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2. ABBREVIATIONS AND SYMBOLS  
 
A constant phase element coefficient 
ac alternating current 
AFM atomic force microscopy 
ATR attenuated total reflectance 
B13DT Benzene-1,3-dithiol 
BiCCE bismuth cleaved capillary electrode 
c concentration 
c0 bulk concentration  
C capacitance 
Ca faradaic adsorption capacitance 
Cdl double layer capacitance 
CPE constant phase element 
CPER constant phase element with exponent value close to 0 
Cs series capacitance 
CV cyclic voltammetry 
D diffusion coefficient 
DSC differential scanning calorimetry 
E electrode potential 
EC equivalent circuit 
EtOH ethanol 
f ac frequency 
F Faraday’s constant 
FDT 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-

decanethiol 
HD 1,6-hexanediol 
HER hydrogen evolution reaction 
i current density 
IPR ideally polarizable region 
i0 exchange current density 
j imaginary unit ( 1− ) 
ks electron transfer rate constant 
L effective diffusion layer thickness 
MCT mercury-cadmium-telluride (highly sensitive infrared detector) 
MHDA 16-mercaptohexadecanoic acid 
n number of electrons 
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OCP open circuit potential 
ODIT 1,8-octanedithiol 
ODT  1-octadecanethiol 
OM optical microscopy 
ox oxidized form 
PBiH3 bismuth hydride partial pressure 
pzc potential of zero charge 
q charge 
R roughness factor 
RD limiting diffusion resistance 
red reduced form 
Rct charge transfer resistance 
Ra adsorption resistance 
S surface area of electrode 
SAXS small-angle X-ray scattering 
SEIRAS surface enhanced infrared absorption spectroscopy 
SEM scanning electron microscopy 
SNIFTIRS subtractively normalized interfacial Fourier transform infrared 

spectroscopy  
STEAR  1-octadecanoic acid 
STM scanning tunnelling microscopy 
T temperature 
t time 
x distance from the electrode 
XRD X-ray diffraction 
XPS X-ray photoelectron spectroscopy 
Z summary impedance 
ZW Warburg-like diffusion impedance 
Z’ real part of impedance 
Z’’ imaginary part of impedance 
α CPE fractional exponent 
αt transfer coefficient 
αw Warburg diffusion impedance fractional exponent 
Φ phase angle 
θ contact angle 
∆2 weighted sum of the squares 
τmax characteristic relaxation time 

3
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σ mass-transfer coefficient 
χ2 the square of the standard deviation between the original data 

and the calculated spectrum  
ω angular frequency (equal to 2πf) 
v potential scan rate 
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3. INTRODUCTION 
 
Electroanalytical chemistry needs systems like dropping mercury electrode, 
because it has an easily renewable smooth surface with the connection of wide 
potential region of ideal polarizability, but it is loosing interest because of the 
high toxicity of Hg [1]. Instead, in this work [1–11] we used bismuth that 
behaves electrochemically similarly to the mercury electrode except oxidizing 
slightly more easily [12–15]. Bismuth is non-toxic metal and the solid surface 
has some advantages over liquid interface: it is not so sensitive to the 
mechanical vibration and solution movement (thus high solution flow rates can 
be used) and the cleavage of the solid Bi electrode is quicker than the Hg drop 
removal procedure opening new possibilities for studying electrochemical 
surface processes. Also, the solid bismuth surface can be studied by several 
modern methods, including scanning tunnelling microscopy (STM) [16,17] and 
in situ infrared reflectance spectroscopy [6], more easily than the liquid mercury 
surface. The bismuth film electrode has been attracting increasing attention in 
the field of analysis of some trace metal cations like anodic stripping analysis of 
Pb, Cd, Zn, Tl, In, Cu and Sn, adsorptive stripping analysis of Ni, Co, U and Cr 
[12, 18–20] and also for direct cathodic electrochemical detection of organic 
compounds [21–22]. This work reports the construction of the renewable 
surface bismuth microelectrode system, usable in electrochemical analysis, 
double layer and adsorption studies [1–2].   

Semimetallic bismuth has some unusual electronic properties that results 
from Bi highly anisotropic Fermi surface, large Fermi wavelength, low charge 
carrier concentrations, small effective carrier mass, and long carrier mean free 
path [23–33]. Thus, thin Bi films, nanowires, and nanoparticles have been 
extensively investigated for quantum transport and quantum-confinement 
effects [23–33]. For Bi films, semimetal-to-semiconductor transition is expected 
to take place at film thicknesses from 23 to 32 nm [23,24]. Interesting electrical 
properties have been reported for thin Bi films, like change of conduction 
mechanism from p type for Bi(111) film to n type for Bi(110) film (the indexes 
for rhombohedral cell setting are used throughout this paper), and oscillating 
resistivity dependence on the film thickness [23,25,27]. Large magnetoresis-
tance effects of the Bi films suggest that Bi could be used for magnetic field 
sensors [23–33]. Because of the strong spin-orbit splitting effect, Bi interfaces 
could be promising candidates for the construction of spin sources or filters 
[23]. We prepared thin Bi films and porous Bi materials that could find 
applications in nanoelectronics [2,4].  

Self-assembled thiol monolayers on gold have been studied extensively and 
various interesting nanotechnological applications have been demonstrated  
[34–35]. Thiols also interact with other metal surfaces and thiol monolayers 
have been detected on Ag, Cu, Pt and other metal electrodes [34–38]. In this 
work, bismuth was modified with different thiols and the properties of the 
surface layers formed have been characterised by various methods [3,5,8]. In 
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addition, the synthesis method of formed new bismuth thiolates has been 
worked out. 

The main aim of this work was to develop methods for preparation and 
surface modification of bismuth electrodes and to propose some practical uses 
for these. The properties of prepared Bi single crystals, microelectrodes, thin 
films, porous surfaces and thiol modified surfaces were studied mainly with 
cyclic voltammetry, electrochemical impedance and in situ infrared spectros-
copy as well as surface imaging techniques – scanning electron microscopy 
(SEM), optical microscopy (OM) and atomic force microscopy (AFM). The 
collected information [1–11] also gives some new knowledge about the electro-
chemical behaviour of Bi.  
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4. LITERATURE OVERVIEW AND 
INTERPRETATION OF DATA 

 
4.1. Cyclic Voltammetry (CV)  

 
In cyclic voltammetry method, the working electrode potential E is changed 
with constant speed v = dE / dt, and the resulting current is recorded and 
analyzed. For a simple redox reaction, it is possible to express the temporal 
development of the current through the electrode:  
 

 
0

red

x

ci nFD
x =

∂⎛ ⎞= ⎜ ⎟∂⎝ ⎠
 (4.1.1) 

 
where i is current density, n is number of electrons, D is diffusion coefficient, 
δcred/δx is the reduced species concentration gradient [39–41]. For a reversible 
one electron transfer process (n = 1) when Dox = Dred (ox – oxidized form, red – 
reduced form), the difference between oxidation and reduction peaks should be 
58 mV [39–41].  

The form of the curve is qualitatively explained as follows: at the beginning 
of the experiment, essentially no current flows since we start from an 
equilibrium situation. Scanning potential induces a change in cox/cred at x = 0. 
Red is converted into ox at the electrode, resulting in a current. The 
concentration of red is depleted in the immediate vicinity of the electrode 
surface, while the concentration of ox increases. Thus, red diffuses towards the 
electrode, while ox diffuses to the bulk. Further increase of E causes a decrease 
of cred and increase of i [39–41]. Qualitatively, the peak current density ip is 
given by Randles-Sevčik equation [39]  

 

 5 3/2 0(2.69*10 )p red redi n c vD=   (4.1.2) 

 
The constant in equation (4.1.2) corresponds to temperature of 298 K. At high 
potential scan rates v, the diffusion-controlled current is increased over that for 
lower scan rates. This is due to the fact that the concentration gradient and the 
flux of reactant to the electrode increase with increasing v [39–41]. 

The exact shape and quantitative features of the voltammograms depend on a 
variety of parameters, e.g. the adsorption isotherm followed, the surface con-
centration of the redox species, or on the presence or absence of intermolecular 
forces between the adsorbed molecules [39].  

A finite rate constant ks of the electron transfer derives from Butler-Volmeri 
equation 

4
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 0 0 0
(1 )exp ( ) exp ( )t tnF nFi i E E E E

RT RT
α α⎧ − − ⎫⎡ ⎤ ⎡ ⎤= − − −⎨ ⎬⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎩ ⎭

 ,  (4.1.3) 

 
where  
 

 0
0 s redi nFk c=   (4.1.4) 

 
is the exchange current density (i0 ja ks is defined at E = E0) and αt is the 
transfer coefficient [39]. Depending on the relative magnitudes of D and ks, we 
move from a situation in which diffusion control predominates (reversible case) 
through a mixed-control regime (quasi-reversible) to a situation in which the 
rate of electron transfer controls the overall reaction (large D, small ks, 
irreversible case) [39–41].  

Bismuth electrode oxidation to non-conducting solid Bi2O3 and reduction 
back to metallic Bi is a quasi-reversible process as shown in Fig. 1 [6]. The 
thickness of formed Bi2O3, calculated from the peak area, is hundreds of 
monolayers. Therefore, the noticeable roughening takes place during potential 
cycle, shown in Fig. 1.  
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Figure 1. CVs (10 mV s–1) for Bi(001) electrode in the absence and presence of 
dissolved oxygen. 
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Hydrogen evolution reaction (HER) can proceed by two different mechanisms: 
through hydrated proton in acidic solution and at more cathodic potentials by 
direct water decomposition in neutral solutions [11]. For Bi electrode, these 
processes are both completely irreversible, because there are no positive 
oxidation peaks in CVs (Fig. 2).  
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Figure 2. CVs for Bi(001) electrode in 0.1 M LiClO4 aqueous solution with HClO4 
addition (pH values are given in graph) at scan rate of 10 mV s–1.  

4.1.1 Capacitive current peaks 
 
Double layer charging adds to the i,E curve in the most simple case a constant 
current that dominates at high potential scan rates. In this study, the CV method 
was tested for 1,6-hexanediol (HD), n-pentanol, and pyridine aqueous solutions, 
and at higher potential scan rates (v > 0.1 V s−1) the reversible adsorption and 
desorption peaks were observed [9,10].  

For 0.04 M HD solution, there are current peaks (Fig. 3) corresponding to 
adsorption at positive and for desorption at negative potential scan direction 
(noticeable at potential scan rates above 100 mV s–1). The area under i,E peak is 
obtained as q = iEt = iE / v. Integrating the cyclic voltammetry peak (at  
v = 1 V s–1) area between base electrolyte and HD solution gives almost equal 
charges for both adsorption (2.88 µC cm–2) and desorption (–2.70 µC cm–2) 
processes. The integrated charge is comparable with the one obtained from 
corresponding capacitance peak (3.14 µC cm–2), measured using impedance 
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spectroscopy method [9], indicating, that the i,E peaks are caused only by the 
change of capacitance and not by the direct faradaic electron transfer reaction.  
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Figure 3. Cyclic voltammograms for Bi(111) interface in 0.5 M Na2SO4 base 
electrolyte solution with addition of 0.04 M 1,6-hexanediol at various potential scan 
rates (given in graph / V s–1) .  

 

The difference between adsorption and desorption peak potentials, noted as Eads 
and Edes, varies from 28 to 72 mV for different organic compounds studied, and 
the adsorption-desorption peak found in the series capacitance versus potential 
curves (Cs,E) is situated in the middle of these peak potentials. The value of  
Eads – Edes is smaller if corresponding adsorption-desorption peaks in Cs,E-
curves are sharper. The difference between CV adsorption and desorption peak 
potentials have been noticed also in other works, but the physical reasons of the 
peak formation were not discussed and the kinetic data was not analyzed  
[42–44].   

The adsorption peaks shift to more positive potentials and the desorption 
peaks move to more negative potentials with increasing potential scan rate. 
Edes,v curves for desorption peaks are nicely linear, but Eads,v adsorption curves, 
measured with Bi macroelectrodes, have small slopes and need higher scan 
rates for more precise data.   

Microelectrode enables to measure CV-s at higher potential scan rates than a 
conventional mm-sized electrode. For Bi electrode with 4 mm diameter, the iR 
drop in 0.08 M pyridine + 0.1 M LiClO4 aqueous solution at scan rate of  
10 V s–1 is 2.4 mV at peak potential, but for 50 µm diameter Bi microelectrode, 
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this value is only 0.3 mV and adsorption processes at potential scan rates up to 
100 V s–1 can be investigated without significant errors (iR < 3.5 mV).   

The higher is the concentration of the organic substance, the smaller are the 

corresponding derivatives 
v

Eads

∂
∂ )(

 and 
v

Edes

∂
∂ )(  (data in Table 1). The slope 

value discussed was obtained from potential scan rate varying from 1 to  
12 V s–1, except for pyridine adsorption at microelectrode being from 1 to  
100 V s–1. The slope has a time dimension and therefore it may considered as a 
characteristic adsorption or desorption time. In case of pyridine (PY) and  
n-heptanol adsorption, the slope values indicate that the adsorption and 
desorption processes have similar rate constants for both Bi(111) and Bi(001) 
interfaces [10].  
 
