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3.INTRODUCTION

Polymer electrolyte (or proton exchange) membrane fuel cells (PEMFCs) and
direct methanol fuel cells (DMFCs) are regarded as promising devices for
alternative green energy complexes as in addition to green hydrogen, green
methanol can be used for storage of cheap solar and wind energy [1]. These
environmentally green DMFCs generate water, heat and CO,, but no NOj, SOy,
volatile organic higher molecular mass organic compounds or nanoparticles.
Due to their relatively higher efficiency [2,3] PEMFC are under more intensive
development than DMFC.

The main problem hindering the commercialisation of DMFC, as well as
PEMFC, is the high overpotential of oxygen reduction reaction (ORR) at the
porous cathode [4,5] and the complicated oxidation of methanol in DMFC [6,7].
Therefore, novel catalytically active materials are being developed for PEMFC
and DMFC applications. For PEMFC, the most common catalyst material is Pt
(or Pt alloys) [8,9]; however, for DMFC, Pt by itself is insufficient due to
catalyst poisoning [6,7]. Along with Pt group metals, other alternatives are
studied as co-catalysts with Pt.

Various catalysts with low Pt or precious metal loading are under intensive
development, as well as precious metal-free catalysts. However, low activity or
insufficient electrochemical stability is the main problem to be solved. For
DMFCs, Pt-rare-earth metal oxide co-catalysts have been used and promising
activities for methanol oxidation reaction (MOR) have been demonstrated.

It has been established that the efficiency and stability of electrocatalysts
depend very strongly on the selection of appropriate combination of Pt-metals,
additional co-catalysts as well as the attributes of the catalyst support materials
[8,10,11].

The main demands for support materials are optimal micro-mesoporosity and
macroporosity for quick mass transfer of oxygen and methanol, high electrical
conductivity and electrochemical stability at different temperatures. Carbon is
the most widely used catalyst support material for DMFC and PEMFC due to its
affordability, porosity, conductivity and electrochemical stability [9]. These
properties are determined by the synthesis conditions and the precursor
materials of the carbon support material.

Carbon materials can be synthesised using various methods as well as from
different raw materials, like carbon-rich organic precursors (e.g. Estonian peat
[12,13]) as well as from different binary carbides, which have been under
intensive study at the Institute of Chemistry in the University of Tartu [14-17].
In comparison with carbons prepared from different organic waste material or
peat raw materials, carbons prepared from binary or ternary carbides have a
more regular structure as well as tuneable micro-meso-macroporosity. Carbide
derived carbons have a very high electrochemical stability. These materials
have been intensively studied as catalyst supports for PEMFC and could also be
used as DMFC catalyst supports.
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The main aim of this work was to synthesise active and electrochemically
stable Pt nanoclusters deposited onto carbon supports and additionally activated
with cerium and praseodymium oxide for oxidation of methanol and to compare
the properties of these materials with commercial catalysts. Different synthesis
methods have been developed and the influence of deposition methods has been
demonstrated. Various physical characterisation methods have been used to
characterise the Pt-CeO, and Pt-PrOy complex materials. The catalytic activity
towards methanol electrooxidation was studied using various electrochemical
methods (cyclic voltammetry, chronoamperometry, impedance spectroscopy).
High activity towards MOR was observed for the synthesised platinum-rare
earth metal oxide based complex catalysts.

In addition, the structure and stability of Mo,C based carbon catalyst support
materials were studied using various physical and electrochemical characte-
risation methods.
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4. LITERATURE OVERVIEW

4.1.Polymer electrolyte membrane fuel cells

The conversion and storage of energy is an essential topic of research and
various avenues are under study to reduce the ecological impact of energy
generation. Fuel cells are energy conversion devices to generate electric energy
with little to no greenhouse gases. Fuel cells using hydrogen as fuel emit only
water as reaction by-products. Fuel cells offer higher efficiency than internal
combustion as they are not constrained by the Carnot cycle [2,4,5]. In addition,
the losses of energy conversion from mechanical energy are avoided.

Fuel cells generate electricity directly through chemical reactions. Fuel cells
consist of an anode and cathode and an ion-conducting membrane between
them. The oxidation of fuel occurs on the anode and reduction of oxygen occurs
on the cathode. For PEMFCs a proton-conducting membrane (also called a
polymer electrolyte membrane, e.g. Nafion) is used, through which protons
move from the anode to the cathode, whereas electrons drive a load through the
auxiliary circuit. A schematic of a fuel cell is shown in Fig. 1.

Membrane electrode assembly

—

)

Anode catalyst PEM Cathode catalyst

H, — 2H* + 2e %0, + 2e” + 2H* - H,0
— B B &
Gas diffusion — . ]
layers ——T—2 || [|
— @ B &
|: .,I' I| H+ - i :I
—V ] "4
= Rl S i -
] i
H, flow - | R — ~ Air flow

= -

Bi-polar plate = o | ~— Coolant flow
] . - .

Nth unit cell

Figure 1. Construction and components of a hydrogen-fuelled polymer electrolyte
membrane fuel cell [4].
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PEMFCs use catalyst materials for the electrochemical reactions to occur at
reasonable rates and with manageable overpotentials. For most low-temperature
fuel cells, platinum is the most common catalyst material due to its high activity
towards the oxygen reduction reaction as well as the oxidation of fuels such as
hydrogen and methanol. [4,6,18]

In PEMFC, the cathode reaction is ORR [19-21]:

0, + 4H" + 4¢” — 2H,0, E'=123V. (1)

E’ is the standard electrode potential.
If hydrogen is used as fuel, the anode reaction is the following [19-21]:

H, - 2H" + 2¢, E'=0V. )
The overall reaction is:
2H, + 0, — 2H,0. 3)

As such, the theoretical cell potential of a hydrogen-fuelled PEMFC is 1.23 V at
room temperature [19,21]. However, due to various sources of overpotential, the
actual potential of a single cell is lower. The main sources of overpotential are
activation overpotential, ohmic overpotential and concentration (or mass
transport) overpotential [20-22].

4.2.Oxygen reduction reaction

One of the main issues for PEMFCs is the sluggish nature of ORR, which
accounts for nearly two-thirds of the overpotential [23,24].

There are two main pathways for ORR in acidic aqueous solutions: two-
electron and four-electron pathway.

The four-electron pathway is shown in Eq. 1. The two-electron pathway is
the following [19]:

0, +2H" +2¢” — H,0,, E'=0.70 V. 4)
The hydrogen peroxide can be further reduced electrochemically to water [19]:

H,0, + 2H" + 2¢” — 2H,0, E’=1.76 V. (5)
Alternatively, the hydrogen peroxide can decompose:

2H,0, — 2H,0 + O,. (6)

All the shown reactions consist of several elementary reactions [24-26].

13



The formation of hydrogen peroxide is undesirable, as it can negatively
affect the membrane or electrode materials. Compared to the two-electrode
pathway, the four-electrode pathway also offers more energy per reacted
molecule [19].

4.2.1. Oxygen reduction reaction catalysts

To increase the kinetics of ORR in low temperature fuel cells, various catalyst
materials have been under intensive study.

Pt nanoclusters have been intensively studied, and good catalytic activity has
been observed even at very low loadings, demonstrating the importance of the
catalyst support material and the dispersion of nanocatalyst on the support
material surface [27,28].

While Pt is the most suitable catalyst material for ORR in PEMFC, its high
cost is an issue, as well as the loss of catalytic activity due to nanoparticle
growth on Pt nanocluster-activated catalyst materials [8]. As such, various Pt
alloys and core-shell type catalysts are studied [8].

PtNi and PtCo alloys are among the most catalytically active materials
towards ORR [29,30]. PtCo alloys are used in the Toyota Mirai fuel cell vehicle
[31].

Pt-rare-earth metal alloys have also shown very high catalytic activity
towards ORR [24,32-34]; however, facile and cost-efficient synthesis of Pt-
rare-earth metal alloys is somewhat complicated.

To mitigate the negative aspects of Pt, platinum group metal free materials
are also intensively studied as ORR catalysts. These are usually based on Fe- or
Co-N/C materials, and very good results have been obtained, especially in
alkaline conditions [35,36].

4.3. Fuels in PEMFC

The hydrogen oxidation reaction (HOR), shown in Eq. 2 is relatively facile
compared to the ORR. On platinum catalysts, the HOR proceeds at nearly zero
overpotential and at a very high rate. Hydrogen as a fuel is extremely desirable,
as it has a very high energy density and it is essentially the only fuel that is
possible to produce and use without carbon emissions. Its negative aspects are
its low density requiring energetically costly compression or liquefaction for
efficient storage, along with the cost of high-pressure storage vessels suitable
for hydrogen [37].

In this aspect, methanol offers some advantages, such as cost and availabi-
lity. Since methanol is a liquid, it is easily stored, transported, and distributed
using existing infrastructure. However, methanol is toxic if swallowed, in
contact with skin or if inhaled [38]. As methanol is virtually indistinguishable
from ethanol outside of a well-equipped laboratory, mass methanol poisonings
are a persistent occurrence throughout the world [39,40], either through malice
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or negligence, and it is highly probable that widespread use of methanol as a
fuel would only increase these occurrences. Currently, bittering agents have a
negative impact on fuel cell performance [41].

While the HOR is fundamentally an extremely interesting, multi-faceted
electrochemical process involving several steps, for practical applications in
fuel cells, it is essentially a solved problem [28,42]. This is very much the
opposite of MOR in fuel cells.

4.4. Methanol Oxidation reaction

Methanol oxidation to CO, can be summarised as the following reaction [6]:
CH;OH + H,0 — CO, + 6H" + 6 E*=0.02V @)

However, the process involves multiple steps occurring in separate potential
regions, involving the adsorption of methanol molecules, the dissociation of
water, the splitting of the C-H bond and the surface diffusion and reaction of the
various intermediate products. As such, even though the thermodynamic
potential of MOR to CO, lies very close to the equilibrium potential of hydro-
gen oxidation, the kinetics of the processes involved are slow and exhibit high
overpotential. [6,43]

In addition, methanol crossover to cathode is another important source of
overpotential in DMFC [44].

4.4.1. Methanol oxidation catalysts

As with ORR and HOR, platinum is the backbone of MOR electrocatalysis
[6,7]. It is an excellent catalyst for splitting the C-H bond; however, pure Pt
exhibits low activity towards MOR due to various reasons, such as the
poisoning of the catalyst by reaction intermediates (e.g. CO) as well as the high
potential required for water splitting on Pt. For these reasons, Pt is usually
employed in conjunction with suitable additives in co-catalysts [6,43].

Ruthenium has been studied intensively as a co-catalyst with Pt for MOR for
decades [43,45-48]. Ruthenium exhibits a lower potential for water
dissociation, which helps overcome the poisoning of catalytic sites by CO. This
is often referred to as the bifunctional mechanism, where Ru provides adsorbed
active oxygen-containing groups for the oxidation of carbonaceous species
adsorbed on Pt through surface diffusion [6,43,44,48].

An obstacle to using platinum and ruthenium at high loadings is their price.
An extensive overview of various alternatives is given by Kakati et al. [7]. As
alternative cheaper co-catalysts to ruthenium or as a ternary component to
reduce the amount of precious metals in Pt-Ru catalysts, various oxide materials
have been studied [49], such as WO; [50,51], ZrO, [50] and TiO, [52,53].

More recently, rare earth metal oxides (REO) have been shown to be
suitable co-catalysts with Pt for MOR. CeO, has been studied most extensively
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of this group of materials. A small overview of some results of Pt-REO
catalysts is shown in Table 1.

Various methods have been developed to synthesise Pt-REO catalysts.

In 2006, Tang and Lu [54] precipitated various REO catalysts in a basic
aqueous solution with subsequent heat treatment. Pt was deposited onto the
synthesised materials using the sodium borohydride method. The results were
promising; however, the electrochemical activity of the catalysts was not very
high. Notably, Ce oxide-based catalyst performed relatively worse than some
other studied materials, with Pr oxide showing the highest activity.

In 2008, Tang and Lu [55] synthesised Pt-PrCeO,-C mixed catalysts using
the same method, which exhibited higher activity than their previously studied
materials. This was credited to the mixed oxides having high oxygen mobility
and oxygen vacancies.

Takahashi et al. [56] synthesised CeO, particles using the ammonium
carbonate method and heat treatment at various temperatures. Pt particles were
deposited onto the CeO, using the hydrogen reduction method. The synthesised
materials were then dispersed with carbon particles and dried to obtain the final
catalyst material. The synthesised materials exhibited higher performance than a
commercial PtRu catalyst.

Guo and Jing [57] co-precipitated Pt and CeO, precursor in a basic aqueous
solution over 6 days which was then heat treated at 400 °C. Compared to a Pt-C
catalyst synthesised using the sodium borohydride method, better results were
achieved; however, the dimensions of Pt nanoparticles in the two catalysts
synthesised using different methods were not compared.

Gu et al. [58] synthesised CeO, particles via precipitation in a basic aqueous
solution with subsequent heat treatment. The Pt particles were deposited using
the ethylene glycol method in a microwave oven. Good activity was achieved
for the synthesised materials depending on the CeO, content, with 20% CeO,
having the highest activity. Remarkably, a Pt-C catalyst synthesised using the
same method also had a relatively high or even comparable activity. It is
probable that this is due to the very small Pt particle size achieved through
microwave synthesis; however, the particle size of this catalyst material was not
revealed for comparison.

Wang et al. [59] developed a method for depositing CeO, onto graphene
sheets by oxidizing cerium ions using graphene oxide as the oxidant, thereby
reducing it to graphene. Pt was deposited onto the synthesised material using
the sodium borohydride method with the addition of L-lysine as a linker to
preferentially deposit Pt onto the CeO, particles. The activity of this material
was remarkably higher compared to a synthesised material without CeO,. This
was attributed to the L-lysine mediated method preferentially depositing Pt
nanoparticles onto ceria, which avoids conglomeration of Pt nanoparticles due
to their high mobility on graphene sheets.
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Table 1. Overview of Pt-rare-earth metal oxide catalysts

Catalyst Measurement conditions MOR activity Ref.
Pt-Ce0O,/C 0.5M MeOH + 0.5M H,SOy; CV: [54]
Pt-PrO,/C CV 50 mV/s 56.3 mA mg”

CA 1000s (0.65V vs SCE) (E,=0.70V vs SCE)
Pt+REO 10% 92.2 mA mg’!
(E,=0.71V vs SCE)
(estimated)
CA: 4.09 mA mg’
Pt-PrCeO,/ 0.5M MeOH + 0.5M H,SOy; CV: 118.3 mA mg’ [55]
C(Vulcan) CV 50 mV/s (E,=0.68 Vvs SCE)  CA:5.1 mA mg!
CA 1000s (0.65V vs SCE)
Pt+REO 10%
Pt-CeO,/ 0.5M MeOH + 0.5M H,SOy; CV: 2.8 mA em?p, [56]
C(Vulcan) CV 50 mV/s (E,=0.85V vs RHE) (estimated)
Pt 30%; 7=28°C
Pt-CeO,- IM MeOH + 1M HCIO, CA 3.5 mA cm’ [57]
MWCNT CV 50 mV/s (E,=0.64V vs SCE) CV 14 mA cm™
CA 3600s; 0.5 V vs SCE (estimated)
Pt 10%
Pt-Ce0O,/C 0.5M MeOH + 0.5M H,SOy; CV: 11 mA ecm™ [58]
CV 20 mV/s
E,=0.85vsRE
REO 20%, Pt 20%
Pt-CeO,-GO IM MeOH + 0.5M H,SOy; CV:366 A g'p [59]
CV 100 mV/s CA: 60 A g'p; (estimated)
E,=0.69 vs Ag/AgCl
CA:3600s; 0.742V vs Ag/AgCl
Pt-CeO,/ IM MeOH + 0.5M H,SOy; CV:25 mA cm™ [60]
Graphene CV 50 mV/s
E,=0.25 vs MSE
Pt 20%
Pt-CeO,/ 0.5M MeOH + 0.5M H,SO0,; 20mA em>; 0.71 Amg'p,  [61]
C(Vulcan) CV20mV/s
E,=0.65 vs Ag/AgCl
REO 6%, Pt 20%
Pt-CeO,-PANI 0.5M MeOH + 0.5M H,SOy; CV:36133 Ag'y [62]
CV 100 mV/s (E,=0.7V vs SCE)
T=30°C
Pt-CeO,/ IM MeOH + 0.5M H,SOy; CV: 11169 A gy [63]
C(Vulcan) CV 50 mV/s CA:350 A g'p
E,=0.6 vs SCE
CA: 0.6V vs SCE
Pt 18.6%
Pt-Ce)7;Mo0y30;,, 1M MeOH + 0.5M H,SOy; CV: 18884 A gy [64]
/C(Vulcan) CV 50 mV/s (E,=0.65 vs SCE)
Pt-PrO,.,- 0.001M MeOH + 0.5M H,SOy, CV:3 mA cm? [65]
diamond CV 50 mV/s (E,;=0.65V vs CA: 0.5 mA cm?
Ag/AgCl)
CA 1000s; 0.6V vs Ag/AgCl
PrsO,;'xH,0O/Pt/  1.0M MeOH + 1M KOH CV: 1131 mA mg 'p, [66]

CNT

CV 50 mV/s (E,=—0.25V vs SCE)
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Chen et al. [60] synthesised a Pt-CeO,-graphene catalyst using the ethylene
glycol method in a microwave oven with pre-synthesised ceria particles. The
cerium oxide-containing catalyst exhibited higher activity compared to an
analogous catalyst without ceria. This was attributed to both a better dispersion
of smaller Pt particles as well as promoted CO oxidation activity due to the
addition of CeO,.

Wu et al. [61] synthesised CeO,-C materials at various calcination tempe-
ratures. Pt was thereafter deposited using the ethylene glycol method in an
autoclave. Very high activity was recorded, with the highest activity corres-
ponding to ceria calcined at 550 °C. This material also had the highest ECSA of
the studied materials, corresponding to a Pt particle size of 2.5 nm. The catalytic
activity was roughly two times higher than for a commercial Pt-C catalyst with
a similar Pt particle size, exhibiting the beneficial influence of CeO,.

