid, if the orientation of adsorbed molecules is independent of the crystallo-
graphic structure of the electrode surface. The theoretical value of Sriax corre-
sponding to the horizontal orientation of n-HA, is equal to 0.42 nm2 (I, Tx 3.95x
10~10 mol cm-2). The increase of the projected area as the number of carbon
atoms nc in the hydrocarbon radical increases can be explained by more tilted ori-
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entation of adsorbate molecules going from n-PA to n-HA [5, 6], as well as from
Bi(OOQl) to Bi(OIT). This conclusion is in good accordance with the noticeable de-
crease of £n and /Zeff values for n-HA compared with n-BA and n-PA, and with the
noticeable decrease of attractive interaction constant a in the sequence of planes
Bi(OQI) > Bi(lll) > Bi(011). The same tendency is valid for Ag, Hg and Zn(0001)
electrodes if the adsorption of aliphatic alcohols occurs [23, 29, 35, 36].

As in the bent region of the ?r(Inc)-curves the slope changes noticeably and the
error of differentiation of ;r(Inc)-curves is large [20], the related Gibbs excess val-
ues for the intermediate coverages were determined from the electrode charge den-
sities using the well-known formula [20, 23]

r = or 27)
— max
(:] .\I._max - G { :p
The values of (<j ro -CTlr_I'I) were obtained by the extrapolation of the linear sec-

tions of the o<£)-curves. The shape of the [ £>curves for different cagand of the
J"(logc)-curves (Fig. 9 and Fig. 10) suggest that the relative maximum of the ad-
sorption of n-HA on all the planes investigated reaches at -0.6 <£<-1.4V (SCE)
and Iupx depends on the crystallographic structure of the surface. The values of I'tax
increase in the order of electrodes (011)< (111)< (001) and these values are in
good accordance with r~x, obtained from ;r(Inc)-curves. The slope of nf£)-curves
at the region of intermediate values of I (cag= const.) increases in the order of
planes (OIT) < (111) < (001) and in the order of adsorbates n-PA < n-BA <
n-HA < CH as the attraction between the adsorbed molecules rises.

The decrease of ~x values causes the decrease of the thickness and the effec-
tive dielectric constant of the adsorbed layer, and according to the Helmholtz equa-
tion, it causes the increase of C\ values in the order of planes Bi(l 11) < Bi(001) <
Bi(OIT). The value of rises in the sequence of electrodes Ag(100)<
Ag(l 11) < Bi(OIT) < Bi(l 11) < Bi(001) < Hg [19, 29].

3.6. Adsorption isotherms

The surface coverage at E - Enax Was first estimated from Eq. (8) based on
Frumkin’s two parallel condensers model [18, 23, 29].

B = (Co-CBg)/(CO-C,). ©

Thereafter, at the first approximation, the applicability of the Frumkin isotherm

By = +—q exR(-2a,,0) ©)

for the interpretation of n-HA IBi data was assumed. In Eq. (9) Bmand amare the
adsorption equilibrium constant and the molecular interaction parameter at £ bt
respectively. The next step is the test of the Frumkin isotherm (log[0/(I-0)c] vs. B
plot) to derive the adsorption parameters. Fig. 11 shows that the plots have a good
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linearity in the region of 0.1 < 9< 0.8 for all the faces investigated. Thus, the slope
gives the molecular interaction parameter (-2am) and the intercept provides the ad-
sorption equilibrium constant logRmat E” accordingly.

The adsorption isotherms at various E - const, and at various <7=const. were
calculated by the methods described in Refs. [6-9, 16-24, 53-55]. The adsorption
isotherms at a = const, show larger deviations from the Frumkin isotherm behaviour
than those at E = const, where the deviations in the region -0.6 <E <-1.2 V (SCE)
are small. A more detailed discussion will be published in our next paper.

3.7. Gibbs adsorption energy — potential and lateral interaction — potential
curves

The energetics of n-HA adsorption are characterised by the magnitude of the

Gibbs energy of adsorption (Fig. 12). In the limit of zero coverage the adsorption of
n-HA must be described by the Henry's law isotherm and the film pressure should
then linearly depend on the concentration of n-HA as described by the following
equation [8, 9, 16-23, 52-55]:
K- RTrmeBACA/55.5 = RTrmiaBAXA (10)
where X\ is the mole fraction of n-HA in the solution, and the adsorption equilib-
rium coefficient BA (Henry isotherm) is related to the Gibbs energy of adsorption
through the equation