Table 1. Some parameters characterizing cyclic voltammetry capacitive adsorption and 
desorption peaks in different systems.  

System 2
desads EE +

/ V 

Eads–Edes 

/ mV v
Eads

∂
∂ )(   

/ s 
v

Edes

∂
∂ )(  

 / s 
Bi(111)|0.1 M LiClO4 + 0.08 M pyridine –1.55 28 0.00038 0.00029 

Bi(001)|0.1 M LiClO4 + 0.08 M pyridine –1.44 25 0.00036 0.00033 

Bi(111)|0.1 M LiClO4 + 5 mM n-heptanol –1.27 44 0.0003 0.0032 

Bi(001)|0.1 M LiClO4 + 5 mM n-heptanol –1.13 40 0.0006 0.0021 

Bi(001)|0.1 M LiClO4 + 2.5 mM n-heptanol –1.06 46 0.0012 0.0027 

Bi(001)|0.1 M LiClO4 + 1.3 mM n-heptanol –1.00 57 0.002 0.0053 

Bi(111)|0.5 M Na2SO4 + 0.040 M HD –1.30 72 0 0.0011 

Bi(111)|0.5 M Na2SO4 + 0.32 M HD –1.43 72 0 0.0010 
 
 
According to data in Table 1, adsorption of measured compounds tends to be 
faster than the desorption process. Adsorption time constant for n-heptanol 
depends nearly linearly on its concentration in solution, and is smaller for 
higher organic compound solutions. Desorption is quick for small rigid 
molecules (pyridine), but is slow for n-heptanol molecule that has stronger 
interactions between other n-heptanol molecules.  
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4.2. Impedance spectroscopy 
 
Impedance spectroscopy is an informative technique for investigating different 
electrochemical systems and processes. Cyclic voltammetry usually drives 
electrodes to a condition far from equilibrium. In contrast, impedance methods 
are based on perturbation of the electrochemical cell with an alternating signal 
of small magnitude (~5 mV), allowing measurements at equilibrium or steady 
state [45,46]. In this work, impedance spectroscopy has been used for the 
determination of electrochemical reaction mechanisms or quality of the 
electrodes.  

Sinusoidal perturbation is applied to the electrode 
 

 E(t) = EA sinωt (4.2.1) 
 
where E(t) is the potential at time t, EA is the potential amplitude, ω = 2πf is the 
radial frequency, and f is frequency in Hz units. The current response will be a 
sinusoid at the same frequency but shifted in phase  
 
 i(t) = iA sin(ωt + Φ) (4.2.2) 
 
where i(t) is the current at time t, iA is the current amplitude and Φ is phase shift 
by which the potential lags the current [45,46]. The impedance is defined 
analogously to the Ohm’s law as the ratio of voltage and current 
 

 ( )
( )

E tZ
i t

=  (4.2.3) 

 
Impedance has magnitude (ZA = EA/IA) and phase angle and is thus a vector 
quantity 
 
 Z = ZA(cos Φ + jsin Φ) = Z’ + jZ’’ (4.2.4) 
 
where j 1= − , Z’ is real part of impedance, and Z’’ the imaginary part of the 
impedance [45,46].  

If sinusoidal voltage is applied across a pure capacitor, the impedance can be 
calculated according to the relationship 

 

 1 j
j

Z
C Cω ω

= = −   (4.2.5) 
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where C is the capacitance and the phase angle Φ = −900, that is, the impedance 
depends on the frequency and is entirely imaginary [45,46].   

There are two accurate ways to obtain an indication of quality of a modelling 
function, the square of the standard deviation between the original data and the 
calculated spectrum (each data points weight is normalized by its magnitude) 
(χ2) and the weighted sum of the squares (∆2) giving a main general indication 
about the preciseness of a fit and observing the parameter values and their 
relative error estimates (in %) [47]. In this work, experimental impedance data 
were mainly analyzed using the equivalent circuits illustrated in Fig. 4.  
 
I                II 
 
 
 
 
III                IV 
 
 
 
 
 
 
V               

    VI 
 
 
 
 
 
VII                  VIII 
 
 
 
 
 
 
 
Figure 4. Equivalent circuits used for fitting the complex impedance plane plots. Rel is 
electrolyte resistance, Cdl is double layer capacitance, CPE is constant phase element, 
CPER is also constant phase element but with exponent values close to 0, Rct is charge 
transfer resistance, ZW

 is short circuit Warburg impedance, Ca is adsorption faradaic 
capacitance, and Ra is adsorption resistance.   
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4.2.1. Impedance of an ideally polarizable electrode 
 

The concept of an “ideally polarizable” electrode was described in the work by 
Grahame [48] as the one where changes of potential due to flow of charge to or 
from the electrode cause only changes of charge density on the metal and 
conjugately of ion density on the solution side of the electrode interface, leading 
to charging of the resulting double layer. In this case, the equivalent electrical 
circuit (EC) consists only of the solution resistance, Rs, in series with the 
double-layer capacitance, Cdl (model I in Fig. 4) [49–51].  

The Hg electrode in aqueous solutions of NaF or Na2SO4 comes close to the 
above requirements for an ideally polarizable interface. Hg is almost ideally 
polarizable over the potential range from +0.03 V to –1.1 V [52].  

Gold is another metal that exhibits almost ideal polarizability over a certain 
range of potentials: current density values less than |1| µF cm–2 at sweep rate of 
10 mV s–1 (from –0.25 to 0.75 V vs. SCE) and the value of α = 0.997 (the 
meaning of α is discussed in next chapter) has been obtained for Au(111) 
electrode in 0.1 M HClO4 solution [53].  
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-89

-88
-1 0 1 2 3

log(f  / Hz)

P
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se
 a

ng
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 / 
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Figure 5. Phase angle vs. logarithm of frequency (where solution resistance is 
subtracted) for Bi(001) in 0.1 M LiClO4 aqueous solution at –0.6 V. Solid and broken 
lines have been obtained by fitting of measured spectra with equivalent circuits II and I, 
respectively.  
           
Cyclic voltammetry measurements in 0.1 M LiClO4 aqueous solution indicate 
very low current density values (i < –100 nA cm–2) from –1.2 to –0.40 V for 
Bi(001) and from –1.15 to –0.4 V for Bi(111) electrode [2]. The impedance for 
electropolished Bi(001) at –0.6 V (Fig. 5) can be fitted using EC I in Fig. 4  
(Rel = 20 Ω cm2, Cdl = 22.0 µF cm–2, χ2 = 0.008 and ∆2 = 0.61) and therefore, the 
conditions of ideal polarizability are nearly satisfied.  

Ideally polarizable electrode has an importance in electrochemical studies 
because other reactions can be studied at this electrode in its ideally polarizable 
potential region.  
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4.2.2. Capacitance dispersion of ac frequency 
 
Frequency dispersion of capacitance is often observed in the case of solid 
electrodes, which have been attributed to the atomic scale roughness, 
crystallographic heterogeneity, and chemical inhomogeneities on the surface 
[54–62]. Porous systems usually show larger frequency dispersion than smooth 
ones [55,56]. Surprisingly, it was found that porous pure metal or nanoporous 
carbon electrodes may have only minor frequency dispersion effect in the 
absence of specific adsorption [56–59]. The frequency dispersion occurs for Au 
and Pt electrodes in halide solutions within the potential region, where 
adsorption and superficial species rearrangement takes place [63–65].  

The frequency dispersion of capacitance can be represented with a constant 
phase element CPE with impedance  

 1
( j )CPEZ

A αω
=  (4.2.2.1) 

 
where A is a CPE coefficient and α is a 
CPE fractional exponent. In Nyquist plot, 
CPE is a straight line with angle Φ = –(α * 
900). If α = 1, then A is equal to the 
electrical double layer capacitance, if  
α = 0.5, then ZCPE = ZW (Warburg-like 
diffusion impedance) and if α = 0, then 
ZCPE is equal to the resistance R [46,51]. 
The value of α can be obtained from fitting 
results as well as from the slope of plot  
of -log(-Z’’) vs. logf.  

Equivalent circuit II in Fig. 4 that is 
often used to represent the impedance 
behaviour of solid electrodes was used for 
fitting the calculated impedance spectra 
with experimental spectra [51]. Data from 
Table 2 indicate that the frequency dis-
persion is negligible for Bi single crystal 
electrodes as well as for porous Bi but 
exists for smaller and thin-film Bi 
electrodes. The value of α equal or higher 
than 0.996 is the best result ever measured 
for bismuth single crystal electrodes [66]. It 
has to be noted that the Bi(001) and 
Bi(111) data correspond to the best experi-
ments but α values as low as 0.92 corres-

Figure 6. –Z’’,Z’ plot for different
Bi electrodes in 0.1 M LiClO4
aqueous solution at -0.6 V (lower ac
frequency is 0.05 Hz). Solid lines
have been obtained by fitting of
calculated impedance spectra with
measured ones using EC II.  
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pond to the electropolished electrode with an isolation leakage. The lower value 
of α is always accompanied with smaller value of Rct (data in Table 2). 
Therefore, the Bi electrode capacitance dispersion of frequency depends on the 
surface purity (i.e. on the faradaic or specific adsorption processes) but not on 
the surface roughness.   

 
Table 2. Fitting results for Bi interfaces at E = –0.6 V in 0.1 M LiClO4 aqueous solution 
according to scheme II in Fig. 4. 

Bi electrode χ2 ∆2 Rel / Ω cm2 AR / µF  
s1–a cm2 α Rct / Ω cm2 

(001) 0.003 0.22 20 21.7 1.00 1.9·106 

(111) 0.002 0.16 19 22.7 0.996 6.3·105 

Porous (R = 220) 0.0025 0.11 67 21.9 0.999 9.9·105 

100 nm thick film 0.0015 0.10 183 10.9 0.954 2.2·105 
50 µm BiCCE 0.015 1.1 0.89 24.2 0.924 7.8·104 

Where R is roughness factor.  
 

The fractional exponent value as high as 0.999 for bismuth sponge is surprising 
as for porous electrodes, usually much larger frequency dependence of 
capacitance have been measured [55]. Porous Au with roughness factor 770 has 
been characterized with the value of CPE exponent α ~ 0.977 [57], but the 
differences between electrochemical properties of different gold single crystal 
interfaces (zero charge potential difference is up to 450 mV [54]) are larger than 
that of Bi single crystal electrodes. Also, low melting point of Bi excludes the 
high atomic level roughness.  

The CPE behaviour is in conflict with the condition of ideal polarizability 
[67–68]. This is because they cannot be assigned a unique charge, a 
thermodynamic variable inherent to the ideal polarisability, represented 
mathematically by the Lippmann equation [50]. 

Small frequency dependence has also been measured at –1 V for Bi(001)| 0.5 
mM HClO4 aqueous solution: the semicircles can be modelled with α > 0.99 
[11].  

4.2.3. Charge transfer resistance dispersion of ac frequency 
 
For HER reaction, the Cdl is quite independent of ac frequency if the electrode 
surface consists of pure Bi. Even for porous Bi, α value is above 0.99 at –1.6 V 
in 0.1 M LiClO4 aqueous solution. There is a semicircle in the –Z’’,Z’-plot at  
–1.6 V indicating to the reaction with a single charge transfer limiting step. 
However, fitting with a simple parallel combination capacitor and resistor (EC 
IV in Fig. 4) does not describe the impedance spectra sufficiently. It is charac-
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teristic that the phase angle at low frequencies has constant value of 3–4 
degrees instead of 0, predicted by EC IV. Data in Table 3 indicate that by 
replacing Rct with CPER, having α value close to zero, good fittings of data can 
be obtained (1–2 orders of magnitude lower χ2 values were obtained with CPER 
instead of resistor). Therefore, the charge transfer resistance of Bi electrodes is 
dependent on ac frequency in solutions containing high concentrations of 
supporting electrolyte. 
 

Table 3. Fitting results for Bi interfaces according to scheme III in Fig. 4.  

System χ2 ∆2 
Rel / 

Ω cm2
Cdl / 

µF cm–2
AR / F s1–

α cm2 α 

Bi(001) at –0.95 V| 
1 mM HClO4 

0.00014 0.011 387 14.6 1.63E–04 0.006 

Bi(001) at –1.0 V|1 mM 
HClO4 + 0.1 M LiClO4 

0.00099 0.068 17.9 14.2 2.47E–04 0.039 

Bi(001) at –1.6 V| 
0.1 M LiClO4 

0.00048 0.039 19.4 16.4 1.68E–03 0.030 

Bi(111) at –1.6 V| 
0.1 M LiClO4 

0.00048 0.035 17.8 16.8 5.08E–03 0.033 

Porous Bi at –1.6 V| 
0.1 M LiClO4 

0.00031 0.017 76.0 13.1 1.86E–05 0.052 

4.2.4. Faradaic reaction and diffusion limitation conditions 
 
The peak in Cs,E-plots corresponds to the conditions where there is diffusion 
limitation at one side of the peak potential and slow charge transfer or 
adsorption are rate determining steps at the other side. This condition is satisfied 
in case of low frequency peaks due to faradaic reaction [11] as well as in case of 
adsorption-desorption peaks (caused by adsorption of organic compound or 
specific adsorption of ions) due to the change in electrical double layer 
capacitance [12,69].  