Xu et al. [62] synthesised Pt-CeO,/polyaniline three-layered hollow nanorod
arrays using ZnO as a template. Good activity was achieved, with remarkable
stability of the catalysts, with 97.89% of maximum activity remaining after
1000 cycles. It is also notable that the catalyst achieved its maximum activity
only after several hundred cycles.

Dai et al. [63] used a modified ethylene glycol method under reflux to
deposit Pt particles onto ceria synthesised using a histidine-assisted method.
The Pt/His-CeO,-C exhibited very high electrochemical activity towards MOR.
In addition, another Pt/CeO,-C material synthesised without histidine also
exhibited very high activity, the materials being two to three times more active
than Pt/C catalysts. Remarkably, however, the CO stripping curves showed a
very small difference in activity between the Pt/C and Pt/CeO,-C materials,
although ceria-modified catalysts exhibited lower oxidation peak potentials. The
authors attributed the very high activity towards MOR to improved CO,qq
oxidation by oxygen vacancies and higher OH,4s species concentration on ceria
surface. While facile CO,q4s oxidation is important for high MOR activity, a
comparison of the MOR and CO stripping plots in the article under discussion is
arguably more suggestive of CeO, having a beneficial influence towards
methanol electrooxidation along with some improvement in CO,4s oxidation
activity compared to Pt/C.

Zhang et al. [64] showed Pt/Ceq;Mo(30,-C with extremely high MOR
activity. The incorporation of Mo into the ceria lattice was suggested to enhance
the surface oxygen concentration with more oxygen vacancies generated.

It has been suggested that in case of Pt-CeO, catalysts, the promoting effect
arises from an analogous bifunctional mechanism as with Pt-Ru [49,54,67-69].
In a somewhat similar proposition, the generation of active adsorbed oxygen-
containing surface groups has been explained through improved adsorption of
water onto oxygen vacancies in the ceria particles [56]. In one review by Mori
et al. [69], this has been summarised as the result of the high oxygen storage
capacity of the CeOy surface. Furthermore, CeO, has been suggested to inhibit
the growth (recrystallisation) of Pt particles, contributing to the stability and
increased catalytic activity [49,70].
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Praseodymium oxide has been used in solid oxide fuel cells due to its high
oxygen conductivity at higher temperatures [71]. In ambient conditions,
praseodymium oxide exists as a mixed oxide PrO;;. This oxygen-deficient state
and its higher room-temperature conductivity [72] compared to CeO, make it a
very interesting material to apply as an additive in Pt complex catalysts. Pt-PrO,
materials have been studied in a few papers as ethanol oxidation catalysts
[73,74] as well as methanol oxidation catalysts.

As discussed above, Tang and Lu synthesised both Pt-PrO,-C [54] and
Pt-PrCeO,-C [55] catalysts with decent activity towards MOR.

Chen et al. [65] deposited Pt and PrO, electrochemically onto poly-
crystalline diamond surface. Compared to Pt, increased MOR activity was
achieved. The authors suggested that the main role of PrO,-, was to improve the
tolerance of surface poisoning of the Pt surface.

Yang et al. [66] studied PrO;; and Pr(OH); containing Pt/C catalysts in
alkaline conditions. The authors concluded that both oxygen vacancies and
hydroxyl groups improve the catalytic activity towards MOR, with oxygen
vacancies having more importance.

Based on the established results [54,55,65,66], there is further room for
tunable improvement of catalytic activity in both the synthesis of the praseo-
dymium oxide as well as in the conditions of Pt nanocluster deposition to
increase the catalytic activity of Pt-PrO, catalysts.

In addition to this work, MOR on Pt-rare-earth metal oxide-based materials
has been studied further in University of Tartu [75,76].

4.5.Mo,C based catalyst support materials

The performance of PEMFCs depends highly on the chemical composition and
porous structure of the support material used as the catalyst carrier. The
commercial PEMFC catalysts are dominated by carbon black-based support
materials (e.g. Vulcan XC72, KetjenBlack, etc.). It has been shown that in
addition to good conductivity of the support material and good dispersion of the
catalyst material on the support material, the porosity and pore size distribution
of the support material plays an important role as well as the ratio of graphitised
and amorphous carbon [10].

Carbon materials synthesised from Mo,C (C(Mo,C)) have a highly tuneable
surface area and porosity (hierarchical porous structure) and have been shown
to be prospective catalyst supports for PEMFC, as well as having some electro-
catalytic activity towards ORR [11,14,77]. Pure C(Mo,C) has demonstrated
high gravimetric capacitance in aqueous [11,78] and non-aqueous [16] media.
In addition, carbon-covered molybdenum carbide electrodes have been studied
for supercapacitor applications and high capacitance values were observed,
however, the results are somewhat inconclusive regarding the stability of the
electrodes [79].
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Mo,C can be used in heterogeneous catalysis [80-82] and in electro-
chemistry as a catalyst for hydrogen evolution reaction (HER) [83-85] or as a
co-catalyst activated with Pt nanoclusters for ORR where complex catalysts
have demonstrated higher electrochemical activity compared to pure Pt [85,86].

The stability of molybdenum carbide based composite catalyst materials has
received minor attention. It has been shown that bulk Mo,C dissolves in acidic
media at potentials more positive than 0.4 V vs. normal hydrogen electrode
(NHE) however the maximal corrosion rate occurs at pH =8 [87]. Analogous
results have been found for Mo,C thin films, which start to oxidise at £> 0.5V
vs. NHE (0.1 mA cm™?) in acidic media [88]. Another study observed the
dissolution of Mo,C from Pt/Mo,C thin film system at £ > 0.4 V vs. NHE [89].
Molybdenum carbide particles synthesised from molybdenum oxide onto
Vulcan XC72 have been shown to have good CO electrooxidation activity, yet
during the activation phase in 0.5 M H,SO, solution, cyclic voltammograms
showed multiple reduction and oxidation peaks, as well as a drastic decrease of
currents. However, the characteristics of activation were discussed very briefly
[90]. Overall, molybdenum carbide seems to be rather stable in the HER
potential region but unstable in the potential region of ORR [83—85,89,91].
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5. EXPERIMENTAL

5.1.Synthesis of composite materials

5.1.1.Synthesis of C(Mo,C)+Mo,C materials

The molybdenum carbide derived materials were synthesised using a high-
temperature chlorination method. The Mo,C powder (-325 mesh, 99.5, Sigma-
Aldrich) was loaded into a quartz vessel. The powder was reacted in a tube
furnace at 750 °C with Cl, gas (AGA, 99.999%) for 2 hours. In case of
complete chlorination, the reaction would follow a simple reaction scheme [14]:

Mo,C + 5Cl, — 2MoCls + C (8)

The molybdenum carbide was only partially chlorinated in this study, leaving
some Mo,C in the product. The percentage of Mo,C in the product was
dependent on the reaction time, with a longer chlorination time yielding more
carbon and less Mo,C. A fully chlorinated material without any noticeable
Mo,C was also synthesised.

During the initial heating and after the chlorination, the tube furnace was
purged with argon (AGA, 99.999%), the heating to 750 °C took 15 minutes and
the cooling to room temperature about 5 hours. After chlorination, the inter-
mediate product was additionally treated with hydrogen (Linde GAS,
99.9999%) at 900 °C to remove excess chlorine, chlorides and surface func-
tional groups from the composite material [14]. The heating step to 900 °C took
about 20 minutes. The synthesised materials were designated as C,¢;, where x%
indicates the weight percentage of carbon in the C(Mo,C)+Mo,C composite
materials.

5.1.2.Synthesis of Pt-C(Mo,C) and Pt-C(Vulcan) materials

Pt nanoparticles were deposited onto the carbon support materials using a
microwave-assisted ethylene glycol method. H,PtClgx6H,0 (Alfa Aesar, 99.9%
metals basis) was dissolved in 1 ml of MilliQ+ water (18.2 MQ cm) and
ethylene glycol (puriss. p.a Reag. Ph. Eur., > 99.5%, Riedel-de Haén) was
added. The volume (30 ml to 100 ml) of ethylene glycol was used to vary the Pt
complex concentration in the reaction mixture. The carbon material was added
to the reaction mixture and depending on the desired pH of the reaction mixture,
concentrated NaOH (Sigma-Aldrich, 99.99% metals basis, Semiconductor
grade) solution was added dropwise during sonication in an ultrasonic bath. The
molar ratio of OH to Pt in the reaction volume was kept constant at OH /Pt = 8.
The reaction mixture was sonicated for three hours, after which the synthesis
mixture was heated in a commercial 750 W microwave oven until boiling two
times. The product was filtered and washed with MilliQ + water and dried in a
vacuum oven at 80 °C and 50 mbar overnight.
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The carbon support materials were commercial Vulcan XC72 (Fuel Cell
Earth LLC) noted as C(Vulcan), C(Mo,C) fully chlorinated at 750 °C as
described in Chapter 5.1.1., and the commercial Vulcan XC72 material
additionally treated with HNO;, noted as C(Vulcan®).

The C(Vulcan*) material was prepared by boiling Vulcan XC72 in 65%
HNO; for 3 hours, after which the mixture was diluted with MilliQ+ water and
left to settle overnight. The mixture was washed with MilliQ+ water 3 times and
the resulting suspension of modified carbon in MilliQ+ water was boiled for
one hour. Thereafter the mixture was filtered and dried in a vacuum oven.

A summary of the synthesis conditions is shown in Table II.

Table II. Synthesis conditions of Pt-C(Mo,C) and Pt-C(Vulcan) materials

Material Support material pH c(H,PtClg) /M Pt wt%
1 C(Vulcan) ~2 0.00191 23.7+2.1
2 C(Vulcan) ~2 0.00245 21.2+32
3 C(Vulcan) 12.3 0.00228 13.6+2.1
4 C(Vulcan) 12.3 0.00295 14.7+2.4
5 C(Vulcan) 12.5 0.00385 12.8+2.7
6 C(Vulcan) 12.7 0.00670 16.4+2.8
7 C(Vulcan*) 12.7 0.00663 8.6+3.2
8 C(Mo0,C)750 °C 12.4 0.00332 184+2.8

5.1.3.Synthesis of Pt-CeO,-C materials

CeO, + C(Vulcan) materials were synthesised by dissolving the required
amount of CeNO3;x6H,O (Strem Chemicals, 99.9%-Ce) in 1 cm’ of MilliQ+
water and adding Vulcan XC72 carbon black. 100 cm® of ethylene glycol (Fluka
Analytical, puriss. p.a., Reag. Ph. Eur., >99.5%) was added and the pH was
regulated to pH = 12 using concentrated solution of NaOH. The mixture was
sonicated. A commercial 750 W microwave oven was used to heat the mixture
twice to boiling using intermittent heating in five-second cycles. The heating of
the mixture to boiling took less than five minutes. Between the two heating
cycles, a 30-minute cooling step was applied. The cooled mixture was filtered
(0.45 pm, Merck Millipore) using a pressure filtration system (Sartorius Stedim
16249) and dried in a vacuum oven.

Some of the synthesised CeO, + C(Vulcan) materials were additionally
heated in a tubular oven at 600 °C for two hours in an argon (Linde Gas,
99.999%) atmosphere.

Platinum nanoparticles were deposited onto the synthesised CeO, + C(Vulcan)
materials using a similar microwave heating method as discussed above, with
H,PtClgx6H,0 as the precursor material. The Pt complex acid was dissolved in
1 cm® of MilliQ+ water, and CeO, + C(Vulcan) support material and ethylene
glycol were added. The concentration of the Pt complex in the reaction mixture
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was varied by changing the volume of ethylene glycol. The pH of the reaction
mixture was regulated using a concentrated solution of NaOH. The reaction
mixture was sonicated for three hours. After that, the synthesis mixtures were
heated in the commercial microwave oven as described above. The product was
filtered, washed with MilliQ+ water, and dried in a vacuum oven. The details of
the syntheses are summarised in Table III.

Table III. Synthesis conditions of Pt-CeO,-C materials

. . Reducing a OH/Pt Pt
Material Support material agent pH @ Wit%
CeO, + C(Vulcan) _ o
EG-1 T=600°C Ethylene glycol 2 12%
EG-2 CeO, + C(Vulcan) Ethylene glycol 11.6 3.0 12%
CeO, + C(Vulcan) o
EG-3 T=600 °C Ethylene glycol 9.5 0.6 4%
CeO, + C(Vulcan) 0
EG-4 T= 600 °C Ethylene glycol 12.3 6.1 31%
CeO, + C(Vulcan) o
EG-5 T=600 °C Ethylene glycol 12.4 8.0 21%
EG-6 C(Vulcan) Ethylene glycol 9.7 1.3 13%
EG-7 ¢ C(Vulcan) Ethylene glycol ~2 24%
NBH-1 C(Vulcan) NaBH,4 8 15%
NBH-2 NBH-1 7'= 600 °C 15%
CeO, + C(Vulcan) o
IWI-1 600 °C H, 18%
Commercial C(Vulcan) 20%

U pH of the reaction media
@ Mole ratio of OH™ and Pt in the reaction mixture

® Materials do not contain CeO,.

The material marked as EG-6 was synthesised by dissolving the required
amounts of both CeNO;x6H,0 and H,PtClgx6H,0 in 1 cm® of MilliQ” water.
C(Vulcan), ethylene glycol and NaOH were added. The rest of the microwave
synthesis was performed as described above.

The material marked as NBH-1 was synthesised using NaBH,; as the
reducing agent [92,93]. H,PtClgx6H,O was dissolved in MilliQ+ water to
prepare a solution with Pt ion concentration of ~1 mM. The solution was stirred
for one hour. The pH was regulated to ~8 via dropwise addition of 20% NaOH
solution. The required amount of CeO, + C(Vulcan) support was suspended in
the solution and stirred to form a homogenous suspension. A NaBH, (Aldrich,
>98.0%) solution was prepared by dissolving 0.116 mg NaBH, in 3.08 cm’
MilliQ" water. This solution was added dropwise to the CeO, + carbon suspen-
sion, which was stirred for another two hours, after which the suspension was
left to settle overnight. The suspension was filtered, rinsed and dried in a
vacuum oven at 45 °C.
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A portion of the material NBH-1 was heated at 600 °C for two hours in an
argon atmosphere. This material is marked as NBH-2.

The IWI-1 material was synthesised via ultrasound assisted incipient wetness
impregnation of H,PtClgx6H,O solution in ethanol and further gas phase
reduction under H,/Ar atmosphere [94]. 65 mg H,PtClsx6H,0 was dissolved in
1 cm’ commercial ethanol (distilled over CaO). 100 mg CeO, + C(Vulcan)
material was added to the solution. The slurry was sonicated for 30 minutes.
Afterwards, the ethanol was evaporated under Ar flow at 100 °C for 1 h in a
glass tube furnace. Subsequently, the sample was heated to 200 °C at a heating
rate of 2.5°C min ' under Ar flow. The reduction was performed at this
temperature using a mixture of 30 vol % H, in Ar (100 cm® min") for 3 h. After
the reduction, the sample was cooled to room temperature in Ar atmosphere.

5.1.4.Synthesis of Pt-PrO,-C materials

Pr(OH); was deposited onto the Vulcan XC72 carbon black using
Pr(NO;);x6H,0 (Aldrich, 99.9%, metals basis) as a precursor. One gram of
praseodymium nitrate was dissolved in 25 cm® MilliQ+ water, 1.6 g of Vulcan
XC72 was added and the slurry was sonicated for several hours. The slurry was
heated to nearly boiling temperature while stirring vigorously using a magnetic
stirrer. 10 cm® 25% ammonium hydroxide was added. The resulting slurry was
cooled and left to settle, then filtered using a vacuum filtration system and
washed several times with MilliQ+ water. The resulting material was dried
overnight in a vacuum oven at 110 °C at 50 mbar pressure.

The Pr(OH);-C material was calcined in different conditions, shown in
Table IV, to obtain various PrO4-C materials. The materials are distinguished in
the text by the applied calcination temperature. The material PrO-C 300 was
calcined in a Binder FP 53 heating chamber in ambient air. Other materials were
calcined in a Carbolite tubular oven in argon flow.

Table IV. Synthesis conditions of PrO,-C materials.

.. . Gas flow ..
Material Calcination Heating Atmosphere  rate oy Cal.cma(tzl)on
temperature ramp 3 . -1 time
cm’ min
PrO,-C 300 300 °C 2Kmin' Ambientair | °r%d 2h
convection
PrO,-C 525 525 °C 3 K min! Argon (5.0) 200/ 40 2h
PrO,-C 700 700 °C 3Kmin"' Argon(5.0)  200/40 2h
PrO.-C 1100 1100 °C 3 K min! Argon (5.0) 200/ 40 2h

M Two gas flow rates are shown: higher value was used during the heating process, the
lower value was used once the desired temperature was achieved.

@ Calcination time refers to the time the material was at the desired temperature after
the process of heating up the oven.
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Platinum nanoparticles were deposited onto the calcined PrO,-C materials
via reduction of H,PtCls with hydrogen (the ultrasound assisted incipient
wetness impregnation method). The calcined PrO,-C materials and
H,PtClgx6H,0 were added together into a small vial. 1 cm® of ethanol (Merck
KGaA, EMSURE®, absolute for analysis) was added and the mixture was
sonicated to obtain a slurry. The slurry was carried into a quartz vessel. The
quartz vessel was heated in a tubular oven to 100 °C at 2.5 K min' under argon
(Linde Gas, 99.999%) flow and held there for 1 hour to evaporate the ethanol.
Thereafter the vessel was heated to 200 °C at 2.5 K min~' under the flow of a
gas mixture of 30% electrolytic hydrogen (Model NMH, 500, Linde Gas,
>99.9999%) in argon and held there for 3 hours after which the vessel was
cooled slowly under argon flow. For all materials, Pt was deposited using the
same conditions, however, the materials are distinguished in text by the calci-
nation temperature of the PrO4-C material onto which the Pt was deposited.