AGA=-RT\nBA (12)
As shown in [52-55], the values of AGA obtained according to the relations (10)

and (11) correspond to the similar standard state as the Gibbs adsorption energy of
organic compound, obtained according to the Frumkin isotherm, being the unit
mole fraction of the organic species in the bulk of solution and a monolayer cover-
age of the ideal non-interacting adsorbate at the electrode surface. According to the

data of Fig. 12, the AGa (£)-curves have a parabolic shape. It must be noted that
the precision of AGA values obtained by this method is improved’by avoiding the
differentiation of ~InXA-plots as the values of rx, obtained from the linear part
of the 7i(Inc)-plots are quite precise [5-8, 18-21]. Thus, the precision of the film
pressure data must be very high in order to obtain the precise values of AGA.
Therefore, in addition to the previously described method, the standard Gibbs en-
ergy of adsorption AGa at zero coverage as a function of the applied potential E

was obtained by fitting the experimental isotherms at constant potential to the
Frumkin isotherm

ex exp(-2a0 12
Por  q.p SXP(220) (12)

where a is the Frumkin interaction parameter. The values of AGa and a were
obtained from the intercepts and slopes of the least-square fittings to a straight line
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of\n[B1(1-8)c] vs. Oplots at E = const, in the range of Ofrom 0.1 to 0.8. A good fit
to Eqg. (12) was achieved with the parameter a depending parabolically on the
electrode potential (Fig. 13). The accordance of the Gibbs energies of n-HA ad-
sorption, obtained from ;c(Inc)-plots and from Frumkin isotherm, is good (maximum
error does not exceed +1.2 kJ ToIl™ J), what indicates the absence of big systematic
errors in the data established. The values of AG*, obtained from ;r(Inc)-plots, are

always somewhat higher than those, obtained from the Frumkin isotherm. This dif-
ference increases if the adsorption activity of organic compound rises [5,6], thus as
its molecular weight and molar volume increases.

The adsorption data of n-HA on the Bi single crystal planes are collated in Ta-
ble 1, which shows that the adsorption activity of n-HA increases in the sequence of
planes (111) < (001) < (011). The surface activity of adsorbates increases in the
sequence n-PA < n-BA < CH < CHCA < CHE < BAC n-HA < PY as the adsorp-
tion at the air Isolution interface increases, except PY [1-8]. The anomalous posi-
tion of PY is mainly caused by the noticeably stronger specific interaction of PY
molecules with Bi surface atoms compared with other organic compounds investi-
gated. Comparison of the adsorption data of various aliphatic organic compounds
shows that the value of AGIJ increases in the order of electrodes Zn(2110)<
Zn(lI0I0) < Zn(0001) < Ag(l110)< Ga< Ag(100) < Ag(l11) < Cd(1120)<
Cd(iolo) < Cd(0001) < Bi(l 11) < Bi(001)< Hg< Bi(2IT)< Bi(0IT)<
Sh(l 11) < Sb(001) < Sb(21 1) as the hydrophilicity of electrode surface decreases
[2-8, 18-23, 29, 35, 36, 50].

According to Fig. 13 the lateral interaction constants a are positive and their
values decrease when the surface charge density decreases. According to Fig. 13,
the attractive interaction at and at E~x increases in the sequence of planes
Bi(OIT) < Bi(001)< Bi(lll). The same order of planes at E ~ was found in the
case of adsorption of n-PA, n-BA, BAC, CH, CHE, CHCA and PY adsorption at Bi
single crystal electrodes [1-8, 50]. In the case of adsorption of organic compounds
at the metal surfaces from solution the attractive interaction constant a can be ex-
pressed in terms of different particle-particle interactions at the interface [1-8, 16,
18-24,50,56]
2a = (2Zw-a - Za-a- Zw.w)/RT (13)
where by, is the particle-particle interaction energy, W stands for HD and A for
adsorbate. The positive values of a mean that 2Zw-a> za.a +Zw.w, i.e. the
adsorbate-adsorbate and water-water interactions are much more attractive than the
adsorbate-water interaction. The value of a increases in the sequence of
adsorbates n-PA < n-BA < n-HA < BAC < CH as the length of hydrocarbon radical
and the molar volume of adsorbates increases, except n-HA. The lower values of a
for n-HA than those for CH probably indicate a less vertical orientation of n-HA
molecules or the non-linear character of the hydrocarbon radical of n-HA in the
adsorbed state. The same order of adsorbates is valid in the case of adsorption of
aliphatic alcohols at Hg, Zn(0001), Zn(1120), Zn(1010), Ag(lll), Ag(110) and
Ag(100) electrodes [18-23, 29, 35, 36]. In the case of compounds containing six
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carbon atoms the value of a increases in the order CHE < n-HA < BAC < CH. The

value of a for n-HA adsorption increases in the order of electrodes Bi(011) <
Bi(001) < Bi(l 11) < Hg < Ag(100) < Ag(l 11) [18-20, 23, 25, 42, 50].

