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ABSTRACT: Robust ceramic supports have attracted significant attention as alternatives to carbon supports for proton exchange
membrane fuel cells (PEMFCs). However, they suffer from lower electrocatalytic activities than carbon-based supports because of
their electrical conductivity. Here, SiC nanopowders were modified with epitaxial graphene and evaluated as the support for Pt in
PEMFCs. Coffee grounds are used as a carbon source to not only enhance the electrocatalytic activity of the graphene-modified SiC
supports but also demonstrate the feasibility of exploiting and commercializing this widely available waste product. The Pt-decorated
ceramic supports deliver the enhanced durability and performance under the accelerated electro′chemical conditions.
KEYWORDS: proton exchange membrane fuel cells (PEMFCs), ceramic support, SiC, graphene nanosheet,
oxygen reduction reaction (ORR)

1. INTRODUCTION
The hydrogen energy sector has received a great deal of
attention because of its potential to provide environmentally
friendly power storage and generation with no pollution and to
realize carbon neutrality. To achieve this more recent aim of
carbon neutrality, the power trains of various vehicles that rely
on fossil fuels should mostly be changed to electric power
trains operating on green energy devices, including hydrogen
fuel cells such as proton exchange membrane fuel cells
(PEMFCs) to decrease carbon emissions on the road.
Although several PEMFCs have been successfully launched
on the green mobility market, the operation of heavy vehicles
powered by fuel cells imposes severe durability and perform-
ance constraints on the electrocatalyst, beyond the demand for
the decreasing Pt group metal (PGM) loading contents in the
interest of cost-effectiveness.1 In particular, a long lifetime and
high power density are even more critical for the potential
application of PEMFCs in heavy-duty trucks than they are in
purely electric vehicles.2

Currently, carbon-supported platinum (Pt/C) materials,
which are composed of Pt nanoparticles stably dispersed on
conductive carbon black as both a support and a source of a
large amount of active sites, are widely employed as cathode

catalysts owing to their appropriate activity toward the oxygen
reduction reaction (ORR).3 However, the lifetime of the
electrocatalyst must meet the requirements of steady operation
for 8000 h for its practical employment in the expanded
PEMFC market.4 The ORR activity highly depends on the size
and dispersion of Pt catalysts on the carbon support as well as
the interactions between these two components. During
practical electrochemical operation conditions such as current
load cycling, high current, and start-up/shut-down, the
electrocatalyst mainly decays because of Pt particle coarsening
and the Pt catalyst detaching from the support.5−8 The
degradation mechanisms of PEMFC catalysts that have
typically been investigated in detail thus far include (1) Pt
dissolution, (2) Ostwald ripening, (3) agglomeration, (4)
particle detachment, and (5) carbon corrosion. These
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mechanisms always exhibit a complex interplay as the Pt
electrocatalytic activity electrochemically accelerates carbon
corrosion in acidic aqueous conditions. Subsequently, the
oxidation of carbons hinders interactions between the Pt
catalyst and support, thus causing Pt to detach and
agglomerate.9 Therefore, not only improving ORR activity
but also preventing the corrosion of carbon in the cathode
catalysts should be addressed as key technical challenges in
improving their durability. To that end, alternative support
materials must be explored, such as nanostructured graphite,
carbon nanotubes (CNTs), graphene, and noncarbon materials
to build robust, durable composite electrocatalysts with high
catalytic activities.
Several advanced nanostructured carbons with high

crystallinity, including CNTs, carbon fiber, and reduced
graphene oxide (rGO), are more resistant to carbon corrosion
than the conventional carbon black support. Unfortunately,
however, these carbon-based materials remain vulnerable to
corrosion and carbon oxidation. Therefore, noncarbon
supports such as inorganic oxides and carbides have recently
been attracting attention as they can completely avoid

electrochemical carbon corrosion, in contrast with carbon
materials. Among numerous inorganic oxide support materials,
several groups have used TiO2-based supports to stabilize the
Pt catalyst and provide strong metal support interactions,
which has resulted in smaller losses in the ORR activity
compared with that of commercial Pt/C.9−11 However, most
oxide supports suffer from electrical insulating properties and a
low surface area. Therefore, blending them with CNTs and
doping with them n-type additives have been investigated to
impart oxide supports with electrical conductivity. For
example, Behm et al. proposed nanostructured TiO2 on
CNTs (TiO2@CNT) as a support.