The impedance response due to slow mass-transfer step can be described 
with mass-transfer impedance ZW also called Warburg impedance. Mass-
transfer coefficient can be expressed as [41,46,51]  
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σ
⎛ ⎞

= +⎜ ⎟⎜ ⎟
⎝ ⎠

, (4.2.4.1) 

where S is electrode area. Warburg impedance is obtained as 
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where first member describes the diffusion process real part and the second 
imaginary part of complex diffusion resistance [41,46]. Corresponding faradaic 
impedance for mixed kinetics is expressed as a serial combination of charge-
transfer resistance and Warburg impedance. The resulting equivalent circuit is 
also known as Randles circuit, shown as EC V in Fig. 4 [41,46].  

For more complex cases, the generalized finite-length Warburg element for a 
short circuit terminus model expresses as 
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ω
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=  ,  (4.2.4.3) 

 
where RD is the limiting diffusion resistance, T = L2/D is diffusion time 
constant, L is the effective diffusion layer thickness, D is the effective diffusion 
coefficient of a particle and αw is fractional exponent for Warburg-like diffusion 
impedance [41,46,51].  
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Figure 7. Cs,E dependence (1 Hz) for Bi(001) electrode in 0.1 M LiClO4 + HClO4 
solution at different pH values (given in graph).  
 
For HER reaction, there is a peak at about –1.15 V in Cs,E-plot at low ac 
frequencies (Fig. 7). It was found that at peak potential, there is equilibrium 
between mass-transfer and charge transfer steps and the impedance behaviour 
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can be fitted with Randles circuit (semicircle with 450 line at lower frequencies 
in –Z'',Z'-plot; EC V in Fig. 4) [46]. At more negative potentials, the reaction is 
limited by mass-transfer step (45 degree angle line; EC VI), at slightly less 
negative potentials the reaction is limited by charge transfer step (semicircle; 
EC IV), and near zero charge potential there is ideally polarizable region (IPR) 
(nearly 90 degree angle). The corresponding –Z'',Z'-plots are shown in Fig. 8 
and fitting results in Table 4.  
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Figure 8. –Z'',Z' dependence for Bi(001)|0.5 mM HClO4 aqueous solution (pH = 3.31) 
at different electrode potentials (given in figure).  
   
 
Table 4. Fitting results for Bi(001)|0.5 mM HClO4 (pH = 3.31) interface according to 
ECs in Fig. 4. 

E / V 
Ag│AgCl χ2 ∆2 

Rel / 
Ω cm2 

Cdl / 
µF cm–2

Rct / 
Ω cm2 

RD / 
Ω cm2 T / s αW EC 

–0.55 0.03 2 730 
(6%) 

7.2 
(1.2%) 

447811 
(5%)    IV 

–0.95 0.0002 0.013 727 
(0.5%) 

16.9 
(0.3%) 

8056 
(0.3%)    IV 

–1.1 0.005 0.4 802 
(1%) 

14.4 
(3%) 

865 
(1%) 

376 
(85%) 

27 
(190%) 0.5 V 

–1.3 0.001 0.06 2476 
(0.7%)   16446 

(56%) 
19 

(113%) 0.5 VI 
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Dependence of logRct on pH is a linear with unity slope, indicating to a first-
order reaction. Thus, at Cs,E peak potential Rct = [H+] for Bi(001)|0.1 M LiClO4 
+ HClO4 and Rct = [H+] – 0.4 for Bi(001)|HClO4. These values also apply for 
Bi(011–) and Cd(0001) electodes [11].  

According to equation 4.2.4.2, σ can be calculated from slope of Z’ vs. w–1/2, 
and the slope is shown in Fig. 9. For further calculation of diffusion coefficients 
according to equation 4.2.4.1, only concentration of H+ was taken into 
account, as 0

redc  is small. Diffusion coefficient D for H+ ion is 9.3*10–5 cm2 s–1 
and that for perchloric acid is 2–6*10–5 cm2 s–1, increasing with acid 
concentration [70]. Diffusion coefficient values, calculated for HClO4 reduction 
on Bi electrode, are close to the actual value of DH+, although systematically 
smaller. The addition of LiClO4 solution reduces the DH+

 values even more, 
caused by the electrical double layer influence. The activity of protonated water 
near the cathode surface reduces more than two orders of magnitude with the 
addition of Li+ ions. 
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Figure 9. Calculation of Rct and σ from impedance data for Bi(001)|0.1 M LiClO4 +  
1 mM HClO4 system at –1.15 V. 
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Figure 10. Charge transfer resistance (Rct) vs. solution pH at C,E peak potential  
(E = –1.1...–1.15 / V Ag│AgCl) in 0.1 M LiClO4 + HClO4 (filled marks) or HClO4 
aqueous solution (empty rectangles).  
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Figure 11. Diffusion coefficient (D) vs. solution pH for Bi(001) electrode at –1.15 V in 
HClO4 aqueous solution (pH values are given in graph) with different LiClO4 additions 
(given in figure / M).   
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From logRct,E-plots, αt and i0 can be determined with higher precision than that 
from CV data [12]. According to formula 4.1.3, αt = 0.55 ± 0.01 and  
R0 = 9 (± 3)*1010 Ω cm2 giving i0 = 3 (± 1)*10–13 A cm–2. Analysis of traditional 
Taffel plot gave i0 = 2*10–12 A cm–2 and αt = 0.54, although in Ref. [71] several 
order of magnitude higher values have been obtained. Electron transfer rate 
constant ks, calculated according to equation 4.1.4, is 1.6 * 10–15 cm s–1.  

4.2.5. Faradaic reaction involving one adsorbed species 
 
Inductivity element in equivalent circuit causes impedance as   
 
 Z = jωL   (4.2.5.1) 
 
and in this case phase angle Φ = 900 [46].  

Inductive loops are often associated to the phase change of a solid, i.e. to 
corrosion or dissolving interfaces [72,73] or electrodeposition of metals [74]. 
Monte-Carlo simulations of metal dissolution show that surface adsorbate 
relaxation can effectively initiate inductive loops in an electrochemical 
impedance spectrum [75,76]. Equivalent circuit VII in Fig. 4 corresponds to the 
impedance behaviour of a faradaic reaction involving one adsorbed species 
[51]. Impedance curves in Fig. 7 can be fitted with EC VII, if Ra and Ca have 
both negative values, or with EC containing an inductance element [51]. In both 
cases, the forward and reversible rate constants for the electrochemical 
desorption step (second reaction) have to be larger than that for the adsorption 
step (first reaction) [51]. 

Impedance spectra for Bi electrode at E < –2 V has an inductive loop at the 
lower frequency region of spectrum. All the impedance spectra in Fig. 12 have 
inductive loops, and the spectrum measured at –2.2 V even has a nearly round 
shape.  

The parameters for the Bi|0.002 M LiClO4 aqueous solution interface at  
E = –2.1 V, calculated using EC VII, have the following values: Rel = 11 Ω cm2, 
Cdl = 36.0 µF cm–2, Rct = 31 Ω cm2, Ca = –0.014 µF cm–2 and Ra = –13 Ω cm2, 
χ2 = 0.007, and ∆2 = 0.37. It has to be noted that replacing Ca with CPE would 
increase the fitting quality noticeably (χ2 and ∆2 decrease 4 times), but Cdl was 
found to be independent of ac frequency. The inductive loop in impedance 
spectrum can be explained as relaxation of short-lived bismuth hydrides on the 
electrode surface (reactions are discussed more thoroughly in section 6.1) 
[2,77–81].  
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Figure 12. –Z’’,Z’ plot for BiCCE in 0.002 M LiClO4 aqueous solution at different 
extremely negative potentials, given in figure. Solid lines have been obtained by fitting 
of measured spectra with equivalent circuit VIII. 

4.2.6. Impedance of a blocking adsorbed layer 
 
The Bi(001) electrode surface, modified with 1-octadecanethiol (ODT), shows 
quite different impedance response compared to Bi(001)|0.1 M LiClO4 interface 
(Fig. 13). The thiol modified interface behaves as having very low electrolyte 
resistance although the charge transfer resistance is much smaller than that for 
pure Bi surface.   

To explain this behaviour, the thiolate coated electrode surface may be 
considered as an electrically isolated surface that has micrometer-sized and even 
smaller defects (pin-holes) nearly homogeneously distributed over the whole 
surface. Therefore, Bi|bismuth thiolate system seems to be like a microelectrode 
array characterised by spherical diffusion properties but charge transfer through 
these surface defects on the thiolate coated Bi surface is possible. Detailed 
analysis of the –Z’’,Z’ plots show that the short circuit Warburg impedance 
describes correctly the impedance response of moving charged particle through 
the holes in Bi(ODT)3 layer [82–83]. Thus, an EC VIII can be used for fitting of 
Bi(001)|Bi(ODT)3|0.1 M LiClO4 impedance data [47]. 
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Figure 13. –Z'',Z' dependence for clean Bi(001) electrode (open marks) and ODT 
modified Bi(001) electrode (filled marks) in 0.1 M LiClO4 aqueous solution at  
E = –0.6 V. Higher frequency part is given as inset. The solid lines correspond to the 
fittings with equivalent circuits I for Bi(001) and VIII for Bi(001)|thiol.  
 
 

4.3. Infrared spectra of thin films and in situ 
measurements of electrochemical processes 

 
Applying infrared spectroscopy, chemical composition and orientation of 
molecules can be analyzed. Over the last two decades, in situ infrared 
spectroelectrochemistry has become an increasingly powerful analytical tool in 
electrochemistry: the detection of organic monolayers is now commonplace 
[84–88], and there is other exciting work about of the double layer cha-
racterization [89–93]. Firstly, all common solvents, and especially water, absorb 
infrared light strongly; secondly, the amount of absorbing species of interest at 
or near an electrode is extremely small, rendering sensitivity a significant 
problem at a time when conventional infrared sources were weak, and detectors 
insensitive.  
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4.3.1. Grazing angle ATR spectra  
of thiol modified Au and Bi surfaces 

 
FTIR allows for a detailed characterization of chain-conformational properties, 
packing arrangement, and chemical composition. There are plenty of published 
grazing angle infrared reflection spectra in the literature about self-assembled 
monolayers on gold [34–38]. Thus, we also obtained similar spectra for thiol 
modified bismuth [8]. However, only C-H stretching modes can be seen with 
aforementioned method, giving limited amount of information. Therefore, we 
measured more sensitive grazing angle ATR spectra and can now also discuss 
the spectra at lower wavenumber region. Due to the lack of such information in 
the literature, we also measured thiol self-assembled monolayers on gold  
(150 nm thick Au(111) on mica). The infrared setup consisted of 2 mirrors and 
a 25 mm diameter Ge hemisphere where the thiol modified sample was pressed 
against, p-polarized infrared beam intersected the hemisphere at 60 degrees 
angle of incidence.  

Figs. 14 and 15 show absorbance spectra of octadecanethiol (ODT), thiol 
modified Bi and Au, and Bi(ODT)3 fibers (synthesis method discussed later). 
Thiol modified surfaces have been prepared by holding Bi or Au electrodes in 
1 mM thiol solution in ethanol for 24 hours. The absorbance for thiol modified 
bismuth surface is about 5 times larger than for ODT monolayer on Au(111), 
indicating that a thicker layer has been formed on Bi. However, the intensity of 
ATR spectra depends how good contact have been obtained with the ATR 
crystal, being more difficult to achieve for 4 mm Bi cylinder. Also, 
enhancement effects are stronger for thinner layers.  

Fig. 14 shows absorbance spectra of the C-H stretching modes of the 
polymethylene [–(CH2)n–] sequence and end-methyl [–CH3] [94,95]. A 
summary of these assignments is given in Table 5. 

The weak peak observed at 2872–2877 cm–1 and a shoulder at 2935 cm–1 are 
assigned to the CH3 group’s symmetric CH stretching modes (Fig. 14). This 
doublet of the symmetric stretch of the CH3 group is understood to arise from 
the intramolecular Fermi resonance interaction with the overtone of the CH3 
group asymmetric deformation [94]. These peaks are the strongest in Au + ODT 
spectra, indicating to a more vertical position of methyl groups in the thiol 
monolayer. Weak peaks for thiol modified Bi indicate the absence of vertically 
oriented organic compound layer.     
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Figure 14. Infrared spectra of ODT, thiol modified surfaces, and Bi(ODT)3 in the high-
frequency region showing C-H stretching modes (25 mm diameter Ge hemisphere; 60 
degrees angle of incidence: p-polarization). Absorbance for Au is original, and scaled 
for other measurements. 
 
