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Oxygen reduction and methanol oxidation behaviour of
SiC based Pt nanocatalysts for proton exchange
membrane fuel cells¥
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and Eivind M. Skou®

Research with proton exchange membrane fuel cells has demonstrated their potential as important
providers of clean energy. The commercialization of this type of fuel cell needs a breakthrough in the
electrocatalyst technology to reduce the relatively large amount of noble metal platinum used with the
present carbon based substrates. We have recently examined suitably sized silicon carbide (SiC) particles
as catalyst supports for fuel cells based on the stable chemical and mechanical properties of this
material. In the present study, we have continued our work with studies of the oxygen reduction and
methanol oxidation reactions of SiC supported catalysts and measured them against commercially
available carbon based catalysts. The deconvolution of the hydrogen desorption signals in CV cycles
shows a higher contribution of Pt (110) and Pt (111) peaks compared to Pt (100) for SiC based
supports than for carbon based commercial catalysts, when HCIO, is used as an electrolyte. The Pt (110)
and Pt (111) facets are shown to have higher electrochemical activities than Pt (100) facets. To the
best of our knowledge, methanol oxidation studies and the comparison of peak deconvolutions of the
H desorption region in CV cyclic studies are reported here for the first time for SiC based catalysts.
The reaction kinetics for the oxygen reduction and for methanol oxidation with Pt/SiC are observed to
be similar to the carbon based catalysts. The SiC based catalyst shows a higher specific surface activity
than BASF (Pt/C) for methanol oxidation and oxygen reduction while the mass activity values are

www.rsc.org/MaterialsA comparable.

Introduction

Fuel cells are becoming the current focus of energy research due
to their high efficiency and for being environmentally friendly.
The state of the art fuel cells use platinum as a catalyst which
contributes around 30-45% to the total cost,* thus making this
technology very expensive. A catalyst in the form of Pt nano-
particles is uniformly dispersed over the support to enhance the
catalytic surface area and reduce the amount of catalyst needed.
Several different alloys of Pt have been investigated with
different metals such as Pd, Ni, Co, Cr, Sn, Ru'” etc. as a possible
choice for enhancing the catalytic activity and reducing the cost
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of the fuel cells. Apart from catalysts, a catalyst support is also
an important avenue of research in order to commercialize the
fuel cells. Carbon black is the standard catalyst support used in
PEMFCs to obtain an optimized catalytic activity at a reasonable
cost.>* Generally, a good catalyst support material should have
chemical inertness, high mechanical strength, high thermal
stability, good electrical conductivity and high surface area.
Other forms of carbon, which were proven to be more corrosion
resistant,’ are graphitized carbon black, carbon nanofibers,
carbon nanotubes®” and other graphene related materials.?
These materials can be produced with high conductivity and
specific surface areas. However, the carbon black supports are
susceptible to electrochemical oxidation especially at the fuel
cell cathode.®** The carbon corrosion leads to the migration and
agglomeration of catalyst particles.” This process results in the
decrease of electrochemical surface area (ESA) and it affects the
performance of the PEMFCs. Thus some alternative support
materials are highly desired to enhance the stability of the
catalysts."

Different ceramic materials have been investigated for
applications as catalyst supports in fuel cells. Titanium based
materials such as TiB,,"” TiO, ** and TiN nanoparticles** have
been investigated and reported to show good electrochemical
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activity. Nikiforov et al.™® studied the electrochemical activity of
IrO, supported on SiC-Si composites and they observed an
increased activity of the catalyst. Lv et al.* studied the electro-
catalytic activity of Pt/SiC and Pt/SiC/C and they found good
electrocatalytic performance for Pt/SiC/C. In our recent work,
we also observed a slightly higher ESA for Pt/SiC catalysts in
comparison with commercially used carbon black based cata-
lysts (BASF), where Pt nanoparticles are deposited over the SiC
nanocrystals by the polyol method, using K,PtCl, as the metal
precursor unlike in the work by Lv et al.