12 Furthermore, Yoo et al.
recently used a N,C codoped TiO2 support to achieve high
ORR activity and dramatically enhanced durability with only a
7% loss in the electrochemical surface area (ECSA) after
10,000 cycles.13 Meanwhile, carbide-based materials have
rarely been studied as alternative catalyst supports for
PEMFCs, although they have relatively higher electrical
conductivity and stability in acidic and oxidative environments
than oxide materials. In particular, SiC is widely used as a
structural ceramic and can be an electrical conductor or a

Figure 1. (a) Schematic of the process for synthesizing SiC/G@Pt catalysts. Carbon-based sources such as CH4(g) and CO(g) are vaporized from
coffee grounds in the presence of SiC nanopowder (step 1), and then, C(s) atoms are deposited on the SiC nanoparticle surfaces (step 2).
Functionalized graphene layers form on the SiC after rearranging and crystallizing at a relatively low temperature (step 3). Finally, Pt nanoparticles
are deposited on the surface of SiC/G (step 4). (b) XRD patterns of materials: SiC nanopowder, synthesized SiC/G, and SiC/G@Pt. (c) Raman
spectra of the synthesized SiC/G and SiC/G@Pt samples. (d) High-resolution XPS analysis of Pt 4f peaks from SiC/G@Pt and commercial Pt/C
(d) TEM images of SiC/G. (e) TEM image of SiC/G@Pt and fast Fourier transform (FFT) diffraction patterns of SiC, C, and Pt with EDS
elemental mapping of SiC/G@Pt.
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semiconductor with a fairly large band gap, depending on the
lattice structure and the type of doping. The good chemical
and mechanical properties of SiC have the potential to
perfectly meet the requirements of a robust support for
PEMFCs. However, SiC is not a proton conductor and has a
lower electrochemical surface activity than conventional
carbon supports.
To overcome these shortcomings of SiC, this study

successfully grew graphene layers on SiC nanoparticles to
improve their surface electrocatalytic activity and to promote
interactions between the Pt catalyst and the SiC-based support.
Specifically, we used discarded coffee grounds as the carbon
source to cover the SiC surface with an epitaxial graphene
nanosheet. We also proposed two possible carbon deposition
sources: (i) gases from the thermally decomposed coffee waste
and (ii) the thermal decomposition of surface layers of SiC
because of the high processing temperature (above 1000 °C),
both of which are practical strategies for preparing an
alternative catalyst support for PEMFCs. Then, the Pt catalysts
supported by nanographene-modified SiC (SiC/G@Pt) were
used to prepare a PEMFC cathode for the first time, and their
fuel cell performance and durability were characterized. Our
study aimed to demonstrate that the synthesized SiC@G
support exhibits enhanced ORR activity and fuel cell
performance as well as ultrahigh stability during 5000 cycles.

2. RESULTS AND DISCUSSION
Our strategy for growing epitaxial graphene nanolayers on the
surface of SiC using coffee grounds is schematically illustrated
in Figure 1a. Coffee grounds are known to be composed of
cellulose, hemicellulose, lignin, etc.14 These components
thermally decompose into various byproducts such as
CO2(g), CO(g), and CH4(g).

15 Li et al. observed that carbon
oxides (CO2 and CO) and hydrocarbons (CH4, C2H4, and
C6H6) were produced from spent coffee grounds.15 They
confirmed that CO(g) and CH4(g) were the primary volatile
gases generated during pyrolysis at 1000 °C with a low heating
rate. CO(g) and/or CH4(g) have been used to synthesize
carbon nanostructures such as CNTs16−18 and graphene.19

Two different general mechanisms have been reported for
forming graphene layers on SiC: (1) directly coating graphene
layers from carbon sources such as CH4, CO, and CO2 using
chemical vapor deposition (CVD) processes19,20 and (2)
forming graphene layers by thermally decomposing SiC on its
surface.21 In our research, CO(g) and CH4(g) are proposed as
carbon sources for the formation of graphene layers on SiC
nanopowder. When these gases adsorb on the surface of SiC/G
nanopowder, they may change into solid carbon through the
following reactions:

+CH (g) C(s) 2H (g)4 2 (1)

+CO(g) C(s) O(g) (2)