The two strongest bands in Figure 14 with peak maxima at 2847–2851 and 
2915–2920 cm–1 are assigned to CH2 C-H symmetric and antisymmetric 
stretching modes, respectively. The exact location of these peaks is known to be 
a strong indicator of chain conformation. For crystalline n-alkanes, these modes 
occur in the ranges of 2846–2849 and 2916–2918 cm–1, respectively [94]. These 
ranges are known to shift with increase in gauche population in the 
polymethylene ensemble and assume the ranges of 2854–2856 and  
2924–2928 cm–1 for high-temperature disordered or liquid phases of n-alkanes 
[94]. The observed positions in a narrow range of 2849–2850 and  
2915–2917 cm–1 for ODT, Bi + ODT, and Bi(ODT)3 indicate the well ordered 
crystalline structure. Au|ODT system has CH2 absorption peaks at ~2 cm–1 
higher wavenumbers and CH3 bands at 4–9 cm–1 higher wavenumbers. 
Therefore, ODT monolayer on Au(111) has less crystalline structure, especially 
CH3 groups have more loose packing, but Bi electrode is coated with thiolate 
crystals rather than oriented layers.       

The absence of ν(SH) peak at 2559 cm–1 for thiol modified Au and Bi 
indicates that the adsorbed compound is not in thiol form. Absorption bands for 
metal-sulfur vibrations are fortunately at too low wavenumbers to be detectable 
with an MCT detector.    

Absorbance spectra in the 1550–650 cm–1 region is shown in Fig. 15.  
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Figure 15. Infrared spectra in the low-frequency region.  
 
Two strong peaks in this region are CH2 deformation (scissoring) peak at 1470 
cm–1 and the head-band of series of rocking modes of the chain methylenes (P1) 
at 720 cm–1 [94]. Exact characteristics of these peaks provide a sensitive 
measure of the packing arrangement of the alkyl chains. In orthorhombic 
arrangements of the polymethylene chains, the scissoring peak and rocking 
peaks are split into two components by interchain interactions between the 
contiguous CH2 groups of the two chains that constitute the crystal sub-cell 
[94]. This splitting, referred to as factor-group splitting, is specific to 
orthorhombic sub-cells [94]. It is not observed in the alternative single-chain 
subcells of monoclinic or triclinic packing, where only one peak is observed. 
The observed singlet for all Au and Bi thiols at 1470 cm–1 in this regard implies 
that the unit cell is composed of only one chain. Taken alone, the observation 
above excludes the orthorhombic arrangement, but does not distinguish between 
the monoclinic or triclinic types of packing that may occur in polymethylene 
chains.  

Second derivative spectra reveal a weak peak at 1460–1455 cm–1 for all 
systems measured. The peak at 1455 cm–1 is assigned to out-of-plane CH3 
asymmetric deformation or bending mode while the contribution at 1460 cm–1 is 
assigned to in-plane CH3 asymmetric deformation [94]. 

The peak appearing at 1383–1378 cm–1 is assigned to the CH3 symmetric 
deformation, sometimes called umbrella mode [94]. Intensive peaks were mea-
sured for ODT and Au + ODT systems, but weak peaks for Bi + ODT and 
Bi(ODT)2 systems.  

9
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The band at 1416 cm–1 is associated with scissoring of a methylene group 
adjacent to the metal-sulphur bonds [94]. There is medium intensity band at 
1420 cm–1 in Bi(ODT)3 spectra and weaker band for the Bi + ODT system. Au 
+ ODT system has weak and wide peak at 1410 cm–1 and ODT does not have 
this peak. This is the only peak that can be used for distinguishing bismuth 
thiolate layer because Bi-S vibration bands occur at too low wavenumbers.  

Next the appearance of the series of uniformly spaced peaks of moderate 
intensities with alternating weak shoulders between 1175 and 1300 cm–1 is 
assigned to the more intense wagging (Wx) and weaker twisting (Tx) modes. The 
occurrence of the wag-twist progression series, establishes unambiguously that 
the trans polymethylene sequence constitutes the dominant population of chain 
conformers in the crystals. In contrast, if the chains were disordered, as in high-
temperature or liquid-phase n-alkanes, these features would diminish in inten-
sity, broaden, and appear as long-wavelength bumps in the spectra [94]. 
Additionally, the number, the intensity, and the inter-band separation all depend 
on the average number of trans conformers in the chains according the 
following equation: [94] 

 
 ∆ν = 326 / (m + 1) (4.3.1.1) 
 
The calculated number of trans methylene units in molecule is 17.1, 17.4, 17.6, 
16.9 for ODT, Au + ODT, Bi + ODT, and Bi(ODT)3, respectively. These 
numbers show remarkably well, that nearly the entire length of the chain 
substituent is in all-trans conformation for all samples.  

Another relevant feature of interest in this region of the spectra of poly-
methylene assemblies, in general, is the presence of peaks exclusive to localized 
vibrations of nonplanar or gauche conformations. For example, the peak at 1341 
cm–1 for thiol modified bismuth surface and Bi(ODT)3 compound indicates an 
end-gauche effect [94].  
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Table 5. Interpretation of some infrared peaks for ODT, thiol modified surfaces, and 
Bi(ODT)3 [94,95].  

Symbol Vibration ODT Au + ODT Bi + ODT Bi(ODT)3 
νa(CH3) asym str (op) 2956 (w) 2964 (m) 2956 (w) 2955 (m) 
νs(CH3) sym str (FR1) – 2936 (w) – 2935 (vw) 
νa(CH2) asym str 2917 (s) 2920 (s) 2918 (s) 2916 (s) 
νs(CH3) sym str (FR2) 2873 (w) 2877 (m) 2873 (w) 2873 (w) 
νs(CH2) sym str (ip) 2849 (s) 2851 (s) 2850 (s) 2849 (s) 
ν(SH) str 2559 (w) – – – 
δ(CH2) def, scissor 1473 (s) 1462 (s) 1470 (s) 1469 (s) 1467 (s) 
δa(CH3) asym def 1454 (m) 1457 (w) 1457 (m) 1455 (m) 
δ(S–CH2) def, scissor – – 1422 (w) 1420 (m) 

δs(CH3) 
sym def, 
umbrella 1383 (s) 1384 (s) 1379 (w) 1378 (m) 

end-gauche CH2 wag – 1344 (w) 1341 (w) 1341 (m) 
Wx CH2 wag 1328 (m) 1327 (m) 1325 (m) 1325 (m) 
Wx CH2 wag 1312 (w) 1310 (w) 1308 (w) – 
Wx CH2 wag 1294 (m) 1293 (m) 1292 (m) 1292 (m) 
Wx CH2 wag 1276 (w) 1271 (w) 1271 (m) 1272 (m) 
Wx CH2 wag 1258 (m) 1255 (m) 1257 (m) 1255 (m) 
Wx CH2 wag 1242 (w) 1237 (m) 1240 (m) 1236 (m) 
Wx CH2 wag 1222 (m) 1218 (m) 1220 (m) 1218 (m) 
Wx CH2 wag 1204 (w) 1200 (w) 1203 (m) 1200 (w) 
Wx CH2 wag 1186 (w) 1180 (w) 1185 (m) 1184 (w) 

Sx 
C-C-C 
skeletal – * 1171 (w) 1172 (m) 

P1 CH2 rock 719 (s) 730 (s) 721 (s) 719 (s) 719 (s) 

asym – asymmetric; sym – symmetric; str – stretch; def – deformation; op – out of plane; ip – in 
plane; FR – Fermi resonance; vw – very weak; w – weak; m – medium; s – strong; vs – very 
strong.   
*The region from 800 to 1150 cm–1 for Au is noisy due to the mica absorption peaks. 
 

Based on systematical analysis of measured infrared spectra, it can be 
concluded that the compound, formed on Bi metal, is Bi(ODT)3 although have 
somewhat lower crystallinity.    
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4.3.2. SNIFTIRS – in situ reflectance spectra of electrode 
surfaces in solutions  

 
The external reflectance approach is the most exploited in situ infrared 
approach, and simply involves trapping a thin layer of electrolyte, ca. 1–25 µm, 
between the polished, reflective working electrode and an infrared transparent 
window such as ZnSe [96]. Fortunately, thin electrolyte layer neglects the study 
of fast redox processes. The solvent absorption is strong and needs to be 
annulled if the weak absorptions of near-electrode species are of interest. In 
1983, Pons [97] reported data acquisition protocol, which he termed SNIFTIRS 
(subtractively normalized interfacial Fourier transform infrared spectroscopy), 
which involved stepping the potential of the reflective working electrode 
repeatedly between two potential values. The number of scans, collected at each 
step is kept low to minimize the effects of instrumental drift, whilst the required 
signal-noise ratio is achieved through the high number of steps. Consequently, 
SNIFTIRS is also restricted to electrochemical systems that are essentially 
reversible over the timescale of the potential modulation, but has proved 
extremely sensitive, and is generally reported as being surface specific, only 
detecting potential-induced changes in adsorbed species.  

Polarized light incident upon a reflective metal electrode surface can be 
thought of as comprising two perpendicular components: a component polarized 
such that its electric vector vibrates perpendicular to the plane of incidence, and 
a component vibrating parallel to the plane of incidence. In essence, the work 
showed that the vibrations of an adsorbed molecule that are parallel to the 
electrode surface may become activated as a result of the electric field, and this 
was termed the electrochemical Stark effect [98–100]. As would be expected, 
this effect depends very strongly on the nature of the adsorbed molecule.  

Our constructed experimental setup, shown in Fig. 16, is similar to the one 
described by Faguy and Marinković [101]. Briefly, the IR beam was directed 
through a ZnSe wire grid polarizer and a gold coated flat mirror to a 25.4 mm 
diameter ZnSe hemisphere at 34 degrees angle of incidence. Electropolished Bi 
electrode in solution was gently pressed against the flat side of the ZnSe 
hemisphere with the help of the digital micrometer. The Teflon flow-through 
cell was completed with also Pt wire as counter electrode and Ag|AgCl 
reference electrode in saturated KCl aqueous solution. As the externally 
reflected (and also internally reflected to some extent) IR beam was noticeably 
dispersed due to the inhomogeneity and surface roughness of the ZnSe 
hemisphere and of the Bi(001) electrode, a concave mirror was both directing 
and focusing the beam further to the detector chamber.  
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Figure 16. Constructed spectro-electrochemical cell (section view) for SNIFTRS 
measurements and IR beam path. 
 

4.3.3. SEIRAS – internal reflectance through thin  
layer metal films  

 
An interesting alternative method of minimizing the solution path length is to 
employ internal reflectance or attenuated total reflectance (ATR) at the internal 
surface of an infrared transparent crystal or internal reflection element (IRE) 
such as Ge, Si, diamond, or ZnSe. For more general applications, the IRE is 
coated with a thin metal film, typically ca. 20 nm [102]. At angles of incidence 
greater than the critical angle, total internal reflection occurs at the point of 
incidence on the inner surface of the IRE [96]. At the point of incidence, the 
incident and reflected infrared rays superimpose to form an evanescent wave 
that decays exponentially out from the crystal surface, through the metal layer 
and out into the electrolyte (Fig. 1a) [96].  

The nonelectrochemical SEIRAS (surface enhanced infrared adsorption 
spectroscopy) effect was first reported by Hartstein and coworkers in 1980 
[103]. As with the SERS (surface enhanced Raman spectroscopy) effect, 
SEIRAS is limited, so far, to the coinage metals [96]. SEIRAS spectra show 
marked enhancement of the infrared absorptions of adsorbed species, up to  

10
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40× that expected on a smooth, bulk metal electrode. A thin metal overlayer 
excites surface plasmon polaritons in the metal film, the strong electromagnetic 
fields associated with this excitation provide a sensitive probe of the metal 
film–electrolyte interface, with tenfold enhancement in sensitivity being 
claimed over the more conventional SNIFTIRS method [96]. 

Both the electrolyte and the metal layer will damp the evanescent wave by 
absorbing energy from it. Hence, it is crucial to ensure that the metal working 
electrode layer, whilst being thick enough to ensure metallic conduction, is not 
too thick that the evanescent wave is sufficiently damped it cannot sample the 
electrode–electrolyte interface [96]. On the other hand, thin Bi films have low 
conductivity. Therefore, 75–100 nm thick electroless (deposition method 
discussed later) or thermally deposited Bi film was used. Experiments with 
thicker (up to 250 nm) and thinner Bi films confirm that 90 nm is optimal 
thickness. Because prepared Bi films are rough, there are thinner areas where 
infrared beam goes through.     

Our constructed system in Fig. 17 uses deposited Bi film on 10 mm diameter 
silicon hemisphere as a working electrode. The small glass cell also includes Pt 
spiral as a counter electrode, Luggin capillary for a reference electrode, and gas 
bubbling line for removing dissolved oxygen. The incident angle of IR beam 
can be changed by changing the angle of cell’s base plate.   
 