Reduction of Pt-loadings will help to commercialize the fuel
cell technology."” Pt-loadings have successfully been decreased
from 0.2-0.4 mgp. cm™ > to 0.05 mgp, cm™ > for the anode elec-
trode'® because of the large activity of Pt towards the H,-
oxidation reactions. The reaction kinetics of the oxygen reduc-
tion reaction (ORR) involve multi-electron reactions along with
several elementary steps,' thus requiring higher overpotentials.
This complex ORR kinetics along with poor activity of Pt for
ORR pose hurdles for reduction of the Pt-loading (0.4 mgp,
em™?) on cathodes.® Thus it makes for the ORR to be among
the most studied electrocatalytic reactions. It is important to
study the ORR of Pt based electrocatalysts on different
catalyst supports. Also, the methanol oxidation reaction (MOR)
is a slow process in comparison with the hydrogen oxidation
reactions (at least three to four orders of magnitude slower).*
MOR involves the transfer of six electrons to the electrode
for the complete oxidation to carbon dioxide. Several interme-
diates are formed during the methanol oxidation such as CO,
formic acid, formaldehyde® etc. Some species such as CO irre-
versibly adsorb on the surface of the electrocatalyst thus
decreasing the surface area available for adsorbing CH;OH
and severely poison the Pt for the rest of the reaction. This also
leads to a decrease in the rate of oxidation. Thus, new electro-
catalysts are required to inhibit the poisoning and to increase
the rate of oxidation.

SiC has certain unique properties such as good chemical and
mechanical properties, thermal stability, and acid corrosion
resistance,'® which perfectly fits with the requirements for a
good support material. In the present work, we have studied the
oxygen reduction reaction and methanol oxidation behavior of
SiC based supports.

Table 1 Details of the SiC materials tested in the present work

View Article Online

Experimental methods
Materials and sample preparation

The Pt/SiC electrocatalysts are prepared by depositing platinum
on SiC substrates by using the polyol method. The method of Pt
deposition on SiC materials has been reported previously.'® The
SiC materials in different forms and shapes are used as
substrates. The details of the three different SiC materials are
given in Table 1. Apart from these Pt/SiC materials, a
commercially available Pt/C (20 wt% Pt) catalyst (BASF, LOT #
H0020626) has also been tested for comparison with electro-
chemical behavior of Pt/SiC (20 wt% Pt). The catalyst, Pt/C
catalyst (BASF, LOT # H0020626), is mentioned as BASF in the
whole manuscript.

The aqueous acid electrolyte solutions were prepared from
perchloric acid (70% Fluka TraceSelect®, for trace analysis) and
ultrapure Milli-Q® (Millipore, MA USA) water with a resistivity of
not less than 18 MQ cm. ORR kinetics were investigated using a
rotating disk electrode (RDE). SiC supported platinum nano-
catalyst samples were deposited on the RDE surface. The cata-
lysts of around 2-3 mg were mixed in a sufficient amount of
Milli-Q® water and sonicated for around 30 min. The amount of
water was decided upon according to the targeted Pt loading
on the RDE surface. The final catalyst loading was around
120 pgpe em 2 for SiC based electrodes, while 30 ugpe cm~ > was
used for BASF. In order to achieve full coverage of the RDE for
ORR, we optimized a loading of 120 pgp. cm ™2 for Pt/SiC due to
the larger density and smaller BET surface area of SiC in
comparison with the active carbon supports. A drop of 50 pL
suspension was put over the mirror polished glassy carbon (GC)
and left to dry under an IR lamp.

Electrochemical methods and setup

The electrochemical CV measurements were performed using a
Zahner IM6eX electrochemical workstation (Zahner-Electric
GmBH & Co. KG, Germany) controlled by a Thales 1.48. The
RDE setup used is from Pine Research Instruments and it
consists of an AFMSRXE modulated speed rotator and a tip (E5
RDE), and also a 5.0 mm diameter (geometric surface area of
0.1964 cm”) mirror polished glassy carbon electrode surface.