Another Pt-containing material was synthesised using the same method and
conditions, but using unmodified Vulcan XC72 as the catalyst support, this
material is referred to as Pt-C blank.

The syntheses were performed so as to result in materials with 15% of Pt by
weight, however Pt-PrO,-C 1100 had a slightly higher Pt content.

A commercial 20% Pt-Vulcan XC72 (Fuel Cell Earth, LLC) was used as a
reference material.

5.2. Preparation of the catalyst suspension

The catalyst ink for C(Mo,C)+Mo,C materials was prepared by suspending the
materials in a mixture of 2-propanol (Sigma-Aldrich, >95%) and MilliQ+ water.
Nafion 117 solution (Aldrich, 5% solution) was added to the suspension so as to
result in a dry ink with a 5% Nafion ionomer content. The suspension was
alternatingly mixed and sonicated for one hour to obtain a uniformly dispersed
ink. The loading of the composite material on the electrode was held constant at
1 mg cm .

The catalyst ink for Pt-C(Vulcan) and Pt-C(Mo,C) materials was prepared
analogously, however the Nafion content on the prepared electrode was kept
constant at 20%.

The Pt-CeO,-C materials were suspended in a 20 wt% mixture of 2-propanol
in MilliQ" water. Nafion® 117 solution was added to the suspension so as to
result in a 25% Nafion® ionomer content in the final catalyst layer on the
electrode.

The Pt-PrOy-C materials were suspended in 40 wt% mixture of 2-propanol in
MilliQ" water. Nafion 117 solution was added to the suspension so as to result
in an ionomer to carbon mass ratio of 1:2 on the final catalyst layer on the
electrode.

The suspensions were sonicated using an ultrasonic probe (Sonics &
Materials, Inc., 500 W). The ink was deposited onto a glassy carbon disk
electrode (GCDE, PINE Instrument Company, electrode diameter 5 mm)
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pressed into Teflon holder. The loading of Pt on the electrode for Pt-containing
catalyst materials was 18 pg cm .

5.3. Physical characterisation of catalysts

X-ray diffraction patterns for all materials were measured using a Bruker D§
Advance diffractometer with Ni filtered Cu Ka radiation (a 0.6 mm wide
parallel beam, two 2.5° Soller slits, lynxEye line detector, A = 0.154186 nm).
The scanning step was 0.01° for 26 (26 was between 20° and 90°) and the total
counting time was 166 s per step. The X-ray tube was operated at 40 kV and
40 mA.

The X-ray diffraction data was used to calculate the size of catalyst
nanoclusters deposited onto carbon supports using the Scherrer equation [95]:

dXRD = K/l/ﬂCOSQ, (9)

where dxgrp is the average size of the crystallite in nm, K is the shape factor,
assumed equal to 1 in this study, 1 is the X-ray wavelegth, § is the line
broadening at full width at half maximum in radians, and @ is the Bragg angle in
degrees.

The porosity of the studied materials was estimated using the low-tem-
perature (—195.8 °C) nitrogen sorption method [96] with an 3FLEX instrument
(Micromeritics, USA). A non-local density functional theory model “Carbon-
N2-77, 2D-NLDFT Heterogeneous surface” [97], available in SAIEUS software
[98], (v2.02, Micromeritics, USA) was used to calculate the pore size distri-
bution data. The specific surface area, Sggr, values were calculated according to
the Brunauer-Emmett-Teller (BET) multipoint theory within the relative
pressure range from 0.05 to 0.2. The total volume of pores, V,,, was calculated
from the amount of gas adsorbed near the saturation pressure (0.95). The #-plot
method was used to calculate the volume of micropores, Viicro-

Raman spectroscopy measurements were performed using a Renishaw inVia
micro-Raman spectrometer with Ar laser excitation (4 = 514 nm).

Scanning electron microscopy (SEM) measurements were performed using a
FEI Helio Nanolab 600 DualBeam with a 50 mm® Oxford Instruments X-Max
detector for energy dispersive X-ray spectroscopy (EDX).

The morphology of the C(Mo,C)+Mo,C materials was studied via high
resolution transmission electron microscopy (HRTEM) method using a JEOL
JEM-2200FS instrument at a 200 kV accelerating voltage. The samples were
prepared by ultrasonically suspending the studied composite material in ethanol.
One drop of the sample was deposited onto a copper grid covered with a holey
carbon film and dried in an Ar atmosphere before measurements.

The composition of Pt-PrO,-C materials was analyzed using a microwave
plasma atomic emission spectrometry (MP-AES). The samples were dissolved
prior to analysis with an Anton Paar Multiwave PRO microwave digestion
system using NXF100 digestion vessels (PTFE-TFM liner) in 8N rotor. 10 mg
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of sample was weighed into PTFE vessels, into which 6 cm® of 35% HCI (Carl
Roth ROTIPURAN Supra) and 2 cm’ 69% HNO; (Carl Roth ROTIPURAN
Supra) were sequentially added. The vessels were capped and digested in the
microwave unit. After digestion the samples were diluted using 0.5 M HCl to a
final dilution factor of 80000 and analyzed using Agilent 4210 MP-AES,
calibrated using single element Pr and Pt solutions. Pr was measured at
417.939 nm and Pt at 265.945 nm.

Inductively coupled plasma mass spectroscopy (ICP-MS) measurements
were carried out using an Agilent 8800x. The C(Mo,C)+Mo,C) composite
material was decomposed in boiling concentrated HNO; (Merck, 65%, for
analysis EMSURE® ISO), dissolving the molybdenum and evaporating most of
the carbon as gas. The solutions were diluted to a volume of 250 cm’, with
molybdenum concentrations between 80 to 8000 pg dm™>. Before measure-
ments, the solutions were filtered through a 0.45 pm cellulose filter to remove
any possible particles.

Thermogravimetric analysis (TGA) of the materials was performed with
instrument NETZSCH STA449F3 using Al,O; pan. The temperature range
applied varied from 25 to 1000 °C. Different heating rates were used (2.5 and
10 K min"). The gas flow rate was 50 cm’ min . Weight of the sample was
10 mg. Nitrogen, oxygen and hydrogen were used in the studies.

5.4.Electrochemical measurements

A glass three-electrode electrochemical cell was used for the electrochemical
measurements. The cell was washed with hot concentrated sulfuric acid (Sigma-
Aldrich, 95.0-97.0%, puriss, p.a.) with the addition of hydrogen peroxide
(Merck, 30%, for analysis EMSURE®). The cell was rinsed several times with
demineralised water and MilliQ+ water.

The working electrode was mounted on a rotating disk electrode system from
PINE Instrument Company. For most experiments, a mercury-mercurous sulfate
electrode or MSE (Radiometer Analytical) connected to the cell via a Luggin
capillary was used as a reference electrode, except in case of Pt-C(Vulcan) and
Pt-C(Mo,C) materials, where a reversible hydrogen electrode or RHE was used.
The potential of MSE is £=0.7 V vs. reversible hydrogen electrode in 0.5 M
H,SO,. A large surface area platinum net was used as the counter electrode. An
Autolab PGSTAT 204 or an Autolab PGSTAT 302N potentiostat was used for
the measurements with Nova 1.11.2 software. The electrochemical measure-
ments were performed in a Faraday cage at T=22 + 1 °C.

0.5M H,SO, (Fluka, >95%, TraceSELECT) solution was used as the
electrolyte. The solution was saturated with argon (Linde Gas, 99.9999%)
before submerging the working electrode into the solution.

In case of Pt-C(Vulcan) and Pt-C(Mo,C) materials, 0.1 M HCIO,4 (Fluka
TraceSelect Ultra or Merck Suprapur) was used, saturated with N, (Linde Gas,
99.999%). For ORR measurements, the solution was saturated with O, (Linde
Gas, 99.999%).
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In case of C(Mo,C) + Mo,C materials, the working electrode was submerged
into the 0.5M H,SO, solution under a potential of 0.1 V vs. MSE. Before
electrochemical measurements, the electrodes were stabilised in a process
referred to in this work as “’cycling®. One “cycle” consisted of measuring seven
current density (j) vs. potential (E) curves using the rotating disk electrode
system (electrode rotation speed was 800 revolutions per minute) at potential
sweep rate 10 mV s~ and one analogous j vs. E curve at potential sweep rate
5mV s . In addition, one electrochemical impedance spectrum was measured
at £=0.1 V vs. MSE in the ac frequency range from 10 kHz to 50 mHz with a
stationary electrode. The first, third and fifth “cycles” were measured in an
argon (AGA, 99.9999%) saturated solution and the second and fourth “cycle” in
an oxygen (AGA, 99.999%) saturated solution. These five “cycles” allowed for
the complete wetting and stabilisation of the C(Mo0,C) + Mo,C materials in the
0.5 M H,SOy solution.

For Pt-C(Vulcan), Pt-C(Mo,C), Pt-CeO,-C and Pt-PrO,-C materials, at the
beginning of the measurements, the working electrode was conditioned
according to a protocol proposed in the literature [99,100]. The conditioning
procedure consisted of 100 potential scanning cycles at a scan rate of
500 mV s ' in the potential range from —0.65 V to 0.5 V vs. MSE. The rotation
rate of the electrode was 1600 rpm.

Cyclic voltammetry (CV) measurements (with the stationary electrode) were
performed in the potential range from —0.67 V to 0.3 V vs. MSE at potential
sweep rates from 20mVs ' to 400mVs . In case of C(Mo,C)+Mo,C,
Pt-C(Vulcan) and Pt-C(Mo,C) materials, the potential range was —0.71 V to
0.41 V vs. MSE.

To assess the series resistance value of the electrolyte solution, electro-
chemical impedance data were obtained in the ac frequency range from 10 kHz
to 10 mHz (13 points per decade, ac voltage amplitude 5 mV rms) at fixed
working electrode potential (E=0.1 V vs. MSE). Impedance data at high
frequencies were used to obtain the high frequency series resistance (R;) value
of the electrolyte.

Separate experiments were performed to further visualise the dissolution of
Mo,C from the C(M0,C)+*Mo,C composite materials. The electrode was
submerged into the solution under the potential £ =—0.65 V vs. MSE and cyclic
voltammograms were measured in argon saturated solution in the potential
range from —0.71 V to 0.41 V vs. MSE at a potential sweep rate of 0.5 mV s .

For MOR studies, methanol (Aldrich, 99.9+%, HPLC grade) was added to
the electrolyte solution so as to result in a 0.5 M H,SO4 + 1 M CH;0H solution.
CV measurements were performed in the potential range from —0.65V to
0.41 V vs. MSE at potential sweep rate 10 mV s'. Chronoamperometry mea-
surements were performed by holding the potential at £=-0.2 V vs. MSE for
30 minutes. Before the measurements, the solution was saturated with argon,
during the measurements, argon was flown above the solution level.

For Pt-CeO,-C materials, electrochemical impedance spectroscopy mea-
surements were performed at fixed potentials —0.4V, —0.2V, 0.03 V and
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0.18 V in an argon saturated solution both before the addition of methanol as
well as afterwards. The ac frequency range was from 10kHz to 10 mHz
(amplitude 5 mV rms). During these measurements, the electrode was in statio-
nary conditions.

The content of Pt in the catalyst layer was determined using electrochemical
dissolution of Pt from the electrode [101]. The dissolution was performed in
deaerated 6 M HCI solution (Sigma-Aldrich, 36.5-38%, Analytical specification
Pr. Eur.). A large Pt net (50 cm?) was used as a counter electrode. Before
dissolution, the electrode was soaked in the HCI solution for at least 30 minutes
under potentiostatic control. During pre-treatment period, the electrode was kept
at a potential E=0V vs. Ag|AgCljsaturated KCI. The dissolution of Pt was
performed in the potential range from 0.47 V to 0.95 V vs. Ag|AgCl|saturated
KCl and the potential scanning rate was 0.5 mV s . The dissolution currents
were corrected for the electrical double layer (edl) charging currents and it was
assumed that four electrons are transferred in the Pt dissolution process:

Pt + 6CI" — 4¢ = [PtCls]* (10)
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6. RESULTS AND DISCUSSION

6.1.X-ray diffraction measurements
6.1.1.C(Mo,C)+Mo,C materials

X-ray diffractograms (Fig. 2) show a significant presence of f-Mo2C phase in
the partially chlorinated C(Mo,C) + Mo,C composite materials. The most
intensive characteristic peaks are at 26 = 34.4°, 38.7°, 39.4°, 52.0°, 61.9°, 69.8°
[102,103]. Other phases present in the materials are y-MoC (small peaks 260 =
31°, 36°, 48°) [104] and MoO, (small peaks at 26 = 26°, 37°) [105]. y-MoC is
an intermediate product of the chlorination process. MoQO, is most probably a
by-product formed when the partially reacted materials are first exposed to air
after the synthesis steps. The peaks for these by-products are of a minor
intensity and their content is very low.

A small graphite peak can be seen at 26=26° [14] for materials with a longer
applied chlorination time.

X-ray fluorescence measurements were performed to confirm that no
residual chlorine was present in the materials.
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Figure 2. X-ray diffractograms of C(Mo,C)+ Mo,C composite materials and Mo,C
powder (marked in figure). The percentage shows the weight percentage of C(Mo,C) in
C(Mo,C) + Mo,C composite material. The peaks corresponding to the -Mo,C phase
are marked with asterisks. Peaks corresponding to MoO, and y-MoC phases are
indicated with arrows.



6.1.2.Pt-C(Vulcan) and Pt-C(Mo,C) materials

The results of XRD measurements are shown in Fig. 3. The average crystallite
sizes and modelling results using Topas software is shown in Table V. The size
of Pt nanoclusters deposited onto the catalyst support materials was calculated
according to Eq. 9. The Pt(220) reflection was used to calculate the value of S.
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Figure 3. X-ray diffractograms for commercial Vulcan, Pt-Vulcan, and different
Pt-C(Vulcan), Pt-C(Vulcan*) and Pt-C(Mo,C) materials as noted in Table II.

The results indicate that the deposition of Pt onto the C(Vulcan) and C(Mo,C)
materials is influenced by the pH of the reaction mixture. In case of materials
where Pt was deposited at acidic pH (materials 1 and 2), very pronounced peaks
for different Pt planes are evident. Interestingly, the Pt precursor concentration
in the reaction mixture also affects the Pt crystallite size. In case of materials 3
and 4, a small fraction of the Pt nanoclusters is noticeably larger, along with
a fraction of Pt nanoclusters with extremely small sizes. In case of material 8
(Pt-C(Mo0,C)) and material 5, Pt nanoclusters of roughly 2 nm size were
deposited at very close synthesis conditions (as shown in Table II). However,
material 4, also synthesised at similar conditions, exhibits larger Pt crystallite
sizes, which could mean that there is either a very narrow optimum for synthesis
conditions, or there are other factors influencing the synthesis, such as the exact
volume of reaction mixture which influences the temperature rise of the mixture
during microwave heating.
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Table V. Results of XRD measurements of Pt-C(Vulcan) and Pt-C(Mo,C) materials as
noted in Table II.

Material Scherrer Topas
d, nm Fr% d, nm a, A
8.92 100 8.4 3.923
2 5.07 100 6.3 3.923
3 3.87 3.991
60.6 1.2 4.031
39.3 3.0 3.920
0.2 20.6 3.923
4 4.11 4.026
81.6 1.1 4.056
11.5 32 3.916
6.8 12.2 3.923
5 2.24 100 1.9 3.939
4.13 3.956
69.9 14 3.972
30.1 4.6 3.919
7 3.09 100 1.8 3.959
8 2.11 100 1.9 3.927
Pt-Vulcan 5.63 3914

6.1.3.Pt-Ce0,-C materials

X-ray diffraction patterns for Pt-CeO,-C materials are shown in Fig. 4. Several
peaks corresponding to various Pt orientations can be seen in Fig. 4a. A wide
peak at about 260 = 25°, was attributed to the Vulcan XC72 carbon support. The
peaks are significantly higher and sharper in the case of materials synthesised in
acidic conditions. Very noticeable is the lack of diffraction peaks attributable to
CeO; in case of material EG-1.

The materials synthesised in basic conditions exhibit peaks corresponding to
CeO, ((111) at 28.5°, (200) at 33°, (220) at 47.5° and (311) at 56°), as well as
wide and low Pt peaks. This shows that the acidic conditions support the for-
mation of larger Pt crystallites, whereas in basic conditions smaller Pt nano-
particles precipitate, in accordance with literature data [106]. The peaks attri-
butable to CeO, are usually wide and have low intensity. The diffractograms of
C + CeO, materials (Fig. 4b) might indicate that under heat treatment conditions
the support material had the effect of making the CeO, particles less crystalline.
However, the peaks that can be seen in case of the C + CeO, support material
that has not undergone heat treatment, are not present in the diffractograms of
EG-2. The diffractogram of EG-6 does not have peaks attributable to CeO,
either, as well as having Pt peaks with very low intensity. This indicates that
subsequent microwave synthesis conditions also influence the crystallinity of
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CeO,. The material NBH-1 also lacks peaks that are attributable to CeO, but has
several very small peaks of unknown origin and composition, supposedly
resulting from the NaBH, assisted synthesis of Pt clusters, although the
SEM-EDX data (discussed later) did show the existence of Ce but no other
additives.
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Figure 4. X-ray diffraction data of (a)studied materials (noted in figure), and
(b) C(Vulcan) carbon support, CeO, + C(Vulcan) and CeO, + C(Vulcan) 7= 600 °C
materials.

The crystallite size of Pt nanoclusters was calculated according to Eq. 9. The
Pt(220) reflection was used to calculate the values of f5.