 
Figure 17. Constructed variable angle (55–75 deg) SEIRAS spectro-electrochemical 
cell with corresponding IR beam path. Working electrode is 85 nm thick Bi film 
deposited onto the flat side of 10 mm diameter Ge or Si hemisphere.  
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4.3.4. Potential-induced change in water orientation  
on Bi electrode  

 
A survey of the literature reveals a number of detailed in situ infrared studies 
discussing the metal–electrolyte interface structure, using Pt or platinum alloys 
[104–106], Au[107], Ag[108], Cu[109] or Hg [110] as electrodes. However, it 
should be noted that the present work [6] is the first infrared reflectance study 
of the bismuth–electrolyte interface. 

The infrared spectra of adsorbed water was studied with bulk Bi(001) and 
thin Bi film electrodes in LiClO4 and HClO4 aqueous solutions using SNIFTIRS 
and SEIRAS methods, respectively. The total number of scans coadded into 
each single beam spectrum was 1028, generated from 10 cycles of 128 scans, 
each collected at selected fixed electrode potential during 1 minute at a 
resolution of 4 cm–1. The electrode was equilibrated during 30 seconds after 
each potential step before infrared measurements. The resulting spectra were 
calculated by dividing the sample with the reference spectrum and presented in 
absorbance units. Thus the positive-going bands represent a gain of a particular 
species at the sample potential relative to that at the background potential.  

Surprisingly, SNIFTIR and SEIRA spectra, shown in Fig. 18, are quite 
different. Firstly, SEIRA spectra is 20-fold stronger. Secondly, SNIFTIR 
spectra indicate the decrease in amount of perchlorate anion (1105 cm–1) with 
water solvation cell (3600 cm–1 and 1636 cm–1) at negative potentials. Instead, 
SEIRA spectra indicate the change in water orientation: O-H dipole is 
preferably in perpendicular orientation at negative and positive surface charge 
densities (hydrogen down at cathodic and oxygen down at anodic potentials), 
whereas no peaks were detected at around zero charge potential –0.6 V where 
water molecules are more perpendicularly adsorbed. It has to be noted that the 
SEIRAS peaks measured at –1 V in 0.1 M LiClO4 and 0.1 M HClO4 coincide, 
although there is heavy hydrogen evolution in acid solution. Also, according to 
electrochemical measurements, perchlorate anion should adsorb on bismuth 
unspecifically, i.e. only with water solvation shell. Therefore, the SEIRAS 
method gives true spectra from Helmholz layer whereas SNIFTIR spectra 
describe the average diffuse layer only. The latter applies for Bi electrode with 
our setup, but there are other works that also prefer SEIRAS over SNIFTIR 
method due to truer adsorbed layer spectra [93].     
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Figure 18. SNIFTIR (a) and SEIRA (b) spectra of Bi|0.1 M perchlorate aqueous 
solution interface at different electrode potentials. In (a) the spectra were measured with 
Bi(001) electrode in 0.1 M LiClO4 solution with small HClO4 addition (pH = 3.5). In 
(b) the spectra with 85 nm Bi film on silicon were measured from –1.4 to –0.8 V in  
0.1 M LiClO4 and from –1.0 to –0.05 V in 0.1 M HClO4 solution. Background spectrum 
was collected at –0.6 V for all cases.        

a 

b 
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5. EXPERIMENTAL 
  

5.1. Apparatus and reagents 
 
The electrochemical measurements were carried out using Autolab PGSTAT 30 
with a FRA 2 system. The ac voltage amplitude was 5 mV. The impedance 
spectra were recorded at 10 points per decade. ZView 2.3 software was used for 
fitting of the impedance data. Impedance at higher frequencies, affected by the 
geometric capacitance of cell and inductance of wires, was removed from fitting 
and graphs.  

FTIR spectroscopy measurements were made using Perkin-Elmer Spectrum 
GX system with nitrogen-cooled mid-range MCT detector. The resolution was  
4 cm–1 and the spectra were collected during 2 minutes (256 scans). The 
measured bands were assigned to certain vibrations with the help of density 
functional theory calculations with ADF2006 package using double-zeta 
functions and PBE and BLYP exchange-correlation potentials at the generalised 
gradient approximation (GGA) as well as by B3LYP method from Gaussian 03 
software.  

Meiji MX 8530 reflective light optical microscope was used for visualization 
of the thiol modified bismuth surface. Atomic force microscopy (AFM) data 
were obtained by Agilent TechnologiesTM Series 5500 measurement system 
using silicon nitride tips. Differential scanning calorimetry studies with Perkin-
Elmer Diamond DSC machine gave information about bismuth thiolate 
decomposition at elevated temperatures. The structural data were obtained at 
room temperature by a refinement of the X-ray diffraction patterns (Difracto-
meter DRON-1).  

Stereomicroscope TZ45K and 3 Mpix camera with ScopePhoto software 
were used for the contact angle measurements. Contact angle θ was measured 
by fitting a mathematical expression to the shape of the water drop and then 
calculating the slope of the tangent to the drop at the liquid-solid vapour 
interface line  

 
 θ = 2tan–1(2h/d)  (5.1.1) 
 
where h is the drop height and d is drop diameter [111]. 

Solutions for electrochemical measurements have been made from LiClO4 
(Sigma Aldrich 99.99%) and were saturated with electrolytic hydrogen (Barken 
BALSTON hydrogen generator, purity >99.9999%) during 30 minutes prior 
measurements. Other chemicals used were the highest purity commercially 
available or purified by distillation as well as by other methods.  

150 nm Au(111) films on mica samples were treated with butane flame 
before measurements. Large atomically flat areas were confirmed with AFM 
images.  

11
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5.2. Electrochemical polishing of Bi and Cd   
 
Bismuth single crystal bars were cleaved through (111) and (001) interfaces at 
the temperature of liquid nitrogen. Then, these pieces were processed to 4.00 
mm cylinders and glued into 4.05 mm (inner diameter) borosilicate glass tube 
(Duran glass from Schott) using two component transparent epoxy glue. The 
final surface preparation of a Bi(hkl) electrode was obtained by electrochemical 
polishing in KI + HCl solution under positive potential at ~200 mA for 6 
seconds at rotation speed 180 rpm [112–114].  

  

 
Figure 19. 1.6×1.2 mm optical microscopy (OM) image of electrochemically polished 
Bi(001) electrode surface. The visible waves indicate that too high polishing current 
was used for this electrode. 
 
Large atomically smooth areas have been found on a cleaved and electro-
polished Bi(111) surface by STM method [115]. AFM image from electro-
polished Bi(001) electrode surface, taken in an air environment, indicates some 
roughness, probably due to the oxide layer formed.  
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5.3. Electrochemical measurements with 
macroelectrodes  

 
The electrochemical measurements were carried out in a typical three-electrode 
cell using Ag|AgCl reference electrode in saturated KCl solution (all potentials 
mentioned in the following chapters are measured against this reference 
electrode) through Luggin capillary and a Pt counter electrode.  

 
 

5.4. Preparation of bismuth microelectrodes   
 
The motivation for preparation of microelectrodes was to reduce the amount of 
wasted Bi connected to the cleaving of 3.5 mm diameter Bi(111) macro-
electrode surface (knocking with sharp knife along Bi(111) plane leads to a 
separation of 1–2 mm thick disk). Also, smaller electrode sizes may be used for 
larger scan rates in CV and higher ac frequencies can be measured with 
impedance spectroscopy [39]. The transport rate and, consequently, the current 
per unit area become very large because of the change from linear to spherical 
diffusion [39]. 

Bismuth (Mateck >99.9999%) was chosen as an electrode material and soda-
lime glass as an isolator material. The Bi microelectrodes can be easily prepared 
by filling glass capillaries with liquid bismuth under 2 bar H2 pressure above Bi 
melting point 271.3°C and then cooling down to room temperature using the 
cooling front toward the electrode direction at a speed of 2 mm s–1. The thermal 
expansion coefficient for soda-lime glass (9 µm m–1 K–1) is lower than for Bi 
single crystal (11.6 µm m–1 K–1 for Bi(001) and 17.3 µm m–1 K–1 for Bi(111) 
plane directions, correspondingly [116]) that is fortunately somewhat compen-
sated with the fact that bismuth expands ~2.7% on solidification [117]. The 
nonworking electrode tip was etched in 35% HF + 10% CuSO4 aqueous 
solution from its original size ~200 µm to ~150 µm so it could fit into the 
stainless steel tubing. The copper layer formed on bismuth surface helped to 
solder the electrode to a 100 µm isolated copper wire using low melting alloy 
(58% Bi and 42% Sn, Tf = 138°C) for electrical contact. Then, the copper wire 
and the electrode backside were inserted and glued with epoxy into 50 mm long 
stainless steel tube holder. The scratches around glass tube have been made by 
sandpaper and so BiCCE breaks easily by applying a small external force.  

The scanning electron microscopy data in Fig. 20a show that the top of a 
nicely cleaved Bi electrode is flat. An AFM image in Fig. 20b indicates wide 
atomically flat areas of the Bi(111) interface having rhombohedral crystal 
structure [118,119]. The characteristic monoatomic lattice steps of Bi single 
crystal can be found between terraces.  
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Figure 20. SEM (a) and AFM (b) images of cleaved bismuth microelectrode. The blue 
triangle in the AFM picture indicates the Bi(111) plane of rhombohedral crystal 
structure and height profile is given as the red line. 
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5.5. Development of renewable surface  
microelectrode system   

 
It is quite inconvenient and time-consuming to take an electrode out of solution 
before each cleaving step while bismuth surface oxidizes in an air environment. 
Therefore, cleaving procedure should be carried out in an electrolyte solution 
under computer control.   

5.5.1. I version 
 
The cleaving of bismuth capillary electrode was carried out in a glass cell 
shown in Fig. 21. The measurement cell consists a small hole for Bi electrode, 
solution inlet, platinum wire electrode, solution outlet, and an Ag|AgCl 
reference electrode was connected with the cell through a Luggin capillary. By 
rotating a screw mechanism, the electrode moves toward. By pushing the 
electrode towards glass wall at ~45 deg angle, small pieces break from top of 
the electrode. In order to get a symmetrical cleavage, a ring scratch was made 
into glass capillary using a small blade covered with diamond crystals. 

In principle system I can be used, but sometimes electrode was broken from 
wrong place and jammed into the channel. Also, in order to carry out flow 
injection analysis, a flow cell design was needed.  
 

 
 

Figure 21. Photograph (12×7 mm) of the version I cell. 

12
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5.5.2. II version 
 
The glass cell, shown in Fig. 22, was made from a single glass capillary. The 
cell volume was 50 times smaller than in version I and there was included a 
possibility to inject sample to the constant solution flow. Solution was 
deoxygenated with hydrogen and delivered into cell by syringe pump Alladin 
2000. Electrode moving was automated by continuous rotating servo and Basic 
Stamp microprocessor. The measurement system was attached into optical 
microscope in order to visualize the electrode surface. 
 

  
Figure 22. Photograph (30×40 cm) of the II version measurement system. Inset: 
magnification of the cleaving area. 
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Lots of measurements were carried out with system II, including flow injection 
experiments. However, the electrode jamming problem was even worse than 
with I version. After about 5 successful cleavings the electrode jammed and had 
to be removed from a cell. Also, in order to get higher mass-transfer rates for 
collection step in heavy-metal analysis, the solution flow should have opposite 
direction. Due to the complicated shape of glass cell, the optical microscope 
images were of low quality. Because of the cell geometry, only as high as 2 mm 
long cylinders were broken from top of the Bi electrode. Electrode bending 
before cleaving caused the resulting electrode isolation leakage. System II was 
quite large too. 

5.5.3. III version 
 
The glass cell was made from two microscopy glass slides like it has been 
described in Refs. [120] and [121] except, the channels in our system were 
made with diamond cutting disc. The bismuth cleaved capillary electrode 
(BiCCE) is moving in a channel inside glass chip with the help of a home-made 
linear positioner (Fig. 23). 
 

 
Figure 23. Photograph (18×9 cm) of the BiCCE measurement system. Inset: BiCCE 
cleaving procedure (1.6×1.2 mm) under optical microscope.  
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An actuator is also moving a needle so that every time a 320 µm long cylinder 
breaks and a new Bi surface is formed as it is seen under optical microscope 
(inset of Fig. 23). The broken piece is going downstream with solution flow 
(delivered by syringe pump Aladdin 2000) and the needle that is also a counter 
electrode moves back. This process can be repeated ~150 times until the end of 
the electrode. Electrode renewal is automated with the help of 8-core Propeller 
processor and can be initiated from PC computer or infrared remote control.  

No electrode jamming occurred in version III cell. High mass-transfer rates 
can be achieved by placing a glass capillary nozzle close to the electrode 
surface. Additionally, temperature control is possible and high quality 
microscope images can be taken using transmission or reflectance methods. 
System III is small and suitable for mass production. However, we have to note 
that not every cleaving yields a good quality single crystal electrode surface, 
because sometimes the sides of the electrode may be exposed to solution. Thus, 
the quality of the electrode isolation still needs some further development.  
 