Sample name (type) Particle size

Specific surface area (SSA)/m?> g~ *

Synthesis route

SiC-NS (nanoporous SiC powder) 25-35 nm
SiC-SPR (SiC nanocrystals) 50-150 nm
SiC-SMS (microporous SiC powder) 1-10 pm

Calculated” as 54-75 m* g *
Calculated” as 18.7 m* g~ ' using
100 nm as the diameter

BET surface area measured to be in
the range of 11.82-21.2 m* g **

Synthesized by the reaction of
carbon black with SiO vapors'®*!
a temperature 1450 °C
Synthesized by the solid phase
reaction of silicon with carbon black
at a temperature of 1525 °C '
Synthesized by the reaction of
carbon with SiO vapors, where the
carbon is obtained by the
carburization of wood*"

at

“ The particles have been assumed as spheres, thus the specific surface area has been calculated by dividing the surface area by the mass of

particles.
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The RDE along with the catalyst dispersed onto the GC surface
was used as the working electrode in a two compartment, three
electrode set up. A reversible hydrogen electrode (RHE) from
Gaskatel GmbH, Germany, was used as the reference electrode
(RE), while a platinum wire of 0.3 mm thickness wound to 40
windings constituting approximately 3 mm diameter, sealed in
a glass tube with a ceramic frit, was used as the counter elec-
trode (CE). All the measurements were performed at a temper-
ature of 25 °C, which was kept constant with the help of a
thermostat. All potentials listed are with respect to RHE.

ORR studies were conducted in a two compartment, three
electrode setup filled with 200 ml of 0.5 M HCIO,. The back-
ground was collected at 0.05 V s from 0.05 to 1.3 V in an Ar
saturated electrolyte. ORR was recorded in an O, saturated
electrolyte at 0.05 V s for 400, 900, 1600 and 2500 rpm. Both
gases were purged at 20 ml min~ ' for 30 min. The working
electrode was cleaned from 0.01 to 1.6 V until a stable signal
was obtained. In order to measure the kinetic current the
measurements recorded in Ar were subtracted from the ones
in O,.

MOR was studied in a total volume of 200 ml containing
0.25 M HCIO, and 0.25 M methanol. Ar was purged for 30 min at
20 ml min~'. All the measurements were recorded after
subsequent cleaning of the working electrode by cycling until a
stable CV is obtained. MOR was recorded in the potential range
of 0 to 1.4 V, at a scan rate of 10 mV s~ '. The investigated
catalyst was drop coated on a 0.12 cm” Au electrode which was
connected by a gold wire as the working electrode. All the data
were processed by using OriginPro 8.5 (Originlab, USA).

Calculations

Electrochemical surface area. The electrochemical surface
area (ESA) is the surface area of the catalyst particles available
for the electrode reaction. The ESA is obtained by measuring
the charges involved in the hydrogen desorption/adsorption
regions of the cyclic voltammogram (CV), recorded in an oxygen
free electrolyte. The corresponding charges are calculated by
integrating the hydrogen desorption region, and dividing it by
the scan speed (v). The contribution due to the double layer
charging is subtracted during the calculation. The calculation of
the ESA is carried out by the following equation:*®*

On

where ESA is the electrochemical surface area [em?], Qy is the
average charge [C] for hydrogen adsorption and desorption
while C is a constant (C = 210 uC cm™>).

Oxygen reduction reactions. The catalytic activity for ORR is
evaluated by calculating the surface activity (SA) by the following
equation.

Ik

SA:ESA’ @)

where I, is the kinetic current and ESA is the electrochemical
surface area. The current, I, for a rotating disc electrode is
related to the value of the diffusion limited current, I;, and
kinetic current, Ii,.**** The kinetic current can be calculated by

This journal is © The Royal Society of Chemistry 2013
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the Koutecky-Levich equation (which is the reciprocal of the
intercept along the y-axis, if i™' is plotted against w™ /) as
shown below:

-=—t+t—7 (3)

where w is the angular velocity in rad s™!, iand iy are the specific
currents obtained by normalizing I to ESA and B is a constant
with its value given by eqn (4).

3 -l
B =0.62nFAc,Dy2v6 (4)

In eqn (4), n is the number of electrons transferred, F is the
Faraday constant (96 485.53 Cmol '), 4 is the area of the elec-
trode used, ¢, and D, are respectively the concentration and
diffusion coefficient of oxygen in the bulk electrolyte, and v is
the kinematic viscosity of the liquid phase.