Full spectrum analysis using Topas software was conducted to calculate the
lattice parameters and the sizes of Pt crystallites. The results are shown in
Table VI. One of the more evident trends is that larger sizes of crystallites were
calculated in case of materials synthesised using acidic conditions, as well as in
the case of NBH-1. It must be noted that there is a discrepancy in the sizes of
crystallites calculated using the Scherrer equation and using Topas software,
especially in case of EG-6, which might be caused by the small CeO, clusters in
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the materials, or by the presence of different Pt crystallites. Some of the
differences are possibly due to the different presumptions inherent in different
calculation methods. The calculated lattice parameter for Pt nanoclusters was
3.926+0.012 nm and it depends somewhat on the size of crystallites expressed
on the surface of the catalysts.

Table VI. Results calculated from XRD data for Pt-rare-earth metal oxide based
materials.

. Topas Scherrer
Material al A dXRD / nm dXRD / nm
EG-1 3.923 7.6 5.9
EG-2 3917 2.9 2.8
EG-3 3.943 3.0 34
EG-4 3.931 2.8 2.8
EG-5 3.947 1.8 3.3
EG-6 3.919 4.2 10
EG-7 3.923 8.5 8.3
NBH-1 3914 8.0 7.1
IWI-1 3.933 1.9 4.1
Pt-PrO,-C 300 1.8
0.8"
Pt-PrO,-C 525 500
Pt-PrO,-C 700 0.9)@
Pt-PrO,-C 1100 (1.6) @
Pt-C blank 1.3
Commercial Pt-Vulcan 3914 5.6

M Calculations indicated a bi-modal crystallite size distribution for Pt-PrO,-C 525.
@ Crystallite sizes in brackets are as calculated by Topas software, but most probably
have a large error as described in the text.

6.1.4.Pt-PrO,-C materials

X-ray diffractograms are shown in Fig. 5. In Fig. 5a the synthesised material
Pr(OH);-C shows very intensive peaks in the whole range of measurement, with
the most intensive peaks at 26 =27.5°, 28.5°, 40°, 49°, all attributable to
Pr(OH);. The diffractogram indicates that the material is crystalline.

In case of the PrO,-C materials, it can be seen that the heat treatment has a
very profound effect on the materials. In case of PrO4-C 300, with the exception
of one slightly higher peak at 26 = 28°, only very small peaks are visible. While
the stable phase at room temperature in atmospheric conditions is PrsOy;, the
aforementioned peak is also attributable to various other praseodymium oxides,
for example PryO;6 or Pr;O,. Differentiating between different praseodymium
oxide phases is very difficult based only on XRD data, as they exhibit peaks at
very similar diffraction angles, and as such are not discussed in depth here, but
rather referred to as PrO,, with the x somewhat uncertain [107]. In case of
PrO,-C 300, the small sharp peaks in the diffractogram at 26 = 38.5°, 45°, 65°,
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78° were determined to be reflections from the aluminium sample holder. The
small wide peaks at 26 = 46°, 55° are attributable to PrO,. Peaks attributable to
Pr(OH); are not visible. Overall, even at 300 °C in ambient air, the crystalline
Pr(OH); has been heat-treated to yield praseodymium oxides. However, the low
temperature has rendered the resulting PrO, clusters amorphous.

The subsequent material, PrO,-C 525 is very analogous to PrO,-C 300, even
though a higher temperature and an argon atmosphere were used during the heat
treatment. However, the peaks attributable to PrOy are slightly higher and wider,
and there are no peaks resulting from the aluminium sample holder.

The material PrO-C 700 is also similar to the previous materials. However,
the peaks are more pronounced, indicating that due to the higher temperature of
the treatment, the PrOy clusters are more crystalline. In addition, at 26 = 32.5°
another peak attributable to PrO, is visible, which in case of the previous
materials was almost visible as a small shoulder on the wide peak at 26 = 28°.

The diffractogram for the material PrO,-C 1100 is remarkably different from
the previous materials. A variety of peaks can be seen. The most important
difference with regard to the previous materials is the existence of sharp
intensive peaks at 26 =27°, 29.5°, 30.5°, 40.5°, 47° etc. that are indicative of a
Pr,O; phase in the material. In addition, some peaks, for example at 26 = 29°,
31.5° could be attributed to metallic praseodymium particles. A variety of peaks
attributable to other praseodymium oxides than Pr,O; are visible as well,
although some of the more intensive peaks seen in case of previous materials
are not present. The existence of Pr,0; was to be expected, as it has been shown
that at low oxygen partial pressures, Pr,O; will be produced from PrO, above
1063 °C [107]. As was shown by the diffractogram of PrO,-C 300, the pre-
cursor Pr(OH); will lose water to form PrO, already at low temperatures. The
presence of other praseodymium oxides than Pr,O; is most probably caused by
the absorption of oxygen after the heat treatment [107,108]. The presence of
peaks attributable to praseodymium metal in the diffractogram might be caused
by the reduction of some of the PrO, by a small amount of the carbon support.

The X-ray diffractograms measured on the materials after the deposition of
Pt can be seen in Fig. 5b. In case of Pt-PrO4-C 300, only two wide peaks are
visible. One peak, roughly at 26 =26° corresponds to the carbon support
material. This peak is also visible on all the other diffractograms in both Fig. 5a
and Fig. 5b. At roughly 26 = 40° a wide peak corresponding to Pt is visible. The
low intensity wide peak indicates that the Pt particles are very small.

In case of the material Pt-PrO,-C 525, the diffractogram is very similar to the
previous material. However, the peak corresponding to Pt is slightly sharper.

In case of the material Pt-PrO,-C 700, the peaks at 26 = 26° and 40° are in
agreement with data measured for the previous materials. However, there are
some other small peaks which could indicate the presence of praseodymium
chlorides or oxychlorides which could result from the chlorides from H,PtClg
used for the deposition of Pt reacting with praseodymium oxides during
synthesis.
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The material Pt-PrO4-C 1100 exhibits the carbon and platinum peaks
discussed previously, as well as a variety of other smaller peaks, some of which
correspond to praseodymium oxides or chlorides as discussed previously.
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—PrO,-C 700
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Figure 5. X-ray diffractograms of (a) catalyst supports PrO,-C and Pr(OH);-C, and
(b) catalysts Pt-PrO,-C and Pt-C noted in figures

Overall, it is clearly visible that the deposition of Pt has a profound effect on the
praseodymium oxides on the carbon support. Due to the synthesis occurring at
elevated temperatures and in an inert gas and hydrogen mixture, the praseo-
dymium oxides undergo additional phase transformations and evidently lose
crystallinity. There are also some indications that the chlorides from the Pt
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precursor might affect the praseodymium oxides. However, the wide and low
peaks corresponding to Pt indicate that the synthesised Pt crystallites are very
small.

For comparison, a diffractogram for the material Pt-C blank can be seen in
Fig. 5b. In addition to the aforementioned carbon peak, wide peaks corresponding
to Pt are seen. In case of this material, reflections corresponding to other Pt crystal
planes are more pronounced than in case of the previous materials.

The size of the crystallites was estimated using full spectrum analysis with
TOPAS software and are shown in Table VI. In case of Pt-PrO,-C 700 and
1100, the peaks from praseodymium species made calculations very difficult,
and as such, the sizes of crystallites for these materials are shown, but with a
large probable error.

In case of Pr(OH);, the size of the crystallites was estimated to be in the
order of 20 nm. In case of praseodymium oxides, calculations could not be
performed, as there were no peaks corresponding to just one specific praseo-
dymium oxide species.

6.2. Nitrogen sorption measurements
6.2.1.C(Mo,C) materials

The results of low temperature N, sorption measurements are given in Table VII
and the pore size distribution is shown in Fig. 6. It is clearly visible that the
specific surface area (Sggr) strongly depends on the residual amount of Mo,C in
the C(Mo,C) + Mo,C composite materials. Sggr systematically increases with
decreasing Mo,C weight percentage in the studied materials. As Mo,C is not
porous and has a very low specific surface area, the increase in Sggr is fully
attributable to the C(Mo0,C) component in the composite materials, although the
increase in Sppr is not exactly proportional to the increase of the weight
percentage of the carbon phase in the composite materials.

The total micropore area (Spicro) and micropore volume (Vo) Strongly
depend on the chlorination time applied. Even though a nearly maximal surface
area is obtained with a partial chlorination in the case of Cgy,, not all the
mesopores have been fully opened, making this material relatively microporous.
Cio0v on the other hand has been fully chlorinated and all of the pores have been
opened, making Cjgp, the most mesoporous of the materials. Overall, Ve
decreases systematically with the decrease of chlorination time, while the ratio of
micropore volume to total pore volume (i.e. relative microporosity, Viicro/Vier) 18
nearly constant throughout most of the studied composite materials (Table VII).
In case of the composite materials with lower carbon content, the porous structure
is similar, while Cy7s;, Cogo, and Cyg0, have somewhat different porosity.

The pore size distribution (Fig. 6) is very similar throughout the studied
composite materials in the microporous region. The differences in the pore size
distribution are mainly limited to the mesopore region (2 nm <d <50 nm
[109]).
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Table VII. Results of nitrogen sorption measurements of C(Mo,C) + Mo,C composite

materials.
0 SBET / Smicro / I/tot / Vmicro / Vmeso /

Material m’g! mlg! em’g!  em’g! cm’ g! Vmiero/ Vot
Cioov 2020 1660 1.83 1.07 0.76 0.58
Cogo, 2010 1710 1.72 1.11 0.61 0.65
Co7oy 1970 1780 1.57 1.18 0.39 0.75
Coeovs 1050 910 0.92 0.59 0.33 0.64
Cezo 970 850 0.83 0.54 0.29 0.65
Caov 370 320 0.31 0.22 0.09 0.71
Cigw 180 170 0.17 0.11 0.06 0.65
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Figure 6. The pore size distribution of C(Mo0,C) + M0,C composite materials (marked
in the legend). The percentage in the legend shows the weight percentage of C(Mo,C) in
C(Mo,C) + Mo,C composite material.

For the materials with almost maximum Sggr (Ci00%, Coss, Co704), the difference
in the relative amount of mesopores above 10 nm is larger than the corres-
ponding difference in micropores and smaller mesopores. The pore size
distribution within the region 2 nm <w < 10 nm is practically overlapping for
the materials with carbon content over 97%. This result agrees well with the
data in Table VII. The maximum amount of mesopores has been obtained for
material Cyggo.

Based on the relative microporosity data (Table VII) it could be speculated
that micro- and mesopores are opened in steps, i.e. once a portion of micropores
and smaller mesopores have been opened, a higher probability exists, that the
pore walls between them are chlorinated, leading to the formation of larger
mesopores, whereafter the step of opening of micropores is repeated. This could
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explain how partial chlorination can lead to different microporosity in materials
synthesised from the same precursor and having similar Sggr.

6.2.2.Pt-C(Vulcan) and Pt-C(Mo,C) materials

Low temperature nitrogen adsorption/desorption measurements were performed
and type IV adsorption isotherms, based on the Brunauer classification, were
established [109,110] for the materials under study. The adsorption/desorption
isotherms also demonstrate small hysteresis, characteristic of microporous-
mesoporous carbon materials. The calculated porosity parameters (Sger, Smesos
Vo, €tc.) are shown in Table VIII.

The results of N, sorption measurements for materials synthesised on
Vulcan are comparable with the commercial Pt-Vulcan and undecorated Vulcan
material, however Sger has decreased for all materials following Pt deposition.
The relative micropore area (Spmico/Szer) has noticeably decreased and Speso
values are larger for these materials than for undecorated Vulcan material,
whereas the volume of mesopores has noticeably decreased after the deposition
of Pt, perhaps indicating that the Pt nanoparticles have preferentially deposited
into the depths of larger mesopores.

Material 8, synthesised on the C(Mo,C) support material, has a noticeably
larger surface area, yet Syeso 1S comparable to materials synthesised on Vulcan.
Comparison with the nitrogen sorption data for material C,op, (Table VII)
indicates that the deposition of Pt nanoparticles has occurred almost entirely in
the mesopores. This is supported by the increase in V.o value, indicating that
Pt nanoparticles are blocking some of the mesopores.

Table VIII. Results of nitrogen sorption measurements of Pt-C(Vulcan) and Pt-
C(Mo0,C) materials as noted in Table II. Commercial Pt-Vulcan and Vulcan are shown
for reference.

Material ;132'3;_1 f{‘;}g{ Somicro/ S c::;g' g/ B c':;l"?“g_/l
1 171 11 0.35 0.201 0.180

2 187 107 0.43 0.210 0.176

3 225 145 0.35 0.266 0.239

4 197 115 0.42 0219 0.188

5 197 124 0.37 0.229 0.205

6 190 118 0.38 0.221 0.195

7 160 101 0.37 0.192 0.168

g 1800 170 0.91 1.460 0.260
Pt-Vulcan 180 73 0.59 0411 0.359
Vulcan 240 90 0.63 0.830 0.760
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As shown in Fig. 7., the materials synthesised by microwave-assisted method
have a bimodal pore size distribution in the microporous region, not present in
the unmodified catalyst support material.
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Figure 7. The pore size distribution of different Pt-C(Vulcan) materials as noted in
Table II. Commercial Pt-Vulcan and Vulcan are shown for reference.

6.2.3.Pt-Ce0,-C materials

The shape of the measured adsorption isotherms based on the Brunauer
classification was type IV [111]. The adsorption/desorption isotherms had a
small hysteresis which is characteristic of microporous-mesoporous carbon
materials [96-98]. The pore size distribution of the materials is shown in Fig. 8.
The materials that have undergone microwave treatment have a very specific
bimodal pore size distribution in the microporous region (pore width <2 nm),
with two peaks at 0.5 nm and 1 nm. While EG-3 has another smaller peak at
around 25 nm, EG-2 has a very specific wide peak in the mesoporous region
(pore width > 2 nm). The Vulcan XC72 support material and the Commercial
Pt-Vulcan material do not have the bimodal pore size distribution in the
microporous region.

The results of N, sorption measurements are shown in Table IX. The Vulcan
XC72 support material has the highest surface area, as the addition of Pt and
CeO; nanoclusters has the effect of decreasing the surface area. EG-6 has a
rather low surface area, as well as a very low Spico/Sger ratio. The rest of the
materials synthesised using the microwave heating method have similar
Stmicro/ SBET ratios.

The Vulcan XC72 support material exhibits the highest total pore volume,
while the synthesised materials have a roughly similar total pore volume at
about four times less than the support material. The commercial Pt-Vulcan
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material has a medium total pore volume. The volume of mesopores is roughly
similar for the synthesised materials, but with a value several times lower than
that of the support material. It is interesting that the ratio of Vico/Vier has
somewhat increased for the synthesised materials, indicating that the Pt and
CeO; clusters are microporous.

Table IX. Results of nitrogen sorption measurements of Pt-CeO,-C materials.

SBZET! Smicro / I/tot / Vmicro /

Material m’g 1 n,12 gfl Smicro/SBET cm3 g*l Cll'l3 gfl VmicrO/Vtot
EG-1 144 54 0.37 0.179 0.026 0.14
EG-2 212 72 0.34 0.270 0.050 0.19
EG-3 170 75 0.44 0.195 0.034 0.18
EG-4 139 58 0.42 0.162 0.026 0.16
EG-5 148 64 0.43 0.176 0.030 0.17
EG-6 114 16 0.14 0.203 0.006 0.03

NBH-2 125 56 0.45 0.144 0.026 0.18
IWI-1 99 26 0.26 0.140 0.011 0.08
EG-7 171 60 0.35 0.201 0.021 0.11

Pt-Vulcan 180 107 0.59 0411 0.052 0.13
Vulcan 242 148 0.61 0.833 0.068 0.08
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Figure 8. The pore size distribution of the catalyst support and different synthesised
Pt-CeO,-C catalysts (noted in figure)
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6.3.Raman spectroscopy results

Raman spectra (Fig. 9) of the C(Mo,C)+Mo,C materials were measured from
various particles that were visually separable under an optical microscope. The
inset in Fig. 9 shows Raman spectra taken from particles with a completely
chlorinated surface (black under optical microscope). A clear presence of
amorphous carbon particles in all the materials is evident by the distinctive wide
D-band at ~1350 cm ™' and G-band at ~1580 cm™' [112,113]. The spectra taken
from particles with a partially chlorinated surface (brighter and larger under
optical microscope), are shown in Fig. 9. These spectra show a presence of
Mo,C, although its peaks are of low intensity. The presence of MoO; [114]
clashes with XRD data, where another form of molybdenum oxide was seen,
but it is very probable that this was oxidised during the measurements by the
high energy laser used in the Raman spectroscopy study [115]. For materials
Cioov and Coyo,, particles with a partially chlorinated surface were not found in
the sample.
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Figure 9. Raman spectra of C(Mo0,C) + Mo,C composite materials and Mo,C powder
(marked in figure). The percentage shows the weight percentage of C(Mo,C) in
C(Mo,C) + Mo,C composite materials. Raman spectra are taken from particles with a
partially chlorinated surface. Peaks corresponding to Mo,C and MoOj; are indicated
with arrows. The inset shows Raman spectra taken from particles of C(Mo,C) + Mo,C
composite materials with a fully chlorinated surface. The D, G and 2D in the figure
mark D-, G- and 2D-bands of carbon, respectively.
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6.4.Scanning electron microscopy data
6.4.1.Pt-CeO,-C materials

In case of the Pt-CeO,-C material EG-2, very good dispersion of the Pt nano-
particles was seen (Fig. 10a), as well as very uniform size of the Pt nano-
particles on the support material. The size of the nanoparticles is in the range of
2 to 4 nm. The nanoparticles can also be seen inside the porous structure of the
catalyst support material. The dimensions of the carbon particles range from 10
nm to 100 nm. In case of the material NBH-1 (Fig. 10b), the Pt nanoparticles
are comparatively more agglomerated and not as well dispersed. This is in
accord with the XRD data (Table VI).

SEM-EDX data was used to confirm the existence of CeO, particles which
are not distinguishable on the micrographs.

6.4.2.Pt-PrO,-C materials

In case of Pr(OH);-C material (Fig. 11a), Pr(OH); nanorods are visible on the
micrographs, however they tend to be somewhat unevenly distributed and
agglomerated at times.