 
5.6. In situ preparation of rough Bi surfaces   

 
For preparation of porous bismuth electrode, BiCCE was held at a potential of 
+1 V for 1 s followed by immediate potential switch to –2 V for 0.5 s. Then, the 
potential was fixed at –1.2 V and the syringe pump was regulated to a higher 
flow rate of 5 mL per hour for 10 s in order to remove the unreacted Bi3+ ions 
from the solution. A small part of Bi electrode dissolved at +1 V and formed an 
oversaturated solution of BiO+ cations near the electrode surface. By applying 
potential step to –2 V, reduction of these ions occurred, and the formation of 
black sponge was visible under optical microscope having much larger volume 
than the volume of Bi dissolved during the oxidation step. SEM data in Fig. 24 
show that different morphologies coexist inside porous Bi, like ~800 nm large 
pyramidic Bi crystals as well as dendrites created of ~60 nm diameter Bi 
nanowires [2].  

During a few minutes after preparation, the volume of freshly formed 
bismuth sponge collapses twofold (detected by visual inspection through 
microscope) and the surface area reduces about 50% based on the values of 
capacitance measured. It was observed that the surface area of porous Bi 
decreases further during some hours, although to a smaller extent.  

The shape of Cs,E-curve for porous Bi is similar to that of smooth Bi 
electrodes; however, porous Bi has larger hydrogen overpotential.   
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Figure 24. SEM image for BiCCE after dissolution and electrodeposition steps. 
 
 

 
Figure 25. SEM image for BiCCE after 5 min holding at –2.2 V in 0.1 M LiClO4 
aqueous solution. 

13
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In a second experiment, BiCCE was held for five minutes at E = –2.2 V in  
0.1 M LiClO4 solution, and SEM images of the resulting surfaces, given in Fig. 
25, indicate the presence of porous Bi layers on smooth Bi surface [2]. The 
structured area under dispersed Bi in Fig. 25 is not characteristic of a cleaved 
bismuth surface [1,115] but rather to a chemically or electrochemically etched 
surface of Bi. 
 
 

5.7. Electroless deposition of Bi thin films  
or nanoparticles  

 
Our motivation to deposit pure Bi thin films was the intention to prepare 
working electrode material for SEIRAS measurements. Therefore, a Bi film 
preparation method was developed [4]: 

0.4 mg of Bi2O3 was heated with 2 drops of 30% HF in a PTFE beaker in a 
hot plate until the yellow oxide turned to a white bismuth(III)fluoride. Next,  
2 mL of water was added and the PTFE beaker was heated at 90°C during  
2 minutes in order to dissolve Bi salt (about 0.4 mM Bi3+ in 1.2 M HF, solid 
BiF3 was in excess) and also to remove most of the dissolved gases. Thereafter, 
0.5 mL of formed solution with chosen temperature was quickly dropped onto a 
polished Si(111) wafer. First, SiO2 layer on silicon surface dissolved in HF 
during 5–10 seconds. A yellow Bi film formed according to the reactions: 
 
SiF6

2– + 4e– = Si + 6F– –E0 = 1.24 V [122] (5.7.1) 

Bi3+ + 3e– = Bi  E0 = 0.308 V [122] (5.7.2) 

3Si + 18F– + 4Bi3+ = 3SiF6
2– + 4Bi E0 = 1.548 V  (5.7.3) 

The reaction may proceed from 30 seconds to 10 minutes to provide a uniform 
coating. At higher temperatures, it is necessary to add more of prepared solution 
for few times due to the evaporation of solution and consumption of Bi3+ ions. 
Finally, the substrate was washed with MilliQ+ water and desiccated in an 
argon gas flow.  

The thickness of bismuth film can be controlled by the synthesis tempera-
ture. Average thickness was calculated by weight difference of Bi coated and 
uncoated Si wafer (bismuth films were dissolved in 50% HNO3 in a few 
seconds). For example, deposition during 10 minutes at 65°C gave 215 nm, 25 
minutes at 25°C 100 nm, and 10 minutes at 25°C 74 nm thick Bi film, respec-
tively. Deposition during 2 min at 25°C gave only separated Bi nanoparticles at 
Si(111) surface (calculated average thickness ~30 nm). 
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Figure 26. AFM images of bismuth deposits on Si(111): a) 30 nm average thickness 
(deposition time 2 min at 25°C), b) 215 nm thick Bi film (10 min at 65°C). RMS values 
8.1 nm and 51.6 nm have been calculated, correspondingly. 

 

AFM images for bismuth films, measured at different stages of deposition, help 
to understand how the film forms. At the beginning of the reaction, 
hemispherical Bi nanoparticles grow on a silicon surface (Fig. 26a). Thereafter, 
the larger Bi grains start to form due to the growing and joining together of 
smaller particles, meanwhile the silicon dissolution still takes place. Finally, up 
to 700 nm wide bismuth crystals are joined to a continuous film (Fig. 26b) and 
the reaction ceases as silicon is not exposed to the solution any more.  

XRD pattern search-match analysis [4] showed that the film formed on 
Si(111) substrate is well crystallized rhombohedral Bi [122,123]. The Bi 
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structure is preferentially oriented in (111) plane, but some other crystallo-
graphic orientations were also detected in the diffraction pattern. The ordering 
of Bi crystals is much lower during the first stages of the film growth.  

XPS spectra indicate the existence of about 2 nm thick bismuth(III)oxide on 
the freshly prepared Bi film surface [4]. Raman spectra peaks correspond to 
monoclinic α-Bi2O3 oxide layer [124,125]. Argon ion bombardment experiment 
showed that there was a pure bismuth film on silicon side, no silicon dioxide or 
bismuth silicide was detected.   

Four-point resistivity measurements gave the following surface resistivities: 
0.32 mΩ cm for 215 nm and 0.60 mΩ cm for 74 nm thick Bi films, respectively 
[4]. 

Prepared Bi thin films have yellowish colour and emit visible photo-
luminescence [4].  
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6. RESULTS AND DISCUSSION  
 
6.1. Electrochemical properties of bismuth electrodes 

in aqueous solutions 
 

Bismuth oxidizes in an air environment, but the ~2 nm thick Bi2O3 layer formed 
[4] reduces at cathodic potentials (E < –0.4 V vs. Ag|AgCl). Bismuth has large 
IPR: from –1.2 to –0.4 V in 0.1 M LiClO4 aqueous solution [2]. According to 
E,pH graph for Bi, the dissolution of Bi into BiO+ starts at E > 0.2 V and higher 
valence compounds may form at even higher potentials depending on the value 
of solution pH [126]. At E < –1.2 V, hydrogen evolution begins  
 
 H2O + e– ↔ Hads + OH– (slow) (6.1.1)  

 Hads + H2O + e– → OH– + H2 (fast)  (6.1.2) 
 
At even more negative potentials (E < –2 V), there is also a side reaction, 
gaseous bismuth hydride formation, which leads to the controlled dissolution of 
Bi surface [2]:  
 
 Bi + 3Hads ↔ BiH3↑ (side reaction)  (6.1.3) 
 
BiH3 decomposes quickly and forms bismuth nanoparticles that deposit back 
onto the bismuth electrode surface.  
 
 2BiH3 → 2Bi↓ + 3H2 

 
In 0.1 M HClO4 solution, Bi electrode has IPR from –0.75 to 0 V. HER at Bi 
electrode is believed to be limited by the rate of step (6.1.4) followed by the fast 
electrochemical hydrogen desorption step (6.1.5) [71]:  
  
 H3O+ + e– ↔ Hads + H2O (slow) (6.1.4)  

 Hads + H3O+ + e– → H2O + H2 (fast)  (6.1.5) 
 

The formation of electric double layer with addition of unspecifically adsorbing 
salt (LiClO4 or Na2SO4) decreases the activity of hydrogenated protons near 
surface and therefore the rate of hydrogen evolution decreases [11]. Hydrogen 
evolution is totally irreversible for both proton and direct water reduction 
mechanisms.  

14
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Bi single crystal can be easily cleaved along (111) or (001) planes, but the 
smooth surface for Bi single crystal electrodes can be also achieved by 
electropolishing in HCl + KI solution. Bi(001), Bi(111) as well as porous Bi 
have similar capacitance value, which is very sensitive to the addition of 
organic compounds in solution [1,9,13–15]. The capacitance of single crystal as 
well as porous Bi electrodes in LiClO4 solution in IPR does not depend on ac 
frequency [2]. Chemical impurities on the surface or isolation leakage cause 
CPE exponent α variation from 0.92 to 0.99. It was found that porous bismuth 
has more than hundred mV higher hydrogen evolution overpotential than 
smooth Bi electrodes [2].  

Two of bismuth single crystal planes, Bi(111) and Bi(001), have the most 
distinct properties of all bismuth single crystal planes. Bi(111) has 96 mV more 
negative zero charge potential than that for Bi(001) [54], but these effects 
appear only at the conditions of strong adsorption. For example, desorption of 
pyridine from Bi(111) surface takes place at about 100 mV more negative 
potential than from Bi(001) [1,14,15].  

   
  

6.2. Bismuth electrode interaction with alcohols 
 

There are plenty of studies analyzing organic compounds adsorption on Bi 
electrode [13–15,69,127–130], because Bi behaves electrochemically similarly 
to poisonous Hg and is therefore a good system for studying adsorption 
processes. This work was a part of the project devoted to the study of the 
influence of the organic molecule structure on the adsorption behaviour at the 
Bi|solution interface [13–15,69,127–130].  

Under electrochemical control, it is possible to study the adsorption of 
organic compounds directly onto the metal surface. Without electrochemical 
control in an air environment, bismuth is covered with thin layer of Bi2O3. 
However, simple surface modification without electrochemical control is also 
important because it can be used in practical applications.  
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Figure 27. Dependence of the difference between the potential of adsorption-desorption 
maximum Epeak and the zero charge potential Eσ=0 on logc at Bi(111) (filled marks) and 
at Bi(001) (open marks) for various organic compounds, noted in figure.  
 

Primary alcohols adsorb on bismuth surface with the hydrocarbon chain 
oriented towards the electrode and polar hydroxyl group pointing out to the 
solution [129,130]. Because 1,6-hexanediole (HD) has two terminal hydroxyl 
groups, it should adsorb differently. The adsorption parameters for HD were 
obtained using similar calculation methods than for n-hexanol [130] and  
n-propanol [129]. The values of molecular surface area indicate that HD 
adsorbs flatly on Bi single crystal electrode surfaces (it was previously found 
that HD adsorbs flatly on Hg [131]). Adsorbed HD molecules do not participate 
in direct charge transfer processes. Data from Fig. 27 indicates that at low 
concentrations n-hexanol is also adsorbed flatly.  

Analysis of infrared and electrochemical data demonstrates that at negative 
surface charge densities there are no chemisorbed particles on the 
bismuth|ethanol solution interface [7]. Differently from platinum|electrolyte 
interface, no ethanol oxidation products were detected [7]. Absorption peaks in 
the measured infrared spectra were mainly caused by the variation of solvated 
perchlorate anion adsorption due to the change of surface charge density with 
the variation of bismuth electrode potential [7]. 
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6.3. Formation of the bismuth thiolate compound 
layer on bismuth surface 

 
In electrochemical literature, there is one study reporting the formation of self-
assembled hexadecanethiol and other thiol monolayers on bismuth surface 
[132]. In this article, there is no data about the thickness of the thiol layer 
formed at bismuth electrode and this layer was characterised only by its 
diffusion blocking properties of electroreduction reaction of daunomycin and 
picric acid at bismuth electrode surface [132].  

Surface modification with thiols has been made by keeping the Bi single 
crystal electrode in 1mM thiol solution in 96% ethanol for 24 h, which is a 
typical procedure for preparing self-assembled monolayers on gold [34–38]. 
Then, the electrode was thoroughly washed with 10 mL of ethanol and dried. 
The modification of hydrophilic Bi with hydrophobic thiols can be easily 
proved by contact angle measurements in Fig. 28.    

Optical microscopy data for the ODT modified Bi(001) surface, given in Fig. 
29, shows that a few µm thick nonuniform layer of bismuth thiolate compound 
has formed during holding bismuth in ODT solution [8]. Image in Fig. 30 was 
taken after 2 cyclic voltammetry cycles between –1.6 and –0.45 V. It is 
apparent that part of the thiolate long crystals was reduced to thiol and can be 
seen as visible droplets on the surface.  

The exact amount of deposited compound can be calculated from cyclic 
voltammetry data. The thiol-modified electrode was immersed into solution at  
–0.7 V and left to stabilize of current density during 30 minutes. The first 
excursion to the cathodic potentials creates a very large reduction peak with an 
area –1350 µC cm–2 (Fig. 31). For 1-octadecanethiol monolayers on gold,  
–83 µC cm–2 reductive desorption peak was observed [34]. According to the 
data in Fig. 31, the reduction process is totally irreversible because there is no 
peak in the second voltammogram.  
 