Methanol oxidation reactions. The cyclic voltammogram
(CV) of MOR consists of a peak in the forward scan and another
peak in the reverse scan, both arising due to the oxidation of
methanol and/or intermediates.?® The determination of activity
of the MOR is based upon the amount of charge transferred
during the oxidation. The catalytic activity for methanol oxida-
tion is assessed by the surface specific activity (SSA) and is
calculated with the following equation,*®*

Om
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Fig. 1 XRD patterns of SiC nanocrystals and the Pt/SiC electrocatalysts. (a)

nanocrystals synthesized by solid phase reaction, (b) nanoporous SiC synthesized
by reaction with silicon monoxide and (c) microporous SiC powder.
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where Qy; is the charge required for the oxidation of methanol
(which is calculated by the integration in the methanol oxida-
tion region of the CV).

Fig. 2 SEM images of the Pt/SiC electrocatalysts at different magnifications. (a)
and (b) show SEM images of Pt nanoparticles deposited over SiC-SMS (Pt/SiC—
SMS), (c) and (d) show images of Pt catalyst on SiC-NS (Pt/SiC-NS) and SiC-SPR
(Pt/SiC-SPR) respectively.
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Fig. 3 TEM images of the electrocatalysts Pt/SiC at different magnifications. (a),
(b) and (c) are TEM images of Pt/SiC-SMS at different magnifications and different
regions, (d) and (e) are images of Pt/SiC-NS and Pt/SiC-SPR respectively.
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Results and discussion
Catalyst characterization

The XRD patterns of the different Pt/SiC catalysts shown in
Fig. 1 display the peaks corresponding to SiC and Pt. The peaks
at 20 = 35.6°, 41.3°, 60.0°, 71.7° and 75.4° correspond to
diffraction from SiC (111), (200), (220), (311) and (222) planes
respectively, while the peaks at 39.7°, 46.2° and 67.5° appear
due to the diffraction from (111), (200), and (220) planes of Pt.
The average Pt crystallite size was estimated by the Scherrer
formula using the full width at half maximum (FWHM) of the
peak at 39.7°. The calculation of the Pt crystallite size using the
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Fig. 4 Peak deconvolution of the cyclic voltammograms of different samples in
the H desorption region. The Pt loading on electrodes is 30 ug cm 2 for BASF and
120 pg cm~2 for SiC based catalyst samples.
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Scherrer formula gives values of 3.7 nm, 5 nm and 5.8 nm for
SiC-NS (nano-porous), SiC-SPR (nanocrystals) and SiC-SMS
(micro-porous) respectively.

Fig. 2 and 3 show respectively the SEM and TEM images of
Pt/SiC catalysts synthesized upon different SiC based supports.
Pt nanoparticles appear light grey to white in contrast to the
darker SiC particles in SEM images while Pt nanoparticles
appear darker in TEM images compared to SiC. The SiC
substrates have been masked by the Pt particles. The size of the
Pt nanoparticles in the samples SiC-SMS and SiC-SPR is in the
range of 3-8 nm while for SiC-NS the size range is 3-5 nm. The
calculation of the average size of samples (based upon TEM
images) gives the average values of 3.9 +2.3,5.5 + 2.6 and 7.0 +
2.0 nm for SiC-NS, SiC-SMS and SiC-SPR respectively. The
histograms of particle size distribution are given in Fig. S2,
ESI{ The comparison of the respective SEM and TEM images
(especially Pt/SiC-SMS with Pt/SiC-NS and Pt/SiC-SPR) indi-
cates that the Pt is distributed evenly over the supports irre-
spective of the differences in the size of support particles.

The detailed characterization of Pt/SiC-NS and Pt/SiC-SPR
was reported previously. The XPS analysis of Pt/SiC-SMS is
given in the ESL{

Electrochemical characterization

Peak deconvolution in the hydrogen desorption curves. The
cyclic voltammograms of Pt/SiC consist of different signals,
which provide information about different electrochemical
processes such as hydrogen adsorption/desorption, platinum
oxide formation and stripping and double layer charging. The
adsorption and desorption regions are generally composed of
two distinct peaks corresponding to Pt (100) (at a potential of
0.28 Vvs. RHE) and to Pt (110) and Pt (111) facets (at a potential
of 0.12 V vs. RHE) of the Pt crystal. A third anodic peak has also