The nanorods are visible also after the heat treatment and Pt deposition in
case of the material Pt-PrO,-C 700 (Figs 11b and 11c¢). The dimensions of the
nanorods are similar to those in the precursor material. This indicates that the
changes in X-ray diffractograms due to Pt deposition as discussed previously
are due to changes in crystallinity rather than morphology. Pt particles are only
visible at higher magnifications, indicating that the Pt particles are very small
and evenly distributed.

EDX data for Pr(OH);-C indicates that the Pr(OH); constituted roughly 20%
by weight. In case of Pt-PrO,-C 700, the mass percentage of PrO, was 20% and
the mass percentage of Pt around 15%. In addition, some chlorine was detected,
which most probably resulted from the precursor material (H,PtCly) used for the
deposition of Pt.

The commercial Pt-C, shown in Fig. 11d, exhibits an uneven distribution of
Pt clusters with a wide variety of sizes.

6.5. High resolution transmission electron microscopy data

HRTEM micrographs show areas of Mo,C in an amorphous partially
chlorinated carbon matrix (Figs 12a and 12c). The Mo,C particles are not of a
core-shell type, but rather surrounded by unordered amorphous carbon. This
could be explained by the same reaction scheme as was proposed in the
discussion of N, sorption results. In some areas, atomic lattices of the Mo,C
precursor still present in the chlorinated product can be seen (Fig. 12¢), with the
distance between two Mo atoms at around 2.6 A. Some small graphitic areas are
evident in carbons that were chlorinated for a longer time (Fig. 12b).
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Figure 10. Scanning electron microscopy micrograph of Pt-CeO,-C catalysts: (a) the
synthesised EG-2 material and (b) the synthesised NBH-1 material.

Figure 11. Scanning electron microscopy micrographs measured for different materials:
(a) Pr(OH);-C, (b) and (c) Pt-PrO,-C 700 at different magnifications, (d) commercial
Pt-C.
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Figure 12. (a) and (b) high resolution transmission electron microscopy (HRTEM)
micrographs of C(Mo,C) + Mo,C composite material Cgge,. (¢) HRTEM micrograph of
C(Mo,C) + Mo,C composite material Cyq0,. The inset shows the transmitted electron
intensity profile along the bright line on the figure. The percentage shows the weight
percentage of C(Mo,C) in the C(Mo,C) + Mo,C composite material.

6.6. Thermogravimetric analysis results

The process of converting Pr(OH); to PrOx was separately studied using
thermogravimetric analysis (TGA) in nitrogen atmosphere and in synthetic air.
The data are shown in Fig. 13a.

The material Pr(OH);-C is stable up to 225 °C. At higher temperatures
Pr(OH); transforms into PrOy with the loss of water. The mass loss is about
3.25 wt%. The further mass loss at higher temperatures than 400 °C in the
nitrogen atmosphere is probably caused by the cleaning of the chemically
modified carbon surface, i.e. separation of functional groups from the surface of
carbon. Of course, the composition of PrOy could change during the tempera-
ture treatment; however, the corresponding changes in mass are small. In
synthetic air, the carbon starts to oxidize at 400 °C (Fig. 13a) and the oxidation
is complete at 720 °C. The total mass loss in synthetic air was 81 wt%. Further
temperature increase did not cause any visible mass loss. To record the mass
changes associated with various forms of praseodymium oxide the mass of the
sample should be substantially higher. According to the TGA data, the material
Pr(OH);-C contain 23.1+0.5 wt% Pr(OH);. In the calculations, it was assumed
that in the presence of oxygen, the stable form is Pr,O;, in the temperature
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range from 700 to 1000 °C [107] and the mass loss caused from further
oxidation of carbon was not taken into account.
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Figure 13. Thermogravimetry of materials (a) Pr(OH);-C and (b) PrO,-C. The atmo-
sphere is noted in figure. The heating rate was 10 Kmin ' and gas flow rate was
50 cm® min ™.

The aim was to synthesize the material PrO,-C at temperatures 300, 525, 700
and 1100 °C, so the decomposition of hydroxide was studied at these
temperatures (Table IV). As decomposition of carbon was not seen at 300 °C in
synthetic air, the synthesis of PrO,-C 300 was performed in ambient air i.e., in
well-oxygenated conditions. The other materials were synthesised in an inert
atmosphere to avoid the oxidation of carbon.

The PrO4-C materials were decomposed in synthetic air to establish their
quantitative composition (Fig. 13b). After burning off the carbon, the weight
loss at 800 °C was very similar for all PrO,-C materials. It was assumed that
after heating in synthetic air, the stable form of praseodymium oxide at elevated
temperatures is Pr;Oy; [116]. PrsO;; was considered as the stable form at room
temperature. According to the calculations, the materials PrO,-C contained
about 22.0+0.7 wt% PrsOy; (Table X). However, the exact composition of PrO;
is unknown. There is a trend that the amount of PrO, in PrO,-C is slightly
higher at increased calcination temperatures. This is probably caused by some
inadvertent decomposition of carbon during calcination. As for PrO-C 300 the
amount of carbon is close to the expected value, it proves that during the
preparation of this material in air the carbon was not oxidised.
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Table X. The composition of Pt-PrO,-C materials calculated from thermogravimetry
(TGA) and microwave plasma — atomic emission spectrometry (MP-AES) results.

Method: Method: Method:

. TGA . TGA MP-AES
Material - —Zo "oy Material - G W% wt%eof  wi%
Pr6011 Pr6011 of Pt Pr6011 of Pt

PrO,-C 300 21.5 Pt-PrO,-C 300 18.4 14.6

PrO,-C 525 21.4 Pt-PrOy-C 525 18.2 14.9 16.7 16.6

PrO,-C 700 224 Pt-PrO-C 700 18.8 16.1 16.4 14.2

PrO,-C 1100 22.7 Pt-PrO,-C 1100 18.2 19.8 15.2 19.0
Pt-C blank 16.3 15.1

The deposition of Pt onto the PrO,-C materials using reduction of the H,PtClg
complex with hydrogen was also studied using TGA. A sample of PrO,-C 525
was impregnated with a solution of H,PtCls in ethanol. After impregnation, the
sample was dried in a vacuum oven for 12 h at 50 mbar. Starting from 25 °C the
sample started to lose weight (Fig. 14a). The initial weight loss was caused by
the loss of crystallisation water. The decomposition of the [PtCl¢]*” complex
started from 135 °C and the speed of deposition started to decrease from 190 °C
towards higher temperatures. From the weight loss of the second step, appro-
ximate platinum content in the material received was calculated. About 80 wt%
of the platinum precursor was decomposed during 50 min starting from the
decomposition of the complex. It was concluded that 180 min at 200 °C is
enough to deposit all platinum from the complex into the structure of the
PrO,-C materials.

This was also confirmed by burning of the carbon from the synthesised
Pt-PrO,-C catalysts (Fig. 14b). The decomposition of the catalysts started at
400 °C and proceeded in two steps. The carbon was burned off at 600 °C. A
slight decrease in mass (about 1 wt%) also takes place at higher temperatures.
Using the same assumptions as previously regarding the PrO,-C materials, the
phase composition of the catalysts was calculated (Table X). The Pt-PrO,-C
catalysts contained 18.4+0.3 wt% PrsO;; and the platinum amount somewhat
increased from 14.6 to 19.8 wt% going from Pt-PrO,-C 300 to Pt-PrO,-C 1100.
The atomic ratio of Pt and Pr was about 1 : 1.7 for materials Pt-PrO,-C 300,
Pt-PrO,-C 525 and Pt-PrO4-C 700; and slightly lower 1:1.3 for material
Pt-PrO,-C 1100.
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Figure 14. Thermogravimetry of (a) PrO,-C 525 impregnated with H,PtCls in hydrogen
and (b) materials Pt-PrO,-C in synthetic air. The heating rate and gas flow rate is noted
in figure.

6.7. Microwave plasma atomic emission spectroscopy

The results of MP-AES measurements are shown in Table X. Weight per-
centages of Pr¢O;; are calculated from the results of measurements of Pr as
single element. Differences with the TGA results are rather small, below +3%.
However, the weight percentage of PrO;; is consistently lower in case of MP-
AES when compared to TGA results, which might arise from the difficulties of

dissolving the catalyst material. However overall, the results of MP-AES and
TGA are in good agreement.
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6.8.Inductively coupled plasma mass spectrometry

ICP-MS was used to measure the content of molybdenum in the solutions of
dissolved C(Mo,C) + Mo,C composite materials. Based on these results, the
weight percentage of C(Mo,C) in the composite materials was calculated
assuming that all molybdenum was in the form of molybdenum carbide. The
content of C(Mo,C) in the composite materials is shown in Table XI. Although
other methods of physical characterisation have shown the existence of other
molybdenum compounds in the studied composite materials, their content was
very low, and the error caused by these compounds is assumed to be irrelevant.

6.9.Electrochemical measurements data

6.9.1. Electrochemical characterisation of C(Mo,C)+Mo,C
materials

6.9.1.1. Stability of C(Mo,C)+Mo,C materials

Although pure C(Mo,C) is a very stable material with a wide region of ideal
polarizability [117], reports on the stability of Mo,C as a component of com-
posite materials are somewhat conflicting, but ultimately indicate that Mo,C
dissolves from composite materials in acidic media [83,88-91].

The studied C(Mo,C) + Mo,C composite materials behaved similarly. To
visualise the dissolution of molybdenum containing species, separate experi-
ments were carried out at a very low potential sweep rate, but not used in the
electrochemical measurements discussed later. Fig. 15a shows the very high
anodic oxidation peak for material Cg;0,, which we attribute to the oxidation of
Mo,C to HMoO, . This is also supported by the appearance of gas bubbles on
the electrode surface, which are most probably CO, and/or CO generated by the
oxidation of carbidic carbon in Mo,C [87]. At these low potential sweep rates,
the currents arising from the dissolution of molybdenum containing species
diminished rapidly with subsequent potential sweep cycles. Apparently the
entire Mo,C precursor is dissolved out from the composite material in the
sulphuric acid solution at potentials less negative than —0.15 V vs. MSE.

During the electrode stabilisation “cycles” before electrochemical experi-
ments, the electrode was submerged into the solution under a potential
E=0.1V vs. MSE. Under these conditions most of the Mo,C dissolved before
the beginning of stabilisation “cycles”. Fig. 15b shows the jvs. E curves
measured after the electrode (material Cgz0,) had been in the solution for some
minutes.
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Figure 15. (a) Dissolution of Mo,C from C(Mo,C) + Mo,C composite material Cgz0, in
0.5 M H,SO, solution at a potential sweep rate of 0.5mV s ' in an argon saturated
solution. (b) The current density (j) vs. potential (E) curves measured during the stabili-
sation “cycles” for C(Mo,C) + Mo,C composite material Cg30, in 0.5 M H,SO, solution
using the RDE method. The electrode rotation speed was 800 revolutions per minute.
The potential sweep rate was 10 mV s . The curves are designated as follows: 1-5
correspond to the fivej vs. £ curves measured in the first “cycle” in an argon saturated
solution, curve 6 corresponds to the fifth j vs. £ curve measured during the second “cycle”
(in an oxygen saturated solution), and curve 7 corresponds to the fifth;vs. E curve
measured during the third “cycle” (again in an argon saturated solution).
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The distinctive Mo,C oxidation peak at £=0V vs. MSE is almost absent.
Instead, the wide cathodic reduction and anodic oxidation peaks around
E=-0.3Vand £=-0.1 V vs. MSE, respectively, are most probably caused by
the redox equilibria between various molybdenum compounds (most probably
in oxide forms) [118], most of which are intermediary products of the dis-
solution of Mo,C. Although the peaks are quite persistent during the first
stabilisation “cycle” in an argon-saturated solution, they rapidly decayed after
switching to oxygen, as the dissolution products of Mo,C are converted into
soluble compounds which diffuse out of the porous structure. Usually after the
second “cycle” in argon, all electrode materials attained the surface conditions
and electrochemical behaviour characteristic of almost perfectly capacitive
electrodes [119]. The “cyclings” in oxygen saturated solution helped to achieve
the stable surface state more quickly.

The abovementioned processes occurred minimally in case of composite
materials with low Mo,C content. More importantly, for all electrodes, the
cyclic voltammetry (CV) curves measured in the beginning of the experiment
(after the end of the stabilisation “cycles”) and at the end of the electrochemical
measurements (8 hours later) are very similar, i.e., stationary currents are
achieved, as would be expected of the studied materials.

6.9.1.2. Cyclic voltammetry measurements

The CV results are shown in Fig. 16 as gravimetric capacitance,
C=1I/mv, (11)

where m is the mass of material deposited onto the GCDE and / is the measured
current. In case of materials with low Mo,C content, the CV curves mostly
exhibit the rectangular shape characteristic of capacitive electrodes [119]. At
potentials more positive than £=0.2 V vs. MSE, the carbon surface starts to
oxidise. During the reverse scan the surface is reduced back. This reduction
process does not have a separable peak but causes the increase of reduction
current density. It transpires that higher content of C(Mo0,C) in these composite
materials makes the surface more easily oxidisable, i.e., the oxidation peak at
E>0.2V vs. MSE is more pronounced. This could hint towards the composite
materials with higher carbon content having a higher number of active centres
on the surface. This highlights the difference between chlorinating Mo,C and
dissolving it from the composite materials. During chlorination, only molyb-
denum is taken out of the materials, leaving highly active nanoscale carbon
facets in the material, whereas dissolving Mo,C from the studied composite
materials only leaves larger pores with less active surface. There is an
oxidation/reduction peak around E=-0.2V vs. MSE that indicates a
quinone/hydroquinone equilibrium on the surface [120]. In case of Cig, with a
high Mo,C content and very low surface area (and capacitance), the current
peaks are more pronounced, but considering the low carbon content in this
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material, it could be possible that these are caused by reversible oxidation/
reduction of molybdenum oxides within the porous structure. At potentials more
negative than £ =—0.7 V vs. MSE the slow water decomposition starts [25].
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Figure 16. The dependence of gravimetric capacitance on the electrode potential for
different C(Mo,C) + Mo,C composite materials (the weight percentage of C(Mo,C) in
C(Mo,C) + Mo,C composite materials is marked in the legend), calculated from cyclic
voltammetry data measured in 0.5 M H,SOy, solution saturated with argon. The potential
sweep rate was 100 mV s '. The inset shows the dependence of gravimetric capacitance
on the weight percentage of C(Mo,C) in C(Mo,C)+ Mo,C composite materials at
potential E=0.1 V vs. MSE.

Table XI. The dependence of specific capacitance of C(Mo,C)+ Mo,C composite
materials in 0.5 M H,SO, solution, saturated with argon, on the content of C(Mo,C) in
the C(Mo0,C) + Mo,C composite materials.

Material Cwt%® Cov/Fg'® G /Fg'® Cp/Fg'®
Croo% 100% 123 120 118
Coso, 98% 139 138 137
Cor, 97% 129 117 116
Coors 69% 83 73 72
Cesvs 63% 54 50 50
Caors 40% 30 28 28
Cisy, 18% 18 15 15

' C wt% shows the weight percentage of C(Mo,C) in the C(Mo,C) + Mo,C composite
materials, calculated from ICP-MS measurements.

@ The gravimetric capacitance values Ccy have been calculated from CV data at
E=0.1V vs. MSE at potential sweep rate v=100 mV s .

® The values of series and parallel capacitances (Cs and Cp respectively) have been
calculated from electrochemical impedance spectroscopy data at £=0.1 V vs. MSE at
ac frequency /= 10 mHz.
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The capacitance values calculated from CV data are shown in Table XI and are
in good accord with impedance data. With the increase of Mo,C content in the
C(Mo,C) + Mo,C composite materials, the capacitance values decrease as the
specific surface area drops drastically. Although Cogy, and Coe, have a slightly
higher capacitance than C,o,, the capacitance values are in good accord with
specific surface area data given in Table VII. The increase in capacitance
correlates well with the increase of carbon content in the C(Mo,C) + Mo,C
composite materials. However, as most of the Mo,C is dissolved during the
stabilisation process in the beginning of the experiment, the dependence of
capacitance on the carbon content is not quite linear (inset in Fig. 16). As
discussed earlier, dissolution of Mo,C from the composite materials might
result in a slightly changed porous structure. As such, the specific surface area
of the composite materials measured by low temperature N, sorption is
probably not quite the same as the surface area of the material on the electrode
in solution after electrochemical stabilisation. However, due to the minuscule
amount of the composite materials deposited onto the electrodes, determination
of specific surface area after electrochemical measurements is not feasible.
Another aspect to note is the higher capacitance values of Cogy, and Coo,
compared to Cjgg, (Table XI). This is probably also caused by the dissolution of
Mo,C from the composite materials. Due to the very small amount of Mo,C in
the materials (especially volumetrically), the electrochemical stabilisation of
Cogo, and Coy0, could result in higher specific surface area on the electrode in
solution, compared to during N, sorption measurements.

Electrochemically, the materials behave similarly, so molybdenum con-
taining species have a very limited influence on the j vs. E dependencies. It also
indicates that the properties of the synthesised carbon do not change sub-
stantially during the stepwise chlorination process. This is in agreement with N,
sorption measurements (Fig. 6), Raman spectroscopy (inset in Fig.9) and
HRTEM (Fig. 12) data.

The cyclic voltammograms measured at different potential sweep rates
coincide well and are shown in Fig. 17 for material Cg39,. The wide current peak
seen at £ =—0.2 V vs. MSE does not depend on the potential sweep rate and the
charge (calculated through integration) under anodic and cathodic peaks is
equal, indicating nearly reversible redox processes at carbon electrode interface.
At more positive potentials than £=0.2 V vs. MSE, the capacitance increases
with decreasing electrode potential sweep rate, indicating that the oxidation of
the electrode surface is a mixed kinetics process at these potentials.