4. Conclusions

The adsorption behaviour of n-hexanol at singular Bi(lll), Bi(001) and Bi(OIT)
has been studied by cyclic voltammetry, impedance and chronocoulometry meth-
ods. The presented results indicate that the adsorption parameters of n-HA depend
on the crystallographic structure of Bi planes. The adsorption parameters derived
from the capacitance data at co-0 (at-16 < § < 5fiC cm*2) are in reasonable ac-
cordance with the data from the chronocoulometric measurements, but the differ-
ence between impedance and chronocoulometric data diminishes when the adsorp-
tion activity of compound decreases. Accordingly, the impedance data are on some
degree non-equilibrial in spite of extrapolation to co=0.

The comparison of the Gibbs energies of adsorption for various organic com-
pounds shows that the adsorption activity of organic compounds at the Bi Isolution
interface increases in order n-PA < n-BA < CH < CHE < CHCA < BAC < PY as
the adsorption of organic compound at the air Isolution interface rises, except PY.
The anomalous position of PY is mainly caused by the weak chemisorption of this
compound at Bi planes [8], as well as on Ag and Au planes [20, 45, 46]. It was
found that the difference between the adsorption activities of various Bi planes in-
creases in the sequence of adsorbates n-PA < n-BA < CHE< CHCA< CH<
BAC < n-HA if the adsorption activity of organic compound at the air|solution
interface, as well as at the Bi Isolution interface rises. This is mainly caused by the
result that with the decreasing of the molar volume of adsorbate the changes in the
adsorbed layer structure, caused by the adsorption of one molecule, decreases in
comparison with the adsorption of more large surfactants. Comparison of the ad-

sorption data of various aliphatic organic compounds shows that the value of AGA

increases in the order of electrodes Zn(2110)< Zn(1010)< Zn(0001)<
Ag(l 10)< Ga< Ag(100) < Ag(lll)< Cd(1120)< Cd(1010)< Cd(0001)<
Bi(l 11) < Bi(001) <Hg < Bi(2IT) <Bi(017) < Sb(l 11) < Sb(001) < Sb(21T) as
the hydrophilicity of electrode surface decreases [18-23, 29, 35, 36].

The values of Gibbs energy of adsorption have been obtained from the initial
part of ~(InXA-curves, as well as from the Frumkin isotherm. The difference be-

tween the O Cpa-values is not greater than +1.2 kJ mol™], but the absolute values of

AG[, obtained from chronocoulometric measurements, are always higher than
those obtained from impedance data. Accordingly, the impedance data are on some
degree non-equilibrial (in spite of extrapolation to (O= 0). The adsorption activity of
n-HA at Bi(001) is very close to that for polycrystalline bismuth solid drop elec-
trode [1-15], and this result is in very good accordance with the conclusions of
Refs. [1-15, 28, 42, 44], where it was found that the surface of polycrystalline Bi
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electrode mainly consists (from 50 to 70%) of the comparatively large homogene-
ous surface areas (grains), adsorption characteristics of which are very close to
those for Bi(001) plane. The lower adsorption activity of Bi(l 11) is caused mainly,
in addition to the more pronounced hydrophilicity, by a less active surface state of
Bi(l 11), where the surface atoms are chemically saturated. The most active one is
the singular Bi(OIT) plane, where unsaturated covalent bonds are distributed uni-
formly over the whole surface.

The positive values of the lateral interaction constant a for n-HA means that the
surfactant-surfactant and water-water interactions are much more attractive than
the surfactant-water interaction. At the potentials of the adsorption-desorption
maxima, the molecular interaction parameter a m decreases in the sequence of
planes (001) > (111) > (OIT) as the superficial density of planes increases and the
limiting Gibbs adsorption decreases. The dependence of the attractive interaction
constant a on £ is approximately parabolic and the value of a increases in the se-
quence of electrodes Bi < Hg < Zn.

The value of a increases in the order of adsorbates n-PA < n-BA < n-HA <
BAC < CH as the molar volume of the adsorbate molecule increases, except n-HA.
The lower value of a for n-BA and n-HA molecules than that for CH and BAC
probably indicates that the hydrocarbon tail of these compounds in the adsorption
layer is not linear or these molecules will have the more tilted orientation. If we as-
sume at the first approximation that the water-water and the organic compound-
water interactions are independent of the aliphatic compound studied then the at-
traction between the adsorbed aliphatic alcohol molecules rises in the presented
order of adsorbates.