We hypothesized the following formation mechanism: When
carbon-based materials such as CH4(g) and CO(g) vaporize
from coffee grounds to SiC nanopowder, C(s) atoms deposit
on the surface of SiC nanopowder (steps I and II in Figure 1a).
After they rearrange and crystallize at a relatively low
temperature, a few epitaxial graphene layer form on the
surface of SiC nanopowder (SiC/G, step III in Figure 1a). In
addition, the thermal decomposition of SiC may have
contributed to the formation of graphene layers on the SiC
nanoparticles because the processing temperature was

sufficiently high (above 1000 °C).22,23 Specifically, after Si(s)
atoms vaporize, residual C(s) atoms may be used as carbon
sources for graphene layers, in addition to carbon from external
sources. Finally, Pt nanoparticles are deposited on the surface
of the SiC/G during the hydrothermal method (step IV in
Figure 1a). The typical values of the composition analysis of
the catalysts are shown in Table S1. The electrical
conductivities of powder samples under air are plotted as a
function of the pressure as shown Figure S3. The apparent
electrical conductivity of Pt/C and SiC/G@Pt are only 2.54
and 2.56 S cm−1, respectively. The apparent electrical
conductivities of Pt-supported catalysts and SiC/C are
significantly enhanced compared to that of SiC alone.
Therefore, the electrical conductivity of SiC nanoparticles
tends to be influenced in general by the apparent electrical
conductivities of the reduced graphene oxide and Pt nano-
particles.
As evidenced by the X-ray diffraction (XRD) pattern in

Figure 1b, we successfully synthesized SiC/G using carbon
from the thermal decomposition of coffee grounds (Figure 1b).
Notably, peaks corresponding to SiC(111), (200), (220), and
(311) are clearly observed at 2θ = 35.5°, 59.9 o, and 71.7 o

(ICDD: 00-029-1131) as well as peak of reduced graphene
oxide after the formation of carbon layer on the surface of SiC
is shown at 2θ = 26.7°. Pt characteristic peaks appeared at at
2θ = 39.6°, 47.1 o, 67.4 o, 82.2 o, and 86.4 o, corresponding to
the diffraction from Pt(111), Pt(200), Pt(220), Pt(311), and
Pt(222). The Pt peaks are assigned according to the
International Centre for Diffraction Data PDF 00-004-0802
and show a face-centered-cubic crystal structure for platinum.
The growth of epitaxial graphene on the SiC surface was also

confirmed by Raman spectroscopy (Figure 1c). To identify the
structure of graphene materials that significantly interact with
the SiC surface, the ratio of the D and G band intensities (ID/
IG) was calculated, which are the disorder and graphitic bands,
respectively. The Raman spectrum of SiC/G and SiC/G@Pt
shows D and G peaks at ∼1350 and ∼1595 cm−1, respectively,
thus confirming lattice distortion.24,25 The resulting ID/IG ratio
of SiC/G@Pt and SiC/C is approximately 1.24 and 1.14,
respectively. These results can be considered large, which may
be attributed to the decreased sp2 cluster size in the defective
graphene structure that formed during epitaxial growth in the
oxygen-poor chemical vapor atmosphere generated by the
coffee grounds.26 Accordingly, the ID/IG ratio of ca. 1.07 agrees
with a previously reported ID/IG ratio for rGO that was larger
than 1.0.27 The G band is attributed to the first-order
scattering of the E2g phonon of the sp2 C−C bond, whereas the
D band represents the defective functionalization associated
with vacancy-type defects.28 Interestingly, the superior electro-
catalytic activity discussed below may be understood in terms
of the similarity between the functionalized graphene layer on
the SiC surface and rGO because one of the most critical
differences between graphene materials and rGO is their
electrical conductivities.
To confirm the effect of SiC/C for electrocatalytic system,

the high-resolution XPS analysis of Pt 4f peaks from SiC/G@
Pt and commercial Pt/C as shown in Figure 1d. A shift of the
Pt 4f binding energy of SiC/G@Pt toward lower energies
compared with the corresponding commercial Pt/C catalyst
indicated that there is a strong metal−support interaction
(SMSI) between Pt nanoparticles and SiC/C.29−31 Further,
deconvolution of the Pt 4f peak from SiC/G@Pt indicates that
the platinum surface with metallic form is increased in
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comparison of that of Pt/C (Figure S2 and Table S3). This
kind of “metal-support interaction” can modify the electronic
and catalytic properties of metal nanoparticles and leads to the
activation of the dispersed metal catalysts.
The epitaxial graphene was observed using transmission