Table 2 Ratio of Pt (110 and111) peak to Pt (100) peak (based upon area
integrations of Fig. 4)

Sample name Ratio of Pt(110 and 111) to Pt(100) peaks

Pt/SiC-NS 3.54
Pt/SiC-SMS 2.20
Pt/SiC-SPR 2.02
BASF 1.37

Table 3 Surface activity (SA) and mass activity (MA) of the SiC based catalysts in
comparison with commercially available BASF

Ptloading  ECSA“ SA MA?
Sample name (%) (m>g™) (mA cm™?) (Amg™h
BASF 20 62.2 0.29 0.18
Pt/SiC-SMS 20 38.6 0.25 0.12
Pt/SiC-NS 20 49.7 0.36 0.18
Pt/SiC-SPR 20 39.2 0.28 0.14

¢ ECSA has been calculated by dividing ESA by the Pt electrode loading.
b MA has been calculated by dividing the kinetic current by Pt electrode
loading.
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been observed to occur between these two peaks because of the
oxidation of the sub-surface hydrogen.*

The sequence of electrochemical activity in HCIO, shows the
following trend Pt (110) > Pt (111) > Pt (100).* Fig. 4 shows the
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peak deconvolution of the CVs of different samples in the H
desorption region. Deconvolution of the desorption region
curve is done by fitting the peaks as Gaussians using OriginPro
8.5®. Table 2 shows the ratio of the Pt (110 and 111) peaks to the
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(a-d) The anodic sweeps of ORR voltammograms of different catalysts in 0.5 M HCIO, in the 0.4-1.2 V vs. RHE at a scan rate of 50 mV s~ ', (a) Pt/SiC-SMS, (b) Pt/

SiC-NS (c) Pt/SiC-SPR and (d) BASF at different rotating speeds of RDE. The Koutecky-Levich plots used to calculate the kinetic currents are given in (e) while (f) shows
the linear sweep voltammograms for all electrocatalysts in O, saturated 0.5 M HCIO,4; 0.05 V s~', 1600 rpm.
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Pt (100) peak. The ratios of the peaks have been calculated from
the H desorption curves for the different samples (shown in
Fig. 4). It is clear from Fig. 4 and Table 2 that SiC based samples
have higher contribution from the Pt (110) and Pt (111) facets in
comparison with the platinized carbon based commercial
sample BASF in the HCIO, electrolyte.

The ECSA values for different SiC based catalysts in
comparison with commercial BASF are shown in Table 3 (also
reported in our earlier work'®). The ECSA values do not reflect
the Pt particle sizes. It is well known that on Pt/C (Vulcan), some
Pt particles are not accessible for electrochemical reactions. We
believe that the above mentioned inconsistency is caused by a
similar effect.

Oxygen reduction reaction. Fig. 5 gives the anodic sweeps of
the ORR voltammograms (a-d) at different rotating speeds of
RDE, Koutecky-Levich (e) and linear sweep voltammograms (f)
for three SiC based catalysts and one carbon based catalyst
(BASF). The ordinate shows the current densities (the current
divided by the geometric area of the electrode). The hydrogen
adsorption/desorption polarization curves are subtracted from
the ORR curves. The ORR sweep starts from the higher potential
and undergoes a sharp inclination around 0.8 V vs. RHE which is
due to oxygen stripping from Pt. The reduction current increases
until it reaches the limiting current (the maximum attainable
current). Below 0.2 V (vs. RHE), the current is decreased because
of the blockage of Pt sites due to hydrogen adsorption.

Kinetic currents have been calculated using eqn (3) by
extrapolating the reciprocal current (shown in Fig. 5(e)) to the
/2 axes (infinite rotation); the intercept at the y-axis is
the kinetic current while the slope of the extrapolated line is
used to find the number of electrons transferred per oxygen
molecule on the catalyst. All the SiC based samples show similar
or higher SA than BASF while the mass activity (MA, see Table 3)
of Pt/SiC-NS is the same as the BASF and less for the other
two samples. Similar values of MA and SA were reported for
20 wtp% Pt/C by Gasteiger et al.'® The number of electrons
transferred at 0.9 V (vs. RHE) as calculated for all tested samples
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Fig. 6 Cyclic voltammograms of different Pt/SiC and BASF catalysts in 0.5 M
CH3OH at 10 mV s™".
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Table 4 Mass specific activity and surface specific activity of the SiC based
catalysts in comparison with commercially available Pt/C (BASF) for methanol
oxidation reaction

Sample  Mass specific activity (MSA) Surface specific activity” (SSA)
name (C mg™'py) (mC ecm™?)