The dependencies of current density on potential sweep rate in logarithmic
scale (inset A in Fig. 17) are linear at different potentials and the slope value is
around unity, except at vertex potentials. This indicates that the electrode
behaves capacitively in almost the whole region of potentials studied, and that
the peak around £ =-0.2 V vs. MSE is caused by the reversible oxidation and
reduction of surface functional groups, i.e., mainly by the quinone/hydro-
quinone redox process equilibrium. The intercept of these dependencies is
nearly constant, demonstrating that the capacitance depends very weakly on the
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potential. The log j vs. log v dependencies (inset B in Fig. 17) are also linear for
different electrode materials at constant potential and the intercepts describe the
capacitive behaviour following the same trend as the data shown in Table XI.

100 y
. 7 -1
Material Cgjs, 4 vimVs
- 20
50 - 30
- 50
- 70
0 -
—100
5 ~150
w -50 O et --200
-~ ATASLSS T T NS "
© 3
— y=10x+30 A jals Y=095x+32 _ B
100 [, [Evs-MsE/V Re=10 T | Materials T Y 000 42
5: * 0.33 52 [ 2Ci00% ®Cea% .
= = 0.03 = ©Cos% *Cuao ¢
31 [ 027 31 [ *Corn "Cren ¢ -
150 L8 : 1.1x+28| 2 [ec ¥R Ey=11x+27
B ToleosT ¥, R=09% |7 o 5 R? = 0.998
-4 -3 -2 -1 0 -4 -3 -2 -1 g
-200 ) log(y/mVs™) ) ) log(v/mVs™)

-08 -06 -04 -02 0 0.2 0.4 0.6 0.8
E |V vs MSE
Figure 17. The dependence of gravimetric capacitance on the electrode potential for
different potential sweep rates (marked in the legend) for C(Mo,C) + Mo,C composite
material Cq30,, calculated from cyclic voltammetry data measured in 0.5 M H,SO, solu-
tion saturated with argon. Insets show the dependence of current density on the potential
sweep rate in logarithmic scale for C(Mo,C) + Mo,C composite material Cg;z0, at four
different potentials (marked in the legend) (A) and for different C(Mo,C) + Mo,C
composite materials (marked in the legend) at potential £ =—0.1 V vs. MSE (B).

6.9.1.3. Electrochemical impedance spectroscopy

The Bode plots (phase angle (¢) vs. log f and impedance modulus (|Z]) vs. log f
plots) and Nyquist plots (Z” vs. Z' plots) measured during the electrode stabi-
lisation “cycles” of material Cg30, are shown in Fig. 18a and Fig. 18b, respec-
tively. The following equations were used:

tan ¢ = Z"/Z' (12)
1z =) + 2"y (13)

The first measured impedance spectrum differs from the later spectra. At lower
frequencies the phase angle is about —80°. The dependence of phase angle on
frequency has a different shape at medium frequencies (f= 10 Hz ... 300 Hz)
which is caused by diffusional mass transport limitations inside the pores [121].
Nyquist plots (inset in Fig. 18b) show the same effect, as the slope has an angle
of —45° in a wider frequency range and does not become vertical at lower
frequencies. The Nyquist plots measured during the second and later “cycles”
coincide. The phase angle reaches —86° and diffusional limitations are not
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pronounced. The behaviour of Bode and Nyquist plots are controlled by the
charging and discharging of carbon surface. The electrolyte resistance (R;)
determined from the high frequency region of Nyquist plots (inset in Fig. 18b)
is the same for both argon and oxygen saturated solutions.
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Figure 18. Impedance spectra measured during the stabilisation “cycles” for the
C(Mo,C) + Mo,C composite material Cgzo, in 0.5 M H,SO4 solution at poten-
tial £=0.1V vs. MSE. “Cycles” I, III, V were measured in an argon saturated solution
and “cycles” II and IV in an oxygen saturated solution. (a) Bode plots and (b) Nyquist
plots. High frequency area is magnified in the inset of (b).

Fig. 19 shows the electrochemical impedance spectroscopy (EIS) data for
different materials at potential £=0.1 V vs. MSE in argon saturated solution
after the electrodes had been stabilised. All materials exhibit capacitive
behaviour. At lower frequencies the absolute value of the phase angle |@] is
over 82° and the Nyquist plots are almost parallel with the imaginary axis (Z").
At high frequencies, the Nyquist plots coincide well (inset in Fig. 19b), i.e., the
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R does not depend on the carbon content in the composite material and is
between 3.5 Q and 4.5 Q.

The Bode plots (Fig. 19a) show that as the carbon content increases, the
change from resistive behaviour (¢ =0°) to capacitive behaviour (p =-90°)
shifts towards lower frequencies. This is caused by the increase of the time
constant:

T= RSCedl (14)

As the electrolyte resistance is almost constant, the increase in the time constant
by about one magnitude is caused by the increase of capacitance.

The impedance spectra measured at different potentials 0.4 V, 0.1 V, 0.3 V
and —0.5 V vs. MSE (not shown for brevity) coincide well, except at potential
E=0.4V vs. MSE, where oxidation of the carbon surface occurs. This indicates
that the behaviour of the materials is mostly determined by the charging and
discharging of the carbon surface. The electrolyte resistance is independent of
potential.

The dependence of series and parallel capacitances (Cs and Cp) on the
frequency is shown in Fig. 20. The following equations were used [15,121-123]:

Cs=—-1/Q2nfZ") (15)
Cp =-2"12nf|Z]) (16)

At low frequencies Cs and Cp curves coincide, as is expected of capacitive
electrodes. The calculated series and parallel capacitance values at /= 10 mHz
are shown in Table XI. Material Cogs, has slightly higher capacitance, but mate-
rials Cigpe, and Cop, with similar specific surface area, have comparable
capacitance values.
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Figure 19. Impedance  spectra measured after stabilisation for  different
C(Mo,C) + Mo,C composite materials (wt% of C(Mo,C) in C(Mo,C)+ Mo,C com-
posite materials marked in legend). Measurements were performed in 0.5M
H,SO, solution saturated with argon at potential £= 0.1 V vs. MSE. (a) Bode plots and
(b) Nyquist plots. High frequency area is magnified in the inset of (b).
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Figure 20. The dependence of series (Cs) and parallel (Cp) capacitance on frequency,
calculated from electrochemical impedance spectroscopy data measured for different
C(Mo,C) + M0o,C composite materials (wt% of C(Mo,C) in C(Mo,C) + Mo,C com-
posite materials marked in legend). Measurements were performed in 0.5M
H,SO, solution saturated with argon at potential £ = 0.1 V vs. MSE.

6.9.2.Electrochemical characterisation of Pt-C(Vulcan) and
Pt-C(Mo,C) materials

6.9.2.1. Determination of Pt mass percentage

The content of Pt in the synthesised catalysts was determined using electro-
chemical dissolution of Pt in deaerated 6M HCI solution.

The amount of deposited Pt was highest for materials 1 and 2 (Table XII),
which were deposited in an acidic reaction mixture. In the case of Vulcan based
catalysts, the Pt content was always lower than 20% in alkaline reaction
mixtures. This could be explained using the point of zero charge (PZC) of the
support [124]. The pH value of the suspension at PZC is such that the surface
charge is zero. For Vulcan XC72 the pH at PZC is equal to about 7 [125]. At
pH =2, the surface of Vulcan carbon is positively charged and it enables the
strong electrostatic adsorption of negatively charged [PtCls]* anions, i.e. the
deposition of Pt is facilitated. On the other hand, at pH from 12 to 13, the
[PtCls]* anions are repelled from the negatively charged carbon surface and the
resulting loading of Pt is less than expected. However, in alkaline conditions,
the crystallite size of the deposited Pt nanoclusters is two to four times smaller
(Table V) and hence the ECSA is higher. The oxidation of Vulcan in nitric acid
causes the functionalisation of carbon surface with oxygen containing groups
and further decreases the pH value at PZC. As the electrostatic repulsion of the
[PtCls]* anions from the negatively charged surface of Vulcan* was even
higher at pH = 13, the Pt loading was lowest for this material.

57



Remarkably, for the C(Mo,C) based material, nearly nominal loading of Pt
was achieved. While the PZC of the catalyst support C(Mo,C)750 °C is un-
known, it seems to be higher compared to Vulcan XC72. It is possible that the
very high Sggr (Table VII and Table VIII) also has an influence on the amount
of Pt deposited onto the material.

6.9.2.2. Cyclic voltammetry measurements

The cyclic voltammograms given in Fig. 21, represented as gravimetric capa-
citance, Ccy, show behavior characteristic of Pt-decorated carbon materials.
There are two distinct regions corresponding to hydrogen adsorption/desorption
and oxygen adsorption/desorption. Between these regions there is a so-called
edl region. The gravimetric capacitance almost does not depend on the electrode
potential sweep rate (Fig. 21a). The Ccy values and the shapes of Ccy, E-plots
(Fig. 21b) depend noticeably on the electrode material under study. The highest
hydrogen adsorption/desorption (H,gyqes) peaks were calculated for materials 3—
5, i.e., adsorption/desorption kinetics and ECSA is highest with Pt nanoparticles
deposited at pH=12.3-12.5 and with small to medium H,PtClgx6H,0
concentration. For these materials the dispersion of the Pt nanoparticles is also
very high (c.f. Table V). For materials synthesised at low pH, i.e., catalysts 1
and 2, the peaks are not very well developed and the dispersion of Pt is low.
The highest Ccy values within the so-called edl region were measured for the
Pt-C(Mo0,C) (material 8). For materials deposited onto Vulcan and Vulcan*, the
capacitance is about two times lower in this region caused by the much lower
specific surface area (Table VIII) compared to C(Mo,C). In the region of Hagg/ges
the capacitance was integrated to get the total charge from which the charge of
edl charging/discharging was subtracted to get hydrogen adsorption and
desorption charges [126]. These values were used to estimate the ECSA values
(Table XII). Material no. 5 had the highest ECSA value (94 m g ') i.e., high
reaction mixture pH and moderately high concentration of H,PtClgx6H,0O
enable the formation of smaller Pt nanoparticles.

6.9.2.3. Oxygen reduction reaction measurements

The RDE data measured for all the studied materials are given in Fig. 22a. The
values of diffusion limiting current density, j4, are in agreement with theoretical
values for most materials. However, the values of j4 for materials no. 2 and 7 are
somewhat lower, possibly because the catalyst layers deposited on electrodes
were not uniform. The dispersion of the catalyst particles in the deposition
suspension depended also on the synthesis conditions. The values of half-wave
potential, E;», do not depend noticeably on the material, except for the
Pt-C(Vulcan*). For the other materials, the average value of £}, is about 0.86 V
vs. RHE. Thus, treatment of the surface of the commercial Vulcan XC72 carbon
support with HNOj acid did not improve the electrochemical activity of the Pt-
nanoclusters decorated material.
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Table XII. Summary of electrochemical parameters calculated from CV and RDE
measurements data for Pt-C(Vulcan) and Pt-C(Mo,C) materials as noted in Table II.

Material Pt wt% ]ifi?/ jal Am™ M?n f‘: gg_Y / SAH Zt 31'3_}7 /
1 23.7+£2.1 20+ 3 -60.33 +1.46 161 +£31 822 + 81
2 21.2+32 21+3 -57.04+£0.12 155+ 14 792 £ 56
3 13.6+2.1 82+10 -60.17+0.54 348 + 50 428 +45
4 147+24 83+13 -60.22+0.44 348 + 36 424 + 33
5 128+2.7 94+13 -60.22+0.29 385+92 449 + 54
6 16.4+2.8 72+ 14  -59.58 £0.32 242 + 61 336+ 31
7 8.6+3.2 34+ 11 -57.46+£0.18 136 £ 45 477 + 37
8 184+28 52+13 -59.43+0.19 255+ 82 439+ 19
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Figure 21. Calculated gravimetric capacitance, Ccy, vs. potential, E, plots for (a)
Pt-C(Vulcan) material 5 at different potential scan rates (noted in figure) and (b)
different materials (notation of materials given in Table II) in 0.1M HCIO, solution
saturated with N, at potential scan rate 0.03 Vs .

The RDE data for the deposited catalyst layers can be analyzed using the so-
called two layers model, which takes into account the diffusion in the
electrolyte boundary-layer and in the Nafion film [22,99,100,126—-128]:

r_r .t

Joo Jan Jr s 17)

where j. is current density corrected for the edl charging currents, jy;, is kinetic
current density, jr is film diffusion limited current density and j4 is diffusion
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limited current density. Since the thickness of Nafion layer in the electrode was
small and the calculated film diffusion limited current density was high, i.e. the
diffusion of the O, molecules in the Nafion layer was not the limiting step
[117], it was assumed that the RDE data can be analyzed by applying the
classical Koutecky-Levich equation to calculate the kinetic current densities
[22,127,129]:

ijc
Ju—J. , (18)

Jkin =

where ji is the measured limiting current density. Based on the data in Table
XII, catalytically the most active material was material no. 5 with the highest
value of ECSA, mass activity and quite high specific activity.
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Figure 22. Rotating disc electrode data (corrected with background current densities)
from positive-going sweeps at 0.02 Vs ' (a) j., E-plots at 1600 rev min ' and (b) Tafel-
like plots for different materials (notation of materials given in Table II) in 0.1 M
HCI10, O,-saturated solution.

Tafel-like plots are shown in Fig. 22b, applying ji, values obtained using
Eq. 18. The Tafel-like plots indicate that there are two nearly linear regions with
slope values =58 +5 mV dec”' (low current density region) and —93 = 11 mV
dec™' (high current density region). The values of slopes do not depend on
material, thus the mechanism and limiting steps for different materials are the
same within these fixed current density regions (i.e., at low and high current
density regions, respectively).

6.9.2.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy data, given in Fig. 23a, show nearly
ideal capacitive behavior for all materials at low ac frequencys < 0.1 Hz in N,
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saturated solution. The high frequency series resistance, R;, values are
practically independent of the catalyst material (i.e., material synthesis
conditions applied) under study. The value of R, varies from 2.6 Q
(Pt-C(Vulcan*) to 4.2 Q (Pt-C(Vulcan) synthesised at pH = 2). The values of
series capacitance (Cs) and parallel capacitance (C,) were calculated from EIS
data using Eq. 15 and 16, respectively, and are given in Fig. 23b. The materials
7 (Pt-C(Vulcan*)) and 8 (Pt-C(Mo,C)) exhibit the highest values of capacitance
at f— 0 (~70 F g' for material 7 and ~112 F g”' for material 8). All the other
materialls under study have rather low capacitance values ranging from 13 to
I9Fg .

Thus, in addition to PEMFC electrodes, the Pt-C(Mo,C) and Pt-C(Vulcan*)
materials could be used as electrodes for combined hybrid (pseudocapacitive)
supercapacitors, i.e., for combined energy conversion/storage device.
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Figure 23. (a) Nyquist plots and (b) C;, log f- and C,, log f-plots for different materials
(noted in Table IT) in 0.1 M HCIO4 N,-saturated solution at £ = 0.45 V vs RHE.
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6.9.3.Electrochemical characterisation of Pt-rare-earth metal
oxide based materials

6.9.3.1. Platinum dissolution profiles of Pt-CeO,-C materials

For detailed analysis of the weight of Pt deposited, the electrochemical dis-
solution of Pt followed by quantitative analysis has been conducted.

The dissolution of platinum from the studied catalysts in 6 M HCI is visua-
lised in Fig. 24. There are one or two characteristic current peaks for every
studied material. The dissolution peak potential correlates with the crystallite
size (Table VI). The catalysts with smaller crystallite sizes also tend to dissolve
at less positive potentials. The dissolution peak is almost absent for materials
with big crystallites, i.e., for materials EG-6 and EG-7 (dxgrp > 8 nm). The
catalysts EG-4 (two peaks), EG-6 and IWI-1 (peaks with shoulder) have also
very sharp XRD maxima which indicates that the material consists of several
crystallites. In agreement with X-ray data, the dissolution overpotentials of
different crystallites are also different.

The Pt dissolution peaks were integrated to find out the weight percentage of
platinum deposited onto the catalysts (Table III). Generally, the platinum
content was lower than the nominal (assumed) value. In microwave assisted
method the platinum content was higher for materials which were synthesised at
pH > 12. Very good results were also achieved if hydrogen was used as the
reducing agent. Applying sodium borohydride method, about 75% of platinum
was successfully deposited onto the porous carbon support.
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Figure 24. The anodic dissolution currents of Pt (first potential sweep) from the Pt

based Pt-CeO,-C catalyst electrode surface in 6 M HCI solution at potential sweep rate
ImVs.

62



6.9.3.2. Cyclic voltammetry of Pt-CeO,-C materials

The characteristic cyclic voltammograms (presented as gravimetric capacitance,
electrode potential, C vs. E curves) at different potential sweep rates measured
in an argon saturated 0.5 M H,SO, solution are given in Fig. 25a, using the
material EG-4 as an example. The different characteristic regions are visible.
The hydrogen adsorption-desorption peaks in the potential range from —0.675 V
to —0.35V, the so-called electrical double-layer (edl) area from —0.35V to
roughly 0 V and the oxidation of Pt particles and the subsequent reduction back
to Pt from O V to 0.3 V [130] are seen in Fig. 25a.
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Figure 25. Cyclic voltammograms (calculated as gravimetric capacitance) of (a) cata-
lyst EG-4 at different scanning rates, v, (noted in figure) in 0.5 M H,SO, argon saturated
solution, and (b) and (c¢) (divided for clarity) of studied Pt-CeO,-C catalysts (noted in
figure) at constant scanning rate (100 mV s™') in argon saturated 0.5 M H,SOy solution.
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Figs 25b and 25¢ show the C, E-curves for the studied material at one constant
potential sweep rate. The figure is magnified to show the H,gyaes and edl
regions. It is visible that the commercial Pt-Vulcan material has the highest
gravimetric capacitance in the edl region, whereas EG-3 and EG-6 have the
lowest gravimetric capacitance. The rest of the materials exhibit rather similar
gravimetric capacitance values, however, it must be noted, that NBH-1 has a
slightly lower capacitance value than NBH-2. The material EG-1 exhibited very
low electrochemical activity and is not shown in the figures.