The limiting Gibbs adsorption ™ increases in the order of electrodes
Bi(0IT)< Bi(l 11) < Bi(001) as the superficial density of planes decreases. The
projected area decreases and increases in the order n-HA < n-BA < CH <
n-PA. The decrease of and of the limiting potential shift £ Nvalues and the in-
crease of Svax as the number of carbon atoms in the aliphatic alcohol molecule in-
creases, can be explained by an increasingly tilted orientation of n-HA molecules
compared with n-PA at the single crystal Bi(001) and Bi(111) planes, as well as at
Hg [8, 22, 23, 29] electrodes. Very low values of r'taxand the Eu values for n-PA
and n-HA at Bi(0IT) plane will indicate that the n-PA and n-HA molecules proba-
bly have a practically flat orientation on the most active Bi plane investigated.
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Table 1

Adsorption parameters of normal hexanol on Bi single crystals (chronocoulometry data, except C\, amand
Bmobtained by impedance method at co= 0)

Plane am#0.l C/Fcm'2+0.15 £NV +0.04 KO, 0Max/wol cm 2 Snar*/ nm2+0.02 BJ dm3mol'1+20 - AG° K/ mol"1
N +0.3

(1112) 1.37 2.50 0.18 5.9 0.28 92.8 -21.2

(001) 110 3.60 0.16 6.1 0.27 140.0 -22.2

01 1) 0.99 3.13 0.10 4.6 0.36 221.0 -23.3
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C(E)~curves (&= 0) for Bi(l 11) in 0.05 M Na2S04 (1) and with addition of
normal-hexanol (M): 0.005 (2); 0.01 (3); 0.02 (4); and 0.04 (5).

C(£)-curves (v=210Hz) for Bi(001) in 0.05 M Na2504 (1) and with
addition of various alcohols: n-BA (2,3); n-PA (4,5); CH (6,7); a-HA (8,9)
(M): 0.06 (2); 0.15 (3); 0.6 (4) 1.5 (5); 0.02 (6,8) and 0.04 (7,9).
Dependence of the difference between the potential of adsorption-desorp-
tion maximum and. the zero charge potential (Einx - 0) on logcay at
Bi(111) for various organic compounds: n-HA (1); CH (2); PY (3); n-BA
(4); n-PA (5).

C(£)-curves (v= 210 Hz) for Bi(l 11) (1,3,5) and for Bi(01 1) (2,4,6) with
addition of 0.1 M n-PA (3,4) and 0.1 M CH (5,6), and 0.01 M n-HA (1,2).

cr,E-curves obtained from impedance (co= 0) for Bi(001) (a) in 0.05 M
Na2504 (1) and with addition of n-HA (M): 0.005 (2); 0.01 (3); 0.02 (4);
0.04 (5).

cN-curves for Bi(lll) (b) obtained from impedance (co= 0) (1,3,5) and
from chronocoulometry (2,4,6) in 0.05 M Na2504 (1,2) and with addition
of n-HA (M): 0.02 (3,4); 0.04 (5,6).

Surface pressure — potential (n,E) curves for Bi(111) (chronocoulometry)
in 0.05 M Na2S04 aqueous solution with addition of n-HA (M): 0.04 (1);
0.02 (2); 0.01 (3); 0.005 (4).

n;E-curves for Bi(001) (co= 0) in 0.05 M Na2S04 with addition of various
alcohols n-BA (1,3); n-PA (2,5), n-HA (4,6) (M): 15 (1,2); 0.6 (3,5); 0.04
(4); 0.02 (6).

mc-curves for Bi(001) at different electrode potentials, as noted at figure.

Gibbs excess — potential (I',E) curves for Bi(001) (1,2); Bi(l 11) (3,4) and
Bi(011 ) (5,6) with different addition of n-HA (M): 0.04 (1,3,5); 0.01
(2,4.6).

.Tlogc curves for Bi(ll 1) at different electrode potentials (in V (SCE)) as
noted at figure.

Frumkin adsorption isotherm (ft)=0) for n-HA adsorption on Bi single
crystal planes: (011 ) (1); (001) (2); (111) (3).

Gibbs adsorption energy vs. potential curves for n-HA, obtained from
chronocoulometry for Bi single crystal planes: (111) (1); (001) (2);
(OIT) (3).

Attraction interaction constant vs. potential curves for Bi(l 11) (1); Bi(001)
(2); Bi(0IT) (3).
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