electron microscopy (TEM), which confirmed that it was
deposited on the entire surface of the SiC nanoparticles
(Figure 1e) to a thickness of ∼5−7 nm. After Pt was deposited
on the SiC/G surface, Pt catalysts appeared to be well
distributed with diameters of approximately 3−5 nm. More-
over, the fast Fourier transform (FFT) diffraction patterns of
SiC and Pt in Figure 1f indicate the crystal orientations of SiC
and Pt, confirming the XRD results. The epitaxial graphene
formed on the surface of SiC presents 2 θ= 26.7 degree
corresponding to d-spacing of 0.34 nm, which might be
attributed to rGO layers (see d-spacing of the epitaxial
graphene in Figure 1d).32,33 Moreover, the FFT diffraction
pattern of C implies a crystal orientation similar to that of
rGO, in agreement with the Raman spectroscopy results. The
EDS images in Figure 1f of SiC/G@Pt clearly demonstrate
that Pt catalysts on the surface of SiC/G are homogeneously
distributed. In addition, the epitaxial graphene is located
outside the SiC.
The activity and durability of the electrocatalyst for the ORR

were determined using cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) with a rotating disk electrode
(RDE) as well as fuel cell measurements. Table 1 compares the
durability results of cycling tests, including the ECSA of the

catalyst, mass activities, and half-wave potential. The CV
curves of SiC/G@Pt and Pt/C were recorded for 5000 cycles,
as shown in Figure 2, parts a and d, respectively. The initial
ECSA (44.36 m2/gpt) of SiC/G@Pt was slightly less than that
of Pt/C (47.62 m2/gpt), which might be explained by the lower
electrical conductivity of the ceramic support as shown in
Figure S3. On the other hand, the initial ECSA of SiC/G@Pt
was significantly higher than that of the prepared SiC@Pt
without rGO as shown in Figure S4. The results are indicated
that the electrical conductivity of the catalysts facilitate charge
transfer between the electrochemically active sites on the
surface of the catalysts for improve the efficiency of the
electrochemical reactions. Therefore, the higher electrical
conductivity can enhance the overall electrocatalytic activity
of the catalysts. In case of durable performance for supports,
SiC/G support showed very durable performance, as
evidenced by the ECSA loss of only 26.89% with SiC/G@
Pt, which was much lower than that of Pt/C (36.88%) after
5000 cycles. This clearly indicates that the SiC/G support is
significantly more durable than commercial Pt/C under the
same accelerated electrochemical conditions.
LSV curves of SiC/G@Pt and Pt/C were also recorded to

evaluate the catalytic ORR activity in an oxygen-saturated
electrolyte, which can be determined from their half-wave
potentials and limiting current values.34,35 LSV curves of SiC/
G@Pt and Pt/C were recorded with an RDE at 1600 rpm and
a scan rate of 5 mV s−1, as shown in Figure 2, parts b and e,
respectively. Table 1 and Figure 2b,e show that the initial

Table 1. ECSA and ORR Performance of Catalysts before and after 5000 Cycles under ADT Conditions in 0.1 M HClO4

samples
ECSA
(m2/gpt)

onset potential
(V)

half potential
(V)

MA (mA/mgpt)
@ 0.9 VRHE

SA (mA/cm2)
@ 0.9 VRHE

limit current
(mA/cm2)

ECSA loss (%)
@ 1.0−1.5 V

SiC/G@Pt initial 44.36 0.90 0.79 9.92 0.024 −5.02 26.89
SiC/G@Pt 5k cycles 32.43 0.90 0.77 8.34 0.026 −5.01
Pt/C initial 47.62 0.91 0.82 11.20 0.024 −5.35 36.88
Pt/C 5k cycles 30.06 0.83 0.68 0.36 0.002 −4.89