    
Figure 28. Contact angle measurement data for electropolished Bi(111) before and after 
modification with ODT.   

 

Bi + ODTBi(111)
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Figure 29. 120×75 µm optical microscopy (OM) image of Bi(001) electrode after modi-
fication with ODT solution.  
     

 
Figure 30. 120×75 µm OM image of decanethiol modified Bi electrode (1mM thiol, 
24h) after electroreduction step. The long crystals correspond to tris(1-decylthio)bis-
muthine and the liquid drops to decanethiol, formed during electroreduction.  

15



58 

-250

-200

-150

-100

-50

0

-1.6 -1.3 -1 -0.7
E  / V vs. Ag│AgCl(sat. KCl)

i/
µA

 c
m

-2

scan 2

scan 1

S = 1350 µC cm-2

 
Figure 31. Cyclic voltammograms at potential scan rate of 20 mV s–1 for Bi(001) 
interface modified with ODT solution, measured in 0.1 M LiClO4 aqueous solution.  
 

During the first potential cycle, all Bi(ODT)3, deposited on the electrode 
surface, reduced to bismuth and corresponding thiol [8]. However, the 
electrochemically inactive (in the region –1.6 V < E < –0.4 V) thiol stays on the 
Bi(001) surface as capacitance at –0.7 V for thiol modified electrode is only  
0.1 µF cm–2 and after excursion to –1.6 V and back the capacitance value has 
not changed at all. Compared to a value of differential capacitance 19 µF cm–2 
corresponding to a Bi(001)|0.1 M LiClO4 interface at E = –0.7 V and to the 
limiting capacitance value from 2 to 5 µF cm–2 for Bi(001)|concentrated organic 
alcohol aqueous solution interface [13–15,9], it is clear that there is a thick layer 
of organic compound, characterised with the very low dielectric constant, 
adsorbed on Bi(001) surface.  

It should be noted that if the yellow crystals of Bi(DT)3 at Bi(001), seen 
partially in Fig. 30, are dissolved by rinsing very thoroughly with ethanol 
(Bi(DT)3 crystals are slightly soluble), the electrode gives a very small area 
reduction peak (with charge density only ~ –10 µC cm–2) during first cycle of 
cyclic voltammetry scan. No sharp reduction peak is observed that would be 
expected for a well ordered monolayer of electroactive compound.  

To study the kinetics of thiol layer formation process at Bi, the electrode was 
immersed into 1 mM ODT solution in deoxygenated ethanol and was bubbled 
with hydrogen during thiolate deposition process also. The dependence of cyclic 
voltammetry peak area q (i.e. destructive reduction charge density) on de-
position time is logarithmic with equation q = 93 ln(t) + 28 [8]. Thus, even after 
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holding the Bi(001) electrode only during a few seconds in thiol solution, there 
is more than a monolayer of electroactive compound on the Bi(001) surface.  

6.3.1. Dependence on thiol structure 
 
The formation of thick thiol layers on Bi electrode raised some new questions: 
maybe there are some other thiols that form stable monolayers on bismuth? 
Thus, further studies were carried out with different 1 mM thiol ethanol 
solutions where Bi electrode was dipped. Nevertheless, all thiols and carboxylic 
acids tested form thick Bi thiolate (or carboxylate) layer that was proved by OM 
pictures and infrared spectroscopy measurements. Comparison of organized 
thiol monolayers on gold (Table 6) shows that the contact angle values for 
dithiols (B13DT, ODIT) and MHDA are different for Bi and Au electrodes, 
indicating to a different orientation of these thiols on Au and Bi.  

 
Table 6. Contact angle measurements using the shape of water drop, calculated 
according to equation 5.1.1. 

Compound | modification time Au(111) Bi(111) 
– 67 17 (23MP) 

1-octadecanethiol (ODT) | 24h 101 106 
1-octadecanoic acid (STEAR) | 24h 75 88 

16-mercaptohexadecanoic acid (MHDA) | 24h 23 56 
1,3-benzenedithiol B13DT | 24h 77 27 

 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluoro-1-decanethiol (FDT) | 24h 104 99 

1,8-octanedithiol (ODIT) | 24h 63 22 
MP – mechanically polished 
 
Bismuth interacts with 1-decanethiol even faster than with 1-octadecanethiol 
and eventually collects most of the thiol from the solution to form the yellow by 
colour tris(1-decylthio)bismuthine fiber-like crystals on the electrode surface. 
Formed bismuth thiolates are yellow, exept compound with B13DT, which is 
red (image in Fig. 32). 
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Figure 32. 780×500 µm optical microscopy images of Bi(111), modified with 1mM 
B13DT ethanol solution for 100 hours.  

6.3.2. Synthesis and properties of bismuth thiolates 
 
The existence of bismuth thiolates Bi(SR)3 (where R is phenyl, butyl or some 
other hydrocarbon chain) is known for a long time however few of them have 
been synthesised yet [133,134]. We prepared bismuth thiolates by two different 
methods: 

1) 1.24 g ODT was dissolved in 160 mL ethanol in a round flask. 0.455 g 
BiCl3 was dissolved in 10 mL ethanol by adding 2 drops of concentrated HCl. 
The thiol solution was stirred with argon bubbling. The BiCl3 solution was 
added with the help of syringe pump during 10 hour period. The formed orange 
solid, shown in Fig. 33, was filtered, washed with ethanol and dried. Yield was 
85% and the melting point of this compound was 81°C. Gravimetric analysis [8] 
showed that the formed compound contained 22.1 ± 1% Bi and has empirical 
formula Bi(ODT)2.6. Bismuth(III) compounds are stable, but Bi(II) or Bi(I) are 
not, thus, the insertion of Cl– ions into the product is possible. Therefore, we 
developed another method for the synthesis of bismuth thiolates.  
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Figure 33. OM image (157×100 µm) of Bi(ODT)2.6 crystals, prepared from BiCl3 and 
ODT in ethanol.  

 

 
Figure 34. OM image (157×100 µm) of Bi(ODT)3, prepared from Bi2O3 and thiol in 
hexanol (darkfield contrast). 
 

16
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2) 0.5 g Bi2O3 and 0.807 g of ODT were heated at 65°C in 70 mL hexane 
during 24 h in a closed vessel. Thereafter, the hot yellow solution was decanted 
to another bulb to remove the excess of Bi2O3. Upon cooling down a system 
with a rate of 5°C per hour a bright yellow precipitate formed, practically 
insoluble in acetone and ethanol. According to the results of elemental analysis 
it contains 19.5 ± 1% Bi (the calculated value of Bi in Bi(ODT)3 is 19.6%) and 
thus the new compound synthesised is tris(1-octadecylthio)bismuthine (yield 
75%, melting point 82°C). The Bi(ODT)3 II looks like a yellow cotton wool, 
and contains of up to cm long fibres (Fig. 34). These fibres are round with 
diameters from 1 to 5 micrometers, while the maximum length of these fibres 
depends on the size of the reaction bulb.  

According to quantum chemical modelling data for a Bi(ODT)3 molecule, 
the angle between S-Bi-S bonds is 94 degrees. However, hydrocarbon chains 
have many possible configurations. It is quite unrealistic that the configuration 
of hydrocarbon chains, given in Fig. 35, can exist in crystalline phase. However, 
in soluble form the solvation may stabilize this shape.  

 

 
Figure 35. Optimized geometry for a single Bi(ODT)3 molecule calculated with PBE 
functional from ADF software package (Bi – purple, S – yellow, C – black, H – white).    

 

Indeed, bismuth thiolate is soluble in hexane, while other metal-thiolates 
(AuODT [95], AgODT [94]) are insoluble in all kinds of solvents.  

Infrared spectra for Bi(ODT)3 and Bi(ODT)2.6 crystal forms were taken using 
a small silicon ATR element. The derivative spectra reveal that δ(CH2) and P1 
peaks for Bi(ODT)2.6 are split unlike single peaks for Bi(ODT)3. Thus, the 
Bi(ODT)2.6 has orthorhombic sub-cell, but Bi(ODT)3 has monoclinic or triclinic 
packing. There are medium intensity peaks at 1416 cm–1 and 1428 cm–1 for 
Bi(ODT)2.6 but at 1420 cm–1 and 1432 cm–1 for Bi(ODT)3. Peak at 1071 cm–1 
exists only for Bi(ODT)2.6, but there is a wide peak at 1028 cm–1 for Bi(ODT)3. 
Also, there are differences in frequencies and intensities of other Sx and Px 
series peaks. 
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XRD measurements indicate that both Bi(ODT)3 I and II are well crystalline 
solids. However, I and II have completely different peak positions in XRD 
spectra Fig. 36) and, thus, different crystallographic structure. Also, inset of Fig. 
36 indicates the three overlapping peaks for Bi(ODT)3 I. Thus, Bi(ODT)3 I 
contains three different crystal fractions with lattice constants 5.13(1) nm 
(dominant form), 5.06 nm (twice smaller amount), and 4.99 nm (again twice 
smaller amount). The difference between lattice constants is 0.07 nm. The 
Bi(ODT)3 II has only one crystalline phase with lattice constant c = 4.41(2) nm 
(this parameter was obtained with more precise SAXS method). According to 
the quantum chemical calculations, the size of Bi(ODT)3 molecule in Fig. 35 is 
4.5 nm and a single ODT-Bi fragment is 2.6 nm long. Therefore, Bi(ODT)3 
molecules in II crystals can indeed have orientation similar to Fig. 35 while in 
synthesis product I the hydrocarbon chains have more linear configuration.           
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Figure 36. XRD patterns of Bi(ODT)3, prepared from BiCl3 and ODT in ethanol (I) and 
from Bi2O3 and ODT in hexanol (II). Inset: magnification from low-angle region.   

 

Thermal properties of Bi(ODT)3 were investigated by using differential 
scanning calorimetry (DSC). Fig. 36 shows the two first cycles of Bi(ODT)3 
heating curves. In the first heating scan, a sharp endothermic peak is found at 
83°C (peak onset temperature). In the second heating scan there is a peak at 
62°C. The cooling curves have peaks at 49 and 51 0C, respectively. Therefore, 
the peak observed from the first heating scan originated from an irreversible 
endothermic transition while for the second and following scans a reversible 
peak was observed. Thus, it can be concluded that Bi(ODT)3 decomposed 
irreversibly to bismuth and di-n-octadecylsulfide while melted at 83°C. The 

6 10 14
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latter has melting point 60°C [95]. Large differences between melting and 
solidifying temperatures are common for large organic compounds.  
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Figure 37. DSC curves of Bi(ODT)3 on  heating and cooling scans at 10 deg min–1.  

6.3.3. Bismuth thiol interaction mechanism 
 
In metal electrochemical series, bismuth is situated at the left side of hydrogen 
(E0 = 0.308 V [122]). Therefore, Bi should not react with acids. Still, the 
reaction takes place in the presence of oxygen or if acid is itself oxidizer, like 
nitric acid. The surprising result that, instead of monolayer, a thick thiolate layer 
formation on Bi in thiol solution contradicts the results from Adamkovski et al. 
[132], based only on electrochemical data. The bismuth thiolate compounds 
formed on Bi(001) and Bi(111) electrode surfaces have the melting points quite 
close to the compounds synthesised in the solution phase. The conclusion is that 
thiol does not react with bismuth directly, but reacts with bismuth oxide formed 
on bismuth surface in thiol solution in ethanol at OCP. 

Electrochemical and infrared studies of bismuth electrode in thiol ethanol 
solution indicate that the S-down oriented monolayer cannot be prepared onto 
bismuth even under electrochemical control because there is too low gap 
between the thiol reduction and bismuth oxidation potentials (and oxide reacts 
with thiol) [5].     
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6.4. Experiments with BiCCE 
 

The potential of BiCCE was fixed at –1.2 V, and some cylinders from a top of 
the BiCCE were broken until a good flat surface was achieved [1]. The shapes 
of Cs,E- as well as i,E-curves for 50 µm BiCCE are similar, but the original 
values of capacitance are three orders of magnitude smaller than that for 4 mm 
Bi(001) or Bi(111) electrodes [1]. The capacitance values were used for 
calculation of surface area, and surface roughnesses from 1.1 to 1.8 were 
achieved due to the non-ideal cleavage: there were some (001) steps on the 
mainly (111) surface [1] and some bending of capillary electrode during 
cleavage process probably caused the separation of Bi electrode from the glass 
capillary walls causing isolation leakage. In this work, BiCCE was used in a 
variety of electrochemical experiments that were not possible with conventional 
size Bi macroelectrodes. 