SiC-NS 6.80 16.9

SiC-SPR  4.82 16.9

SiC-SMS  4.50 12.5

BASF 6.96 11.1

% SSA has been calculated by dividing Qu (the charge required for the
oxidation of methanol) by ERS.

are 3.7, 3.7, 3.8 and 3.9 for BASF, Pt/SiC-SMS, Pt/SiC-NS and
Pt/SiC-SPR respectively. Thus it confirms the 4 e~ pathway for
the ORR for all the catalysts. Fig. 5(f) and S21 show a significant
shift in the ORR onset for Pt/SiC compared to the commercial
Pt/C (BASF). The Tafel plots for all the tested samples are shown
in Fig. $4 (ESI).t As a whole, the slopes of the SiC based catalysts
are similar to the BASF, indicating similar reaction kinetics for
ORR.

Methanol oxidation reactions (MOR). The cyclic voltammo-
gram curves for methanol oxidation (MOR) of three SiC based
catalysts and one carbon based commercial catalyst (BASF) are
shown in Fig. 6. The methanol oxidation cyclic voltammograms
shown in the present work are the first ever reported for SiC
based Pt electrocatalysts. Apart from the slight changes in the
shapes and positions, the CVs of SiC based catalysts look
similar to the voltammograms of carbon based catalysts as
compared here (for BASF) and also reported in the litera-
ture.”**>*> The methanol oxidation starts around the same
potential for all the tested samples (including BASF). The onset
potential for MOR is around 0.6 V vs. RHE. The shape of the
MOR peak (from 0.6-1.1 Vvs. RHE) for all the catalysts is similar
with a small difference in BASF where it is slightly tilted towards
the lower potential. The peak in the backward scan for SiC
based catalysts shows more “sharpness” in comparison with
Vulcan based BASF. The current density shown in Fig. 6 is
obtained by dividing the current by the electrochemical real
surface area (ERS) (the product of ESA and the amount of Pt
used on the electrode). Table 4 gives the mass specific activity
and surface specific activity of the different samples. All the SiC
based catalysts have significantly higher SSA than the BASF,
while SiC-NS and BASF have comparable values of MSA. The
higher value of MSA for BASF is because of the higher value of
ESA due to the better catalyst utilization. Thus, from Table 4, we
can conclude that based upon SSA, SiC based catalysts are better
than the commercially available catalyst (BASF) for methanol
oxidation reactions.

Conclusions

In the present study, we have investigated the electrochemical
behavior of SiC based catalysts and compared it with the
commercially available Vulcan based catalyst BASF. We have
studied the oxygen reduction reaction and methanol oxidation
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along with the deconvolution of H desorption peaks of the CV
curves. The comparison of the deconvoluted H desorption
peaks of Pt/SiC to Pt/C is being reported for the first time. We
observed higher contribution of the Pt(110 and 111) signal than
Pt(100) in the case of different SiC based catalysts in compar-
ison with BASF. The electrochemical activity is higher for the
Pt(110) and Pt(111) than for Pt(100) in HClO,. The surface
activity of the SiC based catalysts is found to be higher for one
sample while comparable for others and the mass activity is
found to be comparable for one while smaller for others.
Overall, the reaction kinetics for all the tested samples
including BASF are found to be similar. The methanol oxidation
behaviour of SiC based catalysts has also been reported for the
first time and the results obtained are similar to the ORR
results. The surface specific activity of SiC based catalysts is
higher than the BASF while the mass specific activity of one SiC
based sample is comparable to BASF and slightly smaller for
others. Thus, the overall conclusion of the electrochemical
studies shows SiC based catalysts as better than or equally
competent to BASF.
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