Figure 2. Electrochemical analysis of SiC/G@Pt (top) and Pt/C catalysts (bottom) before and after ADT for 5000 cycles in 0.1 M HClO4: (a, d)
CV curves; (b, e) ORR polarization curves; and (c, f) mass activity (red) and specific activity (blue) at 0.9 V.
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average mass activity of SiC/G@Pt (9.92 mA/gpt) was less
than that of Pt/C. However, the mass activity of Pt/C
drastically decreased by 96.79% after 5000 cycles, whereas the
mass activity of SiC/G@Pt decreased by only 15.93%. For this
analysis, the mass activity was measured at 0.9 V vs the
reversible hydrogen electrode (RHE). In addition, SiC/G@Pt
shows a remarkable difference of 20 mV in the half-wave
potential before and after 5000 cycles owing to carbon
corrosion, which was smaller than that of Pt/C (140 mV).
During degradation, several mechanisms commonly coincide
with losses in the ECSA and mass activity, such as Pt
agglomeration and carbon corrosion, as discussed above. As
shown in Figure 2 and Table 1, the loss in ECSA of Pt/C was
36.88% after accelerated degradation testing (ADT), and its
mass activity seriously decreased from the initial value of 11.20
mA mgPt−1 to 0.36 mA mgPt−1, a decrease of 97%. In contrast,

the ECSA loss of SiC/G@Pt was only 26.89%, and its initial
mass activity was better maintained, decreasing by only 16%
from 9.92 to 8.34 mA mgPt−1. Although the initial electro-
catalytic values (i.e., the ECSA and mass activity at 0.9 V) of
Pt/C were slightly higher than those of SiC/G@Pt, their
degradation rates were dramatically lower for SiC/G@Pt than
those for Pt/C, implying that SiC/G@Pt is a promising robust
support that avoids Pt agglomeration and carbon corrosion.
Figure 3a shows the current density−voltage (I−V) curves

of PEMFCs using SiC/G@Pt and Pt/C electrocatalysts for the
cathode. The open-circuit voltages (OCVs) of all species were
recorded over 0.93 V at 70 °C, and no significant difference
from the practical value was found because of the different
support materials. As shown in Figure 3b, the ohmic resistance
was calculated from the slope of the I−V curve within the
linear range from 0.5 to 2.0 A/cm2; the value of SiC/G@Pt

Figure 3. Electrochemical performance of SiC/G@Pt and Pt/C catalysts in PEMFCs. (a) I−V polarization curves, (b) linear part of the I−V curves
in part a for determining the ohmic resistance, and (c) ohmic resistance before and after 5000 cycles.

Figure 4. (a) I−V polarization and power density curves and (b) TEM images of MEAs using SiC/G@Pt after ADT. (c) Schematic of the
mechanism underlying the durability of SiC/G@Pt. A functionalized layer similar to rGO on the surface of SiC supplies the electrical conductivity.
In addition, the SiC is maintained as robust support under the operating conditions of PEMFCs because of its good chemical and mechanical
properties.
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(0.204 Ω cm2) was similar to that of Pt/C (0.197 Ω cm2)
before cycling. This similarity might imply that SiC/G is
sufficiently conductive to be used as catalyst support,
comparable to the commercial carbon black in Pt/C.
Therefore, we could infer that the poor electrical conductivity
issues of ceramic support could be mitigated by the in situ
assembly of graphene layers on the SiC surface. In any case, the
maximum power densities (MPDs) of the cells using SiC/G
and Pt/C were 0.82 and 0.85 W/cm2, respectively. The values
are observed to be higher than in comparison to those of
previously reported metal oxide support-based catalysts (Table
S2). Furthermore, the ohmic resistance of SiC/G@Pt
increased by only 17.44% after 5000 cycles, which is a very
small change that indicates the robustness of the SiC/G
support. On the other hand, the resistance of Pt/C increased
drastically from 0.197 to 0.392 Ω cm2, which is an increase of
98% (Figure 3b,c).
Figure 4a shows I−V curves of the PEMFC system with

SiC/G@Pt before and after ADT. The MPD after ADT
decreased by approximately 17.58%, which is a significantly
smaller loss than that of commercial Pt/C (63.26%), as shown
in Figure S5a. The I−V performance and durability results are
summarized in Table 2, which indicates the low carbon
corrosion owing to the robustness and durability of SiC/G
support. In addition, no serious Pt agglomeration occurs in the
case of SiC/G@Pt, as demonstrated by the TEM image
(Figure 4b) after ADT, as its appearance is similar to that in its
initial state before ADT (Figure 1e). On the other hand, Pt
agglomeration and detachment were evident in the TEM
images of commercial Pt/C after ADT, as shown in Figure
S5b,c. The mechanism underlying the durability of SiC/G@Pt
is schematically illustrated in Figure 4c. Commonly, carbon-
based materials are used as catalyst supports for PEMFCs
because of their granular microporous layers and fibrous gas
diffusion layers. These carbon-based supports are exposed to
oxidizing conditions at the cathode. The electrocatalyst for the
cathode is easily degraded in this environment, thereby
worsening cell performance because of losses in the kinetics
of the ORR and oxygen mass transport. One major
degradation mechanism involving the electrocatalyst is
oxidative corrosion of the porous carbon material used as
the catalyst support during potential fluctuations generated by
start-up/shutdown cycling. Specifically, water is the primary
oxidant in the electrochemical carbon corrosion, and CO2 is
the ultimate product.36,37