Most of the materials exhibit sharp peaks at around —0.58 V vs. MSE and the
highest peaks are in case of materials EG-2, EG-4, EG-7, and IWI-1. For some
materials, another peak or shoulder is also distinguishable. The peaks were
integrated to calculate ECSA and the diameter of spherical Pt nanoparticles as
discussed in literature [131]. The results are given in Table XIII. The lowest
ECSA was calculated in case of EG-7, synthesised in acidic conditions. EG-2,
synthesised in basic conditions using the microwave synthesis method, has the
highest ECSA, followed by IWI-1, synthesised using H; as the reducing agent.

In comparison to the dimensions of Pt crystallites calculated using the
Scherrer equation from the XRD data (Table VI), the diameters calculated from
CV data are slightly larger. EG-6 is the only material, where the Scherrer
equation gives a larger Pt particle diameter than that calculated from CVs. The
materials with the highest ECSA (EG-2 and IWI-1) have the smallest difference
in the diameters of the Pt particles calculated using different methods, indicating
a more uniform dispersion of the Pt nanoparticles on the carbon support. The
rest of the materials most probably have less uniform particle sizes including
both very small and very large Pt agglomerates, which the two methods take
into account differently.

Table XIII. Calculated parameters from electrochemical measurement data for
Pt-CeO,-C materials.

Material ECSA/m’g’ dcy/nm :“é‘:)“t_/l Almga:t{' igcsa / MA cmp
EG-2 79.1 3.5 1.108 352 0.45
EG-3 379 7.5 0.188 192 0.51
EG-4 35.1 8.0 0.331 240 0.68
EG-5 452 6.2 0.414 279 0.62
EG-6 52.6 53 0.771 257 0.49
EG-7 223 12.8 0.220 275 1.23

NBH-1 37.3 7.5 0.279 131 0.35
NBH-2 30.1 9.3 0.683 164 0.54
IWI-1 60.7 4.6 0.638 324 0.53
Comm. 29.0 9.6 0.211 210 0.72

icron Chronoamperometry current after 1800 s at potential £ =—0.2 V vs. MSE *
imx ~ Maximum gravimetric peak current of anodic scan *
igcsa  peak current density of anodic scan normalised to ECSA *

* measured in 1 M CH;0H + 0.5 M H,SO, solution saturated with argon
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6.9.3.3. Cyclic voltammetry of Pt-PrO,-C materials

Cyclic voltammograms of the synthesised materials measured in 0.5 M H,SO,
solution saturated with argon are shown in Fig. 26. Different characteristic
regions are visible. In the potential region from —0.67 V to —0.3 V hydrogen
adsorption-desorption peaks are visible. The so-called electrical double layer
(edl) area is visible in the region from —0.3 V to 0 V. The oxidation / reduction
of Pt particles is visible the region from 0 V to 0.3 V. At around £=-0.2 V vs.
MSE, a shallow wide peak can be seen, which could be attributed to reversible
oxidation and reduction of surface oxygen groups on the carbon support (such
as for example the quinone-hydroquinone redox couple) [132].

The Pt-C blank material differs from the Pt-PrO,-C materials, as the vertex
potential —0.67 V vs. MSE is slightly too negative for the material, and the
hydrogen evolution reaction starts to occur. The Pt-C blank material also ex-
hibits slightly higher currents in the edl area, as well as higher H,gsqes peaks
compared to the Pt-PrO,-C materials. The Pt-PrO,-C materials behave very
similarly to each other, with some minor differences in the current densities.
The H,usaes peak currents slightly increase with increasing calcination
temperature of the support material. The materials calcined at 700 and 1100
degrees have a more pronounced hydrogen peak at around —0.5 V compared to
the materials calcined at lower temperatures. This might indicate that the
calcination also affects the carbon support in a way that allows for better
dispersion of Pt nanoclusters in the subsequent deposition of Pt.
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Figure 26. Cyclic voltammograms for different materials (noted in figure) measured in
0.5 M H,SO, solution saturated with argon. The potential sweep rate is noted in figure.
The current densities are given with regard to the geometric surface area of the electrode.
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The hydrogen adsorption/desorption peaks measured at various potential sweep
rates were integrated to calculate the ECSA and the diameter of spherical Pt
nanoparticles as described in the literature [131]. The results are shown in
Table XIV, and data for a Pt-CeO,-C (IWI-1) material are shown for
comparison. The results for the synthesised materials are rather similar overall,
with Pt-PrO,-C 525 having the lowest ECSA. The diameter of the Pt particles
calculated from CVs is somewhat larger than those calculated from XRD data
using TOPAS software. In addition to the inherent differences between the two
methods, this could be due to the conditioning of the electrodes at the beginning
of the measurements influencing the Pt cluster size, or potentially the effect of
the chlorine residue as detected in some of the physical characterisation
methods. However, as no chlorine was present in the Pt-C blank material, which
has a very similar ECSA to the other materials, this does not seem to be the
case. The praseodymium oxide does not seem to affect the shape of the CVs.

Table XIV. Parameters calculated from electrochemical measurements and X-ray
diffraction data for Pt-PrO,-C materials.

. ECSA/ dey/  dxwo!/ fmax / Jmax ! igcsa /

Material m’ g_1 nm nm A gpt_l mA cm 2> mA CMp; 2
Pt-PrO,-C 300 52 5.6 1.8 320 4.59 0.62

(1)

Pt-PrO,-C 525 45 6.2 g'g(l) 313 5.63 0.69
Pt-PrO,-C 700 52 5.4 0.9) @ 323 5.51 0.62
Pt-PrO,-C 1100 58 49 (1.6) @ 331 5.95 0.57
Pt-Ce0,-C 61 4.6 1.9 324 437 0.53
Pt-C blank 55 5.1 1.3 234 421 0.42
Pt-C commercial 29 9.6 5.6 210 2.85 0.72

() Calculations indicated a bi-modal crystallite size distribution for Pt-PrO,-C 525.
@ Crystallite sizes in brackets are as calculated by Topas software, but most probably
have a large error as described in the text.
imax ~ Maximum gravimetric peak current of anodic scan *
Jmax  peak current density of anodic scan*
iecsa  peak current density of anodic scan normalised to ECSA *
* measured in 1 M CH;0H + 0.5 M H,SO;, solution saturated with argon

6.9.3.4. Methanol oxidation reaction on Pt-CeO,-C materials

The results of CV measurements in 0.5 M H,SO, + 1 M CH;0H solution are
shown in Fig. 27. The highest currents for methanol oxidation are seen in case
of EG-2 (with the highest ECSA). The positive-going sweep exhibits a high,
two-humped peak with a main maximum at 0.2 V vs. MSE. The negative-going
sweep shows higher currents, with the peak potential roughly coinciding with
the potential of the first hump (£ = 0.05 V vs MSE) in the positive-going sweep.
The materials EG-5 and EG-7 have similar current values. The material EG-6
has a similar anodic peak current value but inferior cathodic peak current as
well as higher methanol oxidation overpotential.
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The commercial catalyst material has a somewhat different i vs. E curve
shape with very wide maxima, medium currents and high methanol oxidation
overpotential. The material NBH-1, synthesised using the NaBH, method,
exhibits very low methanol oxidation activity. It must be noted that after heating
the material NBH-1 at 600 °C, the acquired material (noted as NBH-2) exhibits
higher currents than NBH-1, indicating that the heat treatment has a slight
activating effect. However, the high oxidation overpotential has not decreased
with the heat treatment, i.e., the overall activity of the material was not
noticeably improved.

As the hump before the main methanol oxidation peak in the positive-going
potential sweep is roughly at the same potential as the negative-going peak, it is
reasonable to believe that the hump in the positive going sweep is of the same
origin as the peak in the negative going potential sweep, which has been sug-
gested to be the result of the oxidation of adsorbed CO [6,133]. However, more
recently, the two different peaks in the positive and negative going potential
scans have been suggested to both have their origins in the oxidation of
adsorbed methanol, rather than CO [134,135], and the hysteresis between the
peak currents arising from the OH,4 blocking the surface on the negative going
scan. Only after some of the OH,4 has been reduced, i.e. cleaning the electrode
surface, the adsorption and oxidation of methanol is started [135].

In a perhaps counterintuitive sense, as we assume CeO, to function as the
provider of oxygen-containing surface functional groups (as discussed in the
literature overview [56,69]), it leads us to expect comparatively higher negative-
going peak currents for Pt-CeO, catalysts than for the pure Pt catalysts (this is
mostly true for the catalysts in this study). As the adsorbed oxygen-containing
groups are necessary for the oxidation of methanol to CO,, but the decrease of
OH,4 on Pt sites is also necessary for the methanol oxidation to occur, we
assume that the higher oxidation currents in the negative-going sweep are not
the result of low CO tolerance of the catalyst, but increased methanol oxidation
activity due to the availability of both free sites for methanol adsorption and
adsorbed oxygen-containing surface groups on the catalyst material. As for
PtRu catalysts, a similar suggestion has been made for the very low currents of
the negative-going peak, in that the removal of OH,q is less facile on PtRu
catalysts, leading to lower peak currents at more negative potentials [135]. It
must also be noted that the ratio of peak currents for the anodic and cathodic
sweeps depends on the positive vertex potential [135] as well as on the potential
sweep rate (based on results of this study not shown for brevity).

The peak currents of the positive-going sweep are given in Table XIII, as
gravimetric peak current densities, in.x, and also normalised to the ECSA of the
electrodes, igcsa. As can be seen, the igcsa values are higher for materials with-
out CeO, additives, which could be assumed to be caused by the lower
conductivity of Pt-CeO, catalysts. However, the author considers the
gravimetric currents to be a more important measure of catalytic activity.

Currents measured in chronoamperometry experiments after 1800 s holding
at potential —0.2 V vs. MSE are shown in Fig. 28 and given in Table XIII. The
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highest currents were achieved in case of EG-2, while EG-6, IWI-1 and NBH-2
also exhibit high currents.
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Figure 27. (a) and (b) (divided for clarity) cyclic voltammograms of the Pt-CeO,-C
catalysts (noted in figure) measured in 1 M CH;0H + 0.5 M H,SO, saturated with argon
at potential sweep rate 10 mV s .

Literature concerning Pt-CeO, catalysts is extensive and for example both
higher [61] and lower [54] methanol oxidation currents have been shown. It is
apparent that the preparation conditions of the catalyst materials play a major
role in the activity of the studied electrode materials. The crystallinity and
amount of ceria in the catalysts can affect the activity in different and opposite
ways, i.e., while it provides oxygen-containing surface groups for methanol
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oxidation, it also affects the conductivity of the catalyst material. Very good
results have been obtained by varying the calcination temperatures of CeO,-C
support material containing 6% ceria [61]. It is possible that in the current study
the higher content of ceria had a hampering effect on methanol oxidation due to
lower conductivity of the electrode surface.

Of equal importance is the synthesis route of Pt nanoparticles, as for example
the synthesis using NaBH, can exhibit lower activity due to larger Pt particles,
while microwave synthesis and reduction with hydrogen at elevated tempe-
ratures can produce very small and uniform Pt nanoparticles that exhibit high
activity. This is also influenced by the catalyst support material structure, which
is another important aspect that needs to be studied in detail.
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Figure 28. Chronoamperometry i vs. ¢ curves of the Pt-CeO,-C catalysts (noted in
figure) measured in 1 M CH;0H + 0.5 M H,SO, solution saturated with argon at a
potential £=-0.2V vs. MSE. The inset shows the holding currents for the studied
materials after 1800 s.

6.9.3.5. Methanol oxidation reaction on Pt-PrO,-C materials

Cyclic voltammograms for the synthesised materials measured in 0.5 M H,SO,
+ 1 M CH;0H solution are shown in Fig. 29a and 29b. Selected data are also
shown in Table XIV. Data for a Pt-CeO,-C catalyst material (IWI-1 from pre-
vious chapter) are shown for comparison, along with a commercial Pt-C
material. The shapes of the CVs for the Pt-REO materials are very similar. The
positive-going potential sweep exhibits a peak at around 0.15 V vs. MSE, with a
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small hump (pre-peak) at around 0 V vs. MSE, before the main peak. The hump
coincides with the peak for the negative-going potential sweep. The negative-
going peak exhibits higher currents than the positive-going sweep in case of the
Pt-REO materials, in contrast with the commercial Pt-C material, where the
current peaks are roughly equal, and the Pt-C blank material, where negative-
going sweep exhibits lower currents.
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Figure 29. Cyclic voltammograms for Pt-PrOs-C and reference materials (noted in
figure) measured in 0.5 M H,SO,+ 1 M CH;0H solution saturated with argon. The
potential sweep rate is 10 mV s '. The currents are normalised (a) to the mass of the
platinum on the electrode and (b) to the geometric surface area of the electrodes.
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In Fig. 29a the currents are normalised to the mass of platinum on the electrode.
All the Pt-REO materials exhibit nearly the same gravimetric currents in the
positive-going potential sweep, in the range from 313 A gp, ' to 331 A gp . In
the negative going sweep, the peak currents are higher and somewhat more
separated. In case of the Pt-PrO,-C materials, the negative-going peak currents
follow the same trend as in the positive-going sweep, however the Pt-CeO,-C
material exhibits relatively higher current in the negative-going peak compared
to the Pt-PrO,-C materials. Both the Pt-C blank and the commercial Pt-C
material exhibit markedly lower currents.

In Fig. 29b the currents are normalised to the geometric surface area of the
electrode. Interestingly, the differences between the materials are more
pronounced. Most noticeable is the fact that all Pt-PrO,-C materials perform
better than the Pt-CeO,-C material. In case of the PrO,-C materials, the metha-
nol oxidation activity as expressed by the current peak at £=0.15V, is higher
for the materials calcined at higher temperatures. The material Pt-PrO,-C 300
exhibits only slightly higher activity than Pt-CeO,-C, however materials
calcined at higher temperatures are noticeably more active, albeit with smaller
differences between them. The materials Pt-PrO,-C 525 and 700 exhibit nearly
similar activities, however Pt-PrO4-C 525 has slightly higher currents in the
positive going sweep and slightly lower currents in the negative going sweep
when compared to the material Pt-PrO,-C 700. It must be noted that
Pt-PrO,-C 1100 has the highest activity, but also slightly higher Pt content. The
material Pt-C blank has the lowest activity of the synthesised materials.

The same order of activity for the studied materials has been established
based on chronoamperometry results measured at £=—0.2 V vs. MSE and are
shown in Fig. 30. The currents decreased rapidly at the beginning of the mea-
surement until reaching a plateau roughly after 400 s, depending on the material
under study. Overall, the results are similar to the CV measurements. The
highest currents at the end of the 1800 s holding were measured in case of
Pt-PrO,-C 1100 and 700, with the currents reaching a plateau at around
091 A gpf1 and 0.86 A gpfl respectively. The rest of the Pt-PrO-C materials
behaved similarly along with the Pt-CeO,-C material, with the current plateaus
slightly above 0.6 A gp; '. The Pt-C blank material had a slightly lower activity,
and the commercial Pt-C material had the lowest activity, over four times lower
than for Pt-PrO,-C 1100. When calculated as current densities per geometric
surface area of the electrode, the difference between these two materials is
nearly six times.

While these measurements reinforce the fact that praseodymium oxide is a
suitable and beneficial additive to Pt for the oxidation of methanol on platinum-
based complex catalysts, some aspects should be discussed further. The values
of methanol oxidation peak currents normalised to ECSA (igcsa, shown in
Table XIV) are highest in case of the commercial Pt-C material and lowest in
case of Pt-C blank while the gravimetric current densities, in.x, on both of these
materials is similarly low. The lowest igcsa for the Pt-PrO,-C materials was
calculated in case of Pt-PrO,-C 1100, which had the highest methanol oxidation
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activity. While higher igcsa values are often taken as a measure of higher
catalytic activity, in this case this is evidently not true. The role of praseo-
dymium oxide in these catalysts as a provider of oxygen-containing surface
functional groups, necessary for the oxidation of methanol, will not be taken
into account in the measurement of hydrogen underpotential deposition (i.e.,
ECSA). It is possible that CO stripping voltammetry would take this more into
account.
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Figure 30. Chronoamperometry results for Pt-PrO,-C and reference materials (noted in
figure) measured in 0.5M H,SO,+1M CH;OH solution saturated with argon
at £=-0.2 V vs. MSE. The different materials are noted in figure. The inset shows the
final current densities after 1800 s.

The onset potential of methanol oxidation on Pt-PrO,-C complex catalysts is
shifted towards less anodic potentials when compared to the commercial Pt-C
catalyst. Surprisingly, the onset potential for Pt-C blank material is rather close
to the Pt-PrO,-C materials, although still slightly more anodic. This is most
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probably explained by very good dispersion of small Pt nanoclusters on the
catalyst surface, especially when compared to the commercial Pt-C material.
The ECSA values calculated from CV data illustrates this well, as the ECSA
value for the Pt-C blank is similar to the ECSA values calculated in case of the
Pt-PrOx-C materials and nearly two times higher than in case of the commercial
Pt-C. However, even though the onset potential is improved in case of Pt-C
blank when compared to the commercial Pt-C material, the higher current
values in case of the Pt-REO materials for both of the current peaks still
illustrates the beneficial nature of additives in complex catalysts when
compared to pure Pt-based catalysts.

Some of the physical characterisation methods indicated the presence of
chlorine in the catalyst materials after the deposition of platinum. As chloride
ions adsorb specifically on the Pt surface, this could affect the catalytic activity
of the materials. One of the materials was additionally washed with a copious
amount of water, however the methanol oxidation currents remained the same,
indicating that the chlorine does not have a noticeable influence on the catalytic
activity. This is corroborated by the fact, that all the Pt containing catalyst
materials had very similar ECSA values, including the Pt-C blank, where no
traces of chlorine were found. Additionally, while it is possible that washing
with water did not dissolve all chlorine containing compounds and acid leaching
should be performed, this would have a profound effect on the catalyst as a
whole and would be a scope for a different study. As such the results here are
shown without any specific effort to remove any possible chlorine containing
compounds.