6.4.1. Determination of bismuth electrode surface orientation 
using characteristic pyridine adsorption-desorption peaks 

 
The small area of a single Bi microelectrode makes these measurements 
impossible with usual XRD equipment. Also, electrochemical determination 
includes steps on the surface and electrode sides, exposed to solution. Lust et al. 
[14,15] have found that pyridine forms sharp adsorption-desorption peaks in 
C,E-curves for the Bi(hkl) electrodes. The peak corresponding to the Bi(111) 
interface is situated at 100 mV more negative potential than the peak for 
Bi(001) plane [14–15]. For BiCCE, two well separated peaks have been 
detected (Fig. 39), the highest peak corresponds to the Bi(111) plane and the 
minor peak to the surface area with adsorption properties similar to the Bi(001) 
plane. Higher peak for (111) plane has been obtained for BiCCE in Fig. 38a, 
whereas BiCCE in Fig. 38b gives higher (001) peak. Thus, the BiCCE electrode 
surface consists mainly of Bi(111) terraces and less than 15% of Bi(001) plane 
areas also, corresponding to the steps on the surface or the sides of the 
electrode. 

     
Figure 38. OM images (1.2 x 0.75 mm) of two BiCCEs during cleaving process.   

a b 
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Figure 39. Differential capacitance (at ac frequency f = 210 Hz) dependence on poten-
tial in 0.1 M LiClO4 aqueous solution with addition of 0.08 M pyridine for two 
differently cleaved polycrystal bismuth microelectrodes, shown in Fig. 38. 

6.4.2. Electrochemical analysis of heavy metal ions 
 
The ability of BiCCE to detect trace levels of toxic trace metal cations is 
illustrated in Fig. 40. There is a nearly linear dependence of peak current versus 
Cd2+ and Pb2+ concentrations in solution (inset in Fig. 40). The detection limit 
achieved for a nearly standing solution using 50 µm BiCCE in this experiment 
was estimated to be ca 0.2 µg L–1 for both Cd2+ and Pb2+ ions [1]. The measure-
ments were carried out on the same cleaved surface in the presence of dissolved 
oxygen however before each measurement the electrode was electrochemically 
polished at –0.15 V for 1 second in solution flow. 
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Figure 40. Anodic stripping square-wave voltammograms for increasing concentration 
levels of Pb2+ and Cd2+ (from 1 to 12 µg L–1) in solution along with background 
response. Conditions: 0.1 M acetate buffer (pH = 4.5); preconcentration potential  
–1.2 V and time 4 min, frequency 200 Hz, potential step 10 mV and amplitude 25 mV. 
Inset: corresponding calibration plot jpeak vs. Pb2+ and Cd2+ concentrations. 

 

Taking into account that the curves in Fig. 40 have been measured with nearly 
standing solution, enhancement of detection limit using jet flow method is 
possible.  

6.4.3. Flow injection analysis 
 
Taking into account the good stability of differential capacitance for solid 
bismuth electrode [1,14–17], the concentration of ions or neutral organic 
compounds can be determined at maximum adsorption potential. To demonst-
rate this, 1µL of 0.1 M potassium iodide was injected into the electrolyte flow. 
The positive-going peak was observed at E = –0.4 V (Fig. 41) because specific 
adsorption of the iodide ions causes the increase in capacitance [15,135,136]. 
The injection of organic compound n-hexanol, that neither oxidizes nor reduces 
on the bismuth surface at –0.7 V, gives the negative-going peak, because n-
hexanol has smaller dielectric constant value compared to water, and decreasing 
the differential capacitance in the region of maximal adsorption. Of course, 
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larger organic molecules may adsorb irreversibly at maximum adsorption 
potential and for those compounds stripping analysis is possible.  

 
Figure 41. Differential capacitance vs. time plots for injection of 1µL of 0.1 M KI + 
0.1 M LiClO4 at E = –0.4 V vs. Ag|AgCl (a) and 1µL of 0.01 M n-hexanol + 0.1 M 
LiClO4 at E = –0.7 V (b) to a 0.1 M LiClO4 aqueous solution (flow moving at a speed 
of 1 mL h–1).  

6.4.4. Electrochemical studies at the moment  
of double layer formation   

 
The worked out method of fast cleaving of BiCCE opens new possibilities for 
studying double layer properties at the moment of its formation. The potential 
of zero charge (pzc) gives information about the double layer structure of an 
electrode as well as charge and orientation properties of different adsorbed 
particles [54,137,138]. Several methods have been worked out to determine pzc, 
including measuring of the diffuse layer minimum in C,E-curve in dilute 
electrolyte solutions [54]. There is one more new method for obtaining pzc for 
dropping mercury electrode using several drop data to find the potential at 
which the growing of the mercury surface will not induce a change of the 
charge in time [138] or electrode scrap method [139–144].  

The method, proposed here, offers a fast and a very simple way to determine 
pzc of the Bi(111) plane using BiCCE. The idea is to monitor the current vs. 
time at fixed electrode potential at the moment of the electrode cleavage. The 
electrode cleavage in 0.1 M LiClO4 solution (Fig. 42) shows negative-going 
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peaks at –0.8 and –0.7 V, but at –0.6 V there is a positive-going peak. 
Integrating one such current peak area gives the charge needed to form the 
double layer at applied potential. Now, surface charges corresponding to other 
electrode potentials can be easily obtained from chronocoulonometry mea-
surements and by the linear extrapolation we get pzc = –0.65 V. Based on 
previous data [54], in 1 mM LiClO4 solution the minimum in C,E-curve for 
Bi(111) plane is situated at –0.655 V, indicating that our method developed 
gives correct pzc values for BiCCE.  
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Figure 42. Charging current (i) vs. time curves for BiCCE in 0.1 M LiClO4 solution at 
cleaving potentials –0.8, –0.7 V and –0.6 V vs. Ag|AgCl, measured during three 
separate experiments. Timescale is given in figure.  
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7. SUMMARY 
 
This work gave new information about electrochemical properties of bismuth as 
well as some new preparation methods for Bi electrodes and new compounds. 
The studies were mainly carried out using cyclic voltammetry, impedance 
spectroscopy, infrared spectroscopy, and surface imaging techniques (optical 
microscopy, scanning electron microscopy, atomic force microscopy).    

A new method for preparation of nearly single crystalline bismuth micro-
electrode with the renewable surface and the corresponding measurement 
system has been worked out, being a promising replacement for the toxic 
dropping mercury electrode. The bismuth cleaved capillary electrode (BiCCE) 
surface is renewed in situ in solution by breaking 320 µm long cylinders on a 
top of a bismuth filled glass capillary. BiCCE was shown to be suitable for the 
analysis of trace metal cations or organic compounds and enables to study the 
double layer formation properties at the moment of the electrode cleavage.  

It was shown that thin bismuth films or Bi nanoparticles can be deposited 
onto silicon wafer using bismuth(III)oxide and hydrofluoric acid as reagents. 
The formed films have yellowish tinge and are quite rough, consisting of up to 
700 nm diameter Bi crystals preferentially (but not exclusively) oriented in 
(111) plane of rhombohedral symmetry, and are coated with approximately 2 
nm thick α–Bi2O3 layer, after contact with air atmosphere.  

Two different strategies were used for in situ deposition of porous bismuth 
onto Bi microelectrode in aqueous 0.1 M LiClO4 solution. Porous surface was 
prepared by anodic dissolution of bismuth electrode followed by fast 
electroreduction of formed Bi3+ ions at cathodic potentials. The nanostructured 
porous bismuth electrode, with surface roughness factor up to 220, consists of 
Bi nanowires and has higher hydrogen evolution overvoltage than observed for 
smooth Bi electrodes. It was established that gaseous bismuth hydride formation 
and decomposition into Bi nanoparticles takes place at high negative electrode 
potentials (E < –2 V vs. Ag|AgCl).  

It was found that the impedance of pure Bi electrode have negligible 
frequency dependence of capacitance but noticeable frequency dependence of 
charge transfer resistance. In situ infrared spectroscopy measurements conclude 
that the Bi surface in aqueous and ethanol solutions does not have any 
chemisorbed species and the change in electrode potential causes the 
reorientation of solvent molecules as well as the change in ion concentration 
near the Bi electrode surface.  

Analysis of results demonstrates that after holding of Bi electrodes during 
some hours in solution of thiol in ethanol, bismuth is covered with a thick 
porous layer of bismuth thiolate compound but not a self-assembled thiol 
monolayer like observed on Au electrodes. For the verification of formed 
thiolate layers the new compounds tris(1-octadecylthio)bismuthine and tris(1-
decylthio)bismuthine were also synthesised from bismuth(III)oxide and thiol in 
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hexane solution and a similarity of properties with the bismuth thiolate 
compounds, formed at the bismuth electrode surface, has been demonstrated.  
 

Some new applications of Bi electrodes can be suggested: 
• Electroanalysis of heavy metals or organic compounds with bismuth 

cleaved capillary microelectrode system.  
• Electroless deposition of thin bismuth films on silicon and preparation of 

porous bismuth for electronics industry.   
• Bismuth surface modification with thiols for lithography, corrosion 

protection or in electroanalysis for analyte collection step. New method 
for synthesis of bismuth thiolates from metal oxide.    
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9. SUMMARY IN ESTONIAN 

Vismuti õhukeste kihtide, poorsete ja mikroelektroodide 
valmistamine ning nende pinna modifitseerimise meetodid 

 
Käesolevas töös konstrueeriti mitmesuguseid vismutil baseeruvaid nano- ja 
mikromõõtmetes elektroode ning mõõteseadmeid ja töötati välja vismuti pinna 
modifitseerimise meetodeid. Mõõtmiste käigus saadi ka uut informatsiooni 
vismuti elektrokeemiliste omaduste kohta. Kasutati peamiselt tsüklilise 
voltammeetria, elektrokeemilise impedantsi ja uudse in situ infrapuna spektros-
koopia meetodeid ning pinna mikroskoopia tehnikaid.   

Töötati välja uus meetod vismuti monokristalse mikroelektroodi (BiCCE) 
valmistamiseks ja konstrueeriti mõõtesüsteem. 50 µm diameetriga BiCCE pinda 
on võimalik mõõtmiste käigus lihtsasti uuendada, murdes Bi elektroodi otsast 
320 µm pikkusi tükke. Näidati, et BiCCE abil saab teostada raskmetalli jääkide 
analüüsi ja läbi viia uudseid adsorptsiooni ning elektrilise kaksikkihi alaseid 
uuringuid pinna uuenemise hetkel.  

Leiti, et õhukest vismutkihti või nanoosakesi on lihtsasti võimalik räni 
pinnale sadestada vismutfluoriidi sisaldavast vesilahusest. Tekkinud vismutkiht 
on kollase läikega, koosnedes kuni 700 nm suurustest (111) orientatsiooniga Bi 
kristallidest ning on õhus kaetud 2 nm paksuse α-Bi2O3 kihiga.      

Poorse vismuti valmistamiseks kasutati kahte erinevat strateegiat. Bi pinda 
oksüdeeriti lahustumiseni ja seejärel redutseeriti kiiresti tagasi metalseks 
vismutiks. Tekkinud Bi nanovarrastest koosneva poorse struktuuri eripind on 
220 ning sel on 140 mV suurem vesiniku eraldumise ülepinge kui siledal Bi 
elektroodil. Teiseks hoiti Bi elektroodi väga katoodsetel potentsiaalidel  
(E < – 2 V Ag|AgCl võrdluselektroodi suhtes) ja leiti, et elektroodilt eraldub 
gaasiline BiH3, mis laguneb kiiresti Bi nanoosakesteks ja sadeneb tagasi 
elektroodi pinnale.    

Leiti, et Bi elektroodi mahtuvus ei sõltu mõõtesagedusest, kuid laengu-
ülekandeprotsessi takistus sõltub. In situ infrapunaspektroskoopia mõõtmiste 
tulemustest võib järeldada, et Bi|vesilahuse ja Bi|etanooli piirpinnal pole 
spetsiifiliselt adsorbeerunud ühendeid ja elektroodi potentsiaali muutus kutsub 
esile ainult pinnalähedaste solvendimolekulide orientatsiooni ning ioonide 
pinnalähedase konsentratsiooni muutuse.     

Selgus, et erinevalt tioolide monokihtidest kullal, tekib vismuti pinnale pak-
sem vismuttiolaadi kiht. Tekkinud kihi tuvastamiseks sünteesiti ka uued 
ühendid tris(1-oktadetsüültio)vismutiin ja tris(1-detsüültio)vismutiin heksaani 
lahuses Bi2O3 reaktsioonil vastava tiooliga ning tõestati, et just need ühendid 
tekkisid ka Bi elektroodi pinnal.  
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Mõningad selle töö rakendusi: 
• Raskmetallide ja orgaaniliste ühendite elektroanalüüs BiCCE süsteemiga. 
• Õhukeste vismutkihtide sadestamine ränile ja poorse vismuti valmis-

tamine elektroonikatööstuse tarbeks.  
• Vismuti pinna modifitseerimine tioolidega litograafiaks, korrosiooni kait-

seks või ainete elektroanalüüsil analüüdi kogumise etapis. Uus sünteesi-
meetod vismut-tiolaatide saamiseks lähtudes metalli oksiidist.      
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