+ + ++C 2H O CO 4H 4e2 2 (3)

=E 0.207 V0
RHE (4)

The oxidation of the carbon support in the cathode
decreases performance owing to the loss of active sites, the
decreased electrical connectivity of the catalyst support
structure within the electrode and the loss of Pt catalyst
caused by Pt agglomeration (see Figure 4c: commercial Pt/C
electrocatalysts). Although the kinetics of carbon oxidation are
slow under the typical operating temperatures and potentials of

PEMFCs, this reaction is catalyzed by Pt and occurs more
rapidly in the presence of water formed during operation.38

Thus, carbon corrosion is a major concern for the long-term
durability of PEMFCs. In this study, the SiC/G@Pt electro-
catalyst was applied at the cathode for PEMFCs (Figure 4c:
SiC/G@Pt). A functionalized layer similar to rGO on the
surface of SiC supplied the electrical conductivity to overcome
the low electrical conductivity of the ceramic support and
provided sites for the formation of Pt nanoparticles during the
synthesis of the electrocatalyst. SiC was maintained as a robust
support under the operating conditions of PEMFCs because of
its good chemical and mechanical properties. Specifically, SiC/
G@Pt was resistant to carbon corrosion, as shown in TEM
results after ADT. Moreover, the Pt catalysts did not
agglomerate and remained finely distributed on the support
surface. Further, the minimized decreases in the ORR
performance and electrocatalytic activity suggested that SiC/
G@Pt degraded less than the commercial catalysts. Therefore,
the SiC/G support shows excellent promise as an alternative to
porous carbon supports for Pt catalysts thanks to its improved
durability for PEMFC applications.

3. CONCLUSIONS
In conclusion, a Pt catalyst supported by nanographene-
modified SiC (SiC/G@Pt) was successfully prepared using
coffee grounds as the carbon source for the epitaxial growth of
graphene. We proposed a possible mechanism underlying this
carbon deposition: (i) gases formed during the thermal
decomposition of coffee grounds and (ii) the surface layer
for SiC also thermally decomposed because of the high
processing temperature (above 1000 °C), thus supplying
additional carbon. A functionalized layer similar to rGO on the
surface of SiC effectively improved the surface electrocatalytic
activity and interactions between Pt metal and the function-
alized surface of the support. SiC/G@Pt showed excellent
durability, delivering power densities of 0.42 and 0.39 W cm−2

at 0.7 V before and after ADT, respectively, a decrease of only
17%. The TEM results demonstrated that in contrast with
commercial Pt/C, SiC/G@Pt showed no serious Pt agglom-
eration after ADT, whereas Pt evidently agglomerated and
detached in commercial Pt/C after ADT. The excellent
durability of SiC/G@Pt was attributed to the rGO-like
functionalized layer on the surface of SiC, which also supplied
electrical conductivity and sites for the formation of Pt
nanoparticles to electrocatalyze the ORR. Therefore, the SiC/
G support prepared from coffee grounds not only showed
good prospects for replacing porous-carbon-based supports for
PEMFC applications but also demonstrates the feasibility of
using an organic waste product on the scale of mass
commercialization.
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Table 2. I−V Performance and Durability Results for the SiC/G@Pt and Pt/C Catalysts

sample
OCV
(V)

MPD
(W/cm2) MPD loss (%)

initial ohmic resistance
(Ω·cm2)

after ohmic resistance
(Ω·cm2) Δ ohmic loss (mV) @ 0.5−2.0 V

SiC/G@Pt 0.975 0.82 17.58 0.204 0.239 11
Pt/C 0.933 0.85 63.26 0.197 0.392 75
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Experimental section and further material character-
ization including SEM images, EDS elemental mapping,
XPS data, TEM data, apparent electrical conductivity,
CV curves for calculation of ECSA, I−V polarization
curves and recently reported metal oxide supported-
based catalysts used in PEMFCs (PDF)
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