The shape of the CVs measured in the methanol solution offers another point
of consideration. For catalysts not containing rare-ecarth metal oxides, the
negative-going potential sweep exhibits lower currents than the positive-going
potential sweep. The opposite is true for the Pt-REO catalysts. As has been
discussed earlier in literature as well as in this work, the higher current peak at
around £ = 0 V in the negative-going potential sweep is to be expected for REO
containing catalysts. While the ratio of the positive- and negative-going peaks
has been suggested as a measure of catalytic activity (in that higher positive-
going peak vs. negative-going peak indicates a more active catalyst), this is
probably a somewhat simplified explanation. While the negative-going peak has
been viewed as arising from the oxidation of the platinum catalyst poisons such
as carbon monoxide lingering on the surface from the methanol oxidation
during the positive-going sweep [6,133], it has been shown that this peak in
essence is also a peak attributable to methanol oxidation rather than to the
oxidation of CO or other methanol oxidation intermediates [134,135]. The
reason being that for methanol oxidation both adsorbed oxygen-containing
groups as well as free sites for the adsorption of methanol are required on the
catalyst surface. In the positive-going sweep, the Pt surface is oxidised or
covered with OH,4 near the positive vertex potential, inhibiting the methanol
oxidation reaction. In the negative-going sweep, as the Pt metal surface is
liberated from surface compounds, the surface is now suitable for methanol
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adsorption, and as the REO surface has enough oxygen containing groups, the
methanol oxidation can now occur at a high rate, as is evident from the high
peak currents. The removal of oxygenated species from the surface of Pt-C
catalysts is more difficult, leading to lower peak current values in the negative-
going potential sweep. Similar results have been observed in case of PtRu
catalysts, where the catalyst is easily oxidised, resulting in lower negative-going
peak currents [135].

6.9.3.6. Electrochemical impedance spectroscopy

EIS results measured in 0.5 M H,SO, and 0.5 M H,SO,4 + 1 M CH;OH solutions
for material EG-3 are shown in Fig.31. Two equivalent circuits (shown in
Fig. 32) based on physical processes were used to model the EIS data. The
fitted data are shown in Fig. 31 as solid lines. The modelling parameters are
given in Table XV.

The Nyquist plots representing EIS data measured in 0.5 M H,SO, saturated
with argon (Fig. 31a) exhibit mostly capacitive behaviour, although surprisingly
at lower frequencies, the spectra deviate from purely capacitive behaviour. The
corresponding Bode plots (Fig. 31b) show very similar behaviour for all the
studied potentials. The (absolute values of) phase angles (—¢) reach maxima of
over 80° in the frequency range 0.1 ... 10 Hz.

After the addition of methanol, the Nyquist plot (Fig. 31c) at E =—-0.4V is
very similar to that measured before the addition of methanol. However, at the
potential £ =—0.2 V the spectrum is showing the beginning of a formation of a
half-circle, as the methanol oxidation is starting to occur. At the potential
E =0.03 V (the peak potential of the negative-going scan on CVs) the spectrum
changes dramatically, exhibiting pseudo-inductive behaviour. Based on
literature data [133,136,137], this indicates a reaction mechanism with one
adsorbed intermediate, although in case of methanol oxidation, many inter-
mediates likely exist, but the turnover rate of all but one intermediate is very
fast. The spectrum at the potential £ = 0.18 V (the peak potential for the
positive potential direction scan on CVs) does not extend further than the
second quadrant. It must be noted that significant noise was present at lower
frequencies (< 0.1 Hz). The overall shape however indicates a wider circle than
at £ =0.03 V, most probably caused by decreased surface coverage of CO as a
result of the reaction with adsorbed oxygen-containing species [136].

The Bode plot (Fig. 31d) shows correspondingly different spectra for the
studied potentials. Very noticeable for potential £ = 0.03 V is the (negative)
phase angle increasing up to 180° and then switching its sign at f=0.14 Hz. In
case of £ = 0.18 V, the (negative) phase angle increases to roughly 150°. The
spectra for £ =-0.4V and £ = —0.2 V are analogous to those measured before
the addition of methanol.

The experimental EIS data calculated using two equivalent circuits (Fig. 32)
is shown in Table XV. Circuit A was used to fit impedance data measured
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before the addition of methanol and also for impedance data measured at
potentials £=-0.4 V and £ =—0.2 V after the addition of methanol.

Circuit A is semi-empirical, where Rg is the uncompensated solution
resistance, C; is the high-frequency, i.e. electrical double layer (so-called
Ltrue®) capacitance (f— o), R; is the charge transfer resistance, CPE,; is a
constant phase element representing mixed adsorption kinetics on the
inhomogeneous electrode surface, R, is the mass transfer resistance and C, is
the adsorption capacitance. Circuit B has been used previously [133,137,138] to
fit impedance data of methanol oxidation.

In circuit B, Rg is the uncompensated solution resistance, CPE, is a constant
phase element, representing double layer capacitance (while taking into account
the inhomogeneity of the electrode surface), R is the charge transfer resistance
for the methanol oxidation step, R, and L, are the charge transfer resistance and
inductance due to the oxidation of the adsorbed CO layer, respectively [137].
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Figure 31. (a) Nyquist plots and (b) Bode plots measured at different potentials (noted
in figure) in 0.5 M H,SO, solution saturated with argon for Pt-CeO,-C material EG-3
and (c¢) Nyquist plots and (d) Bode plots measured at different potentials (noted in
figure) in 1 M CH30H + 0.5 M H,SOj, solution saturated with argon for Pt-CeO,-C
material EG-3. The fitted data are shown in the figures as solid lines. The impedance
values are normalised to apparent electrode area.
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Figure 32. Equivalent circuits A and B used for modelling methanol oxidation reaction
electrochemical impedance spectroscopy data.

The modelling parameters of the CPE are given according to the following
equation:

ZCPE = A71 (ja))w (19)

In case of solutions containing MeOH, Circuit B is applied at £>0.03 V.

Comparatively low y* and A’ values have been calculated for both circuits,
with the exception of fitting data at £ = 0.18 V in MeOH containing solution.
The modelling parameters, given in Table XV, show that the series high-
frequency resistance, Rs, is independent of the potential, but slightly increases
after the addition of MeOH (explained by decreasing electrolyte conductivity).
The high-frequency capacitance, C;, very weakly decreases with the increase of
electrode potential, as well with the addition of MeOH, explained by the
decrease of dielectrical permittivity of the electrical double-layer. In Circuit A,
the charge-transfer resistance, R;, has a maximal value at £ = 0.03 V for a
solution not containing MeOH. Very high mass-transfer (i.e. low-frequency)
resistance values, R,, have been calculated for some materials using Circuit A.
The values decrease slightly with the increase of the electrode potential. With
the addition of MeOH, the values remain high, but decrease more rapidly with
increasing potential.

For Circuit B, the R, values are negative and have high values at potentials
where the Faradic oxidation reaction of MeOH and intermediates are taking
place. The R, values, associated with the charge-transfer resistance of CO
oxidation, are comparable in magnitude with R; values, although with a positive
sign. The inductance value L, is rather high in case of £ = 0.03 V and re-
markably lower at £ = 0.18 V. The values for 4, are comparable to the C,
values for Circuit A. For both circuits, the a values are lower than 0.9,
indicating a well pronounced energetic inhomogeneity of electrode surface
under study [139,140].
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7. SUMMARY

Pt-CeO,-C and Pt-PrO,-C catalysts were synthesised to study the methanol
oxidation reaction on Pt-rare-earth metal oxide based catalysts. Electrochemical
and physical characterisation of the materials were performed. Various aspects
of the catalyst support material preparation were studied, e.g. the calcination
temperature of the rare-earth oxide material. Methods for the deposition of Pt
particles were developed. The influence of the synthesis parameters of the
ethylene glycol method, such as the Pt precursor concentration, reaction mixture
pH, etc, on the size and dispersion of Pt nanoclusters were studied and dis-
cussed. In addition, deposition of Pt by reduction of Pt precursor using hydro-
gen or sodium borohydride was studied, and the results were compared.

The oxygen reduction reaction was studied on Pt catalysts deposited onto
various carbon supports by the ethylene glycol method. The influence of Pt
synthesis conditions on catalyst properties was investigated using electro-
chemical and physical characterisation methods.

In addition, the structure and stability of molybdenum carbide derived
carbon materials, developed in University of Tartu, were studied for application
as catalyst support material.

Various physical characterisation methods were used to analyse the studied
materials, such as X-ray diffraction, scanning electron microscopy, microwave
plasma atomic emission spectrometry, thermogravimetric analysis, low-tempe-
rature nitrogen adsorption etc. Electrochemical methods, such as cyclic voltam-
metry, rotating disk electrode method, chronoamperometry and electrochemical
impedance spectroscopy were used to study the stability and catalytic activity of
the synthesised materials.

The partially chlorinated C(M0,C)+Mo,C composite materials were found to
contain B-Mo,C crystalline phase and an amorphous microporous-mesoporous
carbon phase. Very high surface area values were determined for materials with
lower Mo,C content. Electrochemically the materials exhibit capacitive be-
haviour in a wide potential range with high gravimetric capacitance values. The
unchlorinated Mo,C was found to dissolve completely during electrochemical
measurements, which had some influence on the final microporous-mesoporous
structure of the carbon material. Electrochemical impedance spectroscopy data
suggested that the high-frequency series resistance is not dependent on the
Mo,C content. As such, these materials offer an interesting option for use as
electrode materials in high energy density supercapacitors or as fuel cell catalyst
support materials. This was also tested by depositing Pt using the ethylene
glycol method onto the Mo,C-derived carbon catalyst support, and decent
electrochemically active surface area values and oxygen reduction reaction
mass and specific activity values were achieved.

The synthesis of rare-earth metal oxide modified carbon support materials
(Ce0,-C and PrO,-C) was performed using various methods, such as deposition
using the ethylene glycol method, co-deposition with Pt or calcination of rare-
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earth precursor material at various temperatures. The deposition of Pt onto the
synthesised rare-earth containing catalyst support materials was performed
using various methods, of which both the ethylene glycol method at high
reaction mixture pH as well as the incipient wetness impregnation method (i.e.,
reduction with hydrogen) were found to yield very small, well-dispersed Pt
nanoclusters.

Physical characterisation of rare-earth metal oxide modified materials was
performed and the influence of synthesis methods on the crystallinity,
morphology and stoichiometry was studied. The praseodymium oxide based
materials exhibited a nanorod structure, with the crystallinity and specific oxide
form dependent on the calcination temperature. The nanorods were visualised
using scanning electron microscopy.

Electrochemically, the Pt-rare-earth metal oxide materials exhibited good
activity towards methanol oxidation as well as very good stability. The
electrochemical activity was found to depend on the synthesis conditions of the
rare-earth metal oxide (i.e. synthesis method, calcination temperature, etc) as
well as on the conditions of Pt deposition. The highest activity towards
methanol oxidation was found for material Pt-PrO,-C 1100, which had a decent
Pt electrochemically active surface area as well as a partially crystalline
praseodymium oxide phase containing several praseodymium oxide forms.

Aspects of electrocatalysis of methanol oxidation were briefly discussed and
in case of rare-earth metal oxide based materials, the ability to provide adsorbed
oxygen-containing species on the rare-earth metal oxide surface was suggested
to positively influence the methanol electrooxidation on the Pt catalyst surface.
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9. SUMMARY IN ESTONIAN

Metanooli oksiideerumine plaatina-haruldase muldmetalli
oksiidiga aktiveeritud katalUsaatoritel

Metanooli oksiideerimise uurimiseks Pt-haruldane muldmetall kataliisaatoritel
stinteesiti Pt-CeO,-C ja Pt-PrO4-C materjalid, mida karakteriseeriti fiiisikaliste
ning elektrokeemiliste uurimismeetodite abil. Uuriti haruldane muldmetall-
siisinik kataliisaatorikandjate valmistamise erinevaid aspekte, néiteks haruldase
muldmetalli oksiidi kaltsineerimistemperatuuri mdju. Todtati vélja erinevaid
meetodeid plaatina sadestamiseks siisinikkandjale.

Kéesolevas t60s uuriti ning kirjeldati etiileengliikooli abil sadestatud plaatina
nanoosakeste omaduste sOltuvust siinteesitingimustest. Lisaks vorreldi etiileen-
gliikooli meetodi abil sadestatud plaatina nanoosakestel saadud tulemusi vesini-
ku vdi naatriumboorhiidriidi abil sadestatud plaatina nanoosakestel mdodetud
tulemustega.

Etiileengliikooli abil sadestati plaatina nanoosakesi erinevatele siisinik-
kandjatele, ning uuriti hapniku redutseerumisreaktsiooni nendel kataliisaator-
materjalidel. Lisaks kirjeldati neid materjale erinevate fiiiisikaliste karakterisee-
rimismeetodite abil.

Tartu Ulikoolis vélja todtatud moliibdeeniumkarbiidist siinteesitud siisinike
struktuuri ning elektrokeemilist stabiilsust uuriti kasutamaks neid kataliisaatori-
kandjatena erinevates elektrokeemilistes rakendustes.

Erinevate materjalide uurimiseks kasutati mitmesuguseid fiilisikalisi karakte-
riseerimismeetodeid, nditeks rontgendifraktsioon, skaneeriv elektronmikroskoo-
pia, mikrolaineplasma aatomemissioonspektromeetria, termogravimeetria, madal-
temperatuurne ldmmastiku adsorptsioon jpt. Siinteesitud materjalide elektro-
keemilisi omadusi (kataliiiitiline aktiivsus, stabiilsus) uuriti tsiiklilise volt-
amperomeetria, poorleva ketaselektroodi meetodi, kronoamperomeetria ning
elektrokeemilise impedantsspektroskoopia abil.

Osaliselt kloreeritud C(Mo,C)+Mo,C komposiitmaterjalide koostise uurin-
gute tulemusel leiti, et materjalid koosnevad kristallilisest B-Mo,C faasist ja
amorfsest mikro-mesopoorsest siisinikufaasist. Madalama Mo,C faasi sisaldu-
sega materjalide puhul moddeti viga korged eripinna véartused. Elektrokeemi-
liselt kéitusid need materjalid véga laias potentsiaalivahemikus mahtuvuslikult,
ning nende puhul moddeti viga korged mass-normaliseeritud mahtuvuse véar-
tused.

Kloreerimata Mo,C faas lahustus elektrokeemiliste modtmiste kdigus tdieli-
kult. Sellel oli teatav moju materjalide 1oplikule mikro-mesopoorsele struk-
tuurile. Elektrokeemilise impedantsspektroskoopia tulemuste pdhjal voib viita,
et materjalide kdrgsageduslik jarjestiktakistus ei sdltu Mo,C sisaldusest, mis-
tdttu on need materjalid sobilikud kasutamiseks korge energiatihedusega super-
kondensaatorite elektroodimaterjalidena voi kiituseelementide kataliisaatori-
kandjatena. Selle uurimiseks sadestati Pt nanoosakesed etiileengliikooli mee-
todil moliibdeenkarbiidist siinteesitud siisinikmaterjalile, ning saavutati arvesta-
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tav elektrokeemiliselt aktiivse pindala viirtus ning {pris korge aktiivsus
hapniku redutseerimise suhtes.

Haruldase muldmetalli oksiidiga modifitseeritud slisinikmaterjale siinteesiti
erinevatel meetoditel, néiteks etiileengliikooli abil sadestamine, koossadesta-
mine plaatinaga, ning haruldase muldmetalli hiidroksiidi kaltsineerimine erine-
vatel temperatuuridel. Pt nanoosakesed sadestati uuritud materjalidele erinevate
meetodite abil ning leiti, et viga viikesed ning histi jaotunud Pt osakesed saadi
etiileengliikooli meetodil korge reaktsioonisegu pH juures ning samuti heksa-
kloroplaatinahappe lahusega immutatud alusmaterjali kuumutamisel vesiniku
juuresolekul.

Haruldase muldmetalli oksiidiga modifitseeritud materjalide siinteesitingi-
muste moju materjalide kristalsusele, morfoloogiale ning stohhiomeetriale uuriti
erinevate fiilisikaliste karakteriseerimismeetodite abil. Praseodiiiimoksiidiga
modifitseeritud materjalide puhul tuvastati, et praseodiilimoksiid on sadestunud
nanovarrastena, mille kristalsus ja stohhiomeetria soltub siinteesitingimustest.
Nanovardad visualiseeriti skaneeriva elektronmikroskoopia abil.

Elektrokeemiliste meetoditega tuvastati Pt-haruldase muldmetalli oksiidiga
modifitseeritud materjalide hea stabiilsus ning kdrge aktiivsus metanooli oksii-
deerimise suhtes. Elektrokeemiline aktiivsus sdltus nii haruldase muldmetalli
oksiidi siinteesitingimustest (siinteesimeetod, kaltsineerimistemperatuur jne) kui
ka Pt nanoosakeste sadestamise meetodist ning tingimustest. Korgeim aktiivsus
metanooli oksiideerimise suhtes tuvastati materjali Pt-PrO4-C 1100 puhul, millel
oli korge plaatina elektrokeemiliselt aktiivne pindala ning mis sisaldas osaliselt
kristalset prasodiilimoksiidi faasi, mis koosnes mitmest praseodiilimoksiidi
vormist.

Kéesolevas to0s arutati ka moningate metanooli elektrokeemilise oksiideeru-
mise aspektide iile ning jouti jareldusele, et haruldase muldmetalli oksiidiga
modifitseeritud materjalide puhul annab aktiveeriva efekti nende omadus
salvestada ning anda adsorbeerunud hapnikku sisaldavaid pindiihendeid meta-
nooli oksiideerimiseks Pt nanoosakeste pinnal.
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