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Mitigating Pt Loss in Polymer Electrolyte Membrane Fuel 
Cell Cathode Catalysts Using Graphene Nanoplatelet 
Pickering Emulsion Processing

Kyu-Young Park, Matthew E. Sweers, Ulrich Berner, Erhard Hirth, Julia R. Downing, 
Janan Hui, Jonathan Mailoa, Christina Johnston, Soo Kim,* Linsey C. Seitz,*  
and Mark C. Hersam*

Carbon-supported Pt nanoparticles are the leading catalysts for the cathode 
oxygen reduction reaction (ORR) in polymer electrolyte membrane fuel cells. 
However, these ORR catalysts suffer from poor electrochemical durability, 
particularly the loss of electrochemical surface area (ECSA) due to Pt nano-
particle dissolution and agglomeration. Here, Pt loss is mitigated through a 
Pickering emulsion-processing strategy that employs graphene nanoplatelet 
dispersions stabilized by the polymer ethyl cellulose. The resulting graphene-
Pt/Vulcan carbon (Pt/C) catalysts exhibit superior durability and ECSA reten-
tion throughout an accelerated stress test compared with a commercial Pt/C 
standard catalyst, both in a diagnostic-rotating disc electrode setup and in a 
membrane electrode assembly full cell. These graphene-Pt/C catalysts also 
improve durability at high-voltage conditions, providing further evidence of 
their exceptional electrochemical stability. Consistent with density functional 
theory calculations, postelectrochemical characterization reveals that Pt 
nanoparticles localize at graphene defects both on the basal plane and espe-
cially at the edges of the graphene nanoplatelets. Since this Pt nanoparticle 
localization suppresses Pt nanoparticle dissolution and agglomeration 
without hindering accessibility of the reactant species to the catalyst surface, 
the ORR performance under both idealized and practical experimental condi-
tions shows significantly improved durability while maintaining high electro-
chemical activity.
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1. Introduction

With accelerating worldwide demand 
for sustainable energy applications, 
fuel cell systems have received sig-
nificant attention as an alternative to 
combustion-based power generation 
due to their low environmental impact 
and high energy density.[1] Among the 
various classes of fuel cells, the polymer 
electrolyte membrane fuel cell (also 
known as the proton exchange mem-
brane fuel cell, PEMFC) has shown 
high theoretical efficiency up to 80%, 
high power density up to 0.7  W cm−2,  
low operating temperature below 100 °C, 
and amenable portability, thus making 
it is a promising power source for elec-
trified transportation applications.[2] The 
energy efficiency of PEMFCs is governed 
by the kinetics of the hydrogen oxidation 
reaction (HOR) and the oxygen reduc-
tion reaction (ORR) at the anode and the 
cathode, respectively. The cathode ORR 
is widely regarded as the limiting half-
reaction for overall PEMFC performance 
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due to its sluggish four-electron transfer process.[3] Therefore, 
durable and electrochemically active ORR catalysts are essen-
tial for high-performance PEMFC technology.

Carbon-supported precious metal nanoparticles are leading 
electrocatalysts in incumbent PEMFC electrodes for both HOR 
and ORR. In particular, Pt nanoparticles provide relatively 
straightforward synthesis, high reliability, and superior energy 
conversion efficiency over 40%,[4] making them the most com-
monly employed catalysts for PEMFCs.[5] However, Ostwald 
ripening,[6] dissolution,[7] and contamination of active sites,[8] 
caused by the thermodynamic instability of Pt nanoparticles 
lead to significant decreases in electrochemical surface area 
(ECSA) and increased overpotentials during electrochemical 
cycling. Moreover, loss of catalytic activity and carbon support 
corrosion caused by the highly oxidizing conditions during 
electrochemical cycling further exacerbate the degradation of 
these Pt nanoparticle catalysts and can also lead to their phys-
ical detachment from the electrode.[7] The limited availability 
of precious metal catalysts is also a key consideration for prac-
tical PEMFC applications. Although the typical PEMFC anode 
requires low loadings of Pt nanoparticles (typically less than 
0.05  mg cm−2), PEMFC cathodes require up to one order of 
magnitude higher Pt nanoparticle loadings due to their infe-
rior ORR kinetics.[9] This high Pt nanoparticle loading on the 
cathode results in Pt being the largest contributor to the cost of 
PEMFC stacks and a nontrivial cost contributor for the entire 
fuel cell.[10]

In order to improve electrochemical performance and thus 
reduce the requisite loading of Pt nanoparticles, it is essential 
to design ORR cathodes with high catalytic activity and dura-
bility upon long-term usage. A common approach in pursuit of 
this goal is to employ high surface area carbon support mate-
rials with Pt nanoparticles in the micropores. The resulting 
spatially distributed nanoparticles can inhibit Pt nanoparticle 
coarsening, resulting in enhanced ECSA stability.[11] Additional 
strategies include encapsulation and anchoring designs for the 
Pt nanoparticles.[12] Encapsulation attempts to stabilize the sur-
face of the Pt nanoparticles, which improves resistance against 
dissolution, aggregation, and chemical degradation.[12b,f,13] For 
example, carbon shells have been shown to enhance the dura-
bility of Pt nanoparticles, following the accelerated stability 
test (AST) cycling.[12b] On the other hand, anchoring involves a 
support that has higher electrochemical or chemical resistance 
than conventional carbon supports, thus increasing overall sta-
bility of the electrode.[12d,e,14] Strong bonding between the sup-
port material and Pt nanoparticles can also suppress agglomer-

ation, resulting in high ECSA retention upon cycling. The most 
commonly used materials for encapsulation and anchoring are 
carbon and oxide materials due to their electrochemical and 
chemical durability.[15]

While these tailored cathode designs have improved ORR 
electrochemical performance and lifespan, their complex pro-
cessing conditions have been difficult to translate from labora-
tory-scale demonstrations to large-scale production. Moreover, if 
the active sites of the Pt nanoparticles are fully embedded in an 
exterior coating, then improved durability comes with a tradeoff 
in catalytic activity. Therefore, a need remains for alternative 
PEMFC cathode design strategies that have wide versatility, 
ease-of-synthesis, and reproducibility, while improving elec-
trochemical durability without compromising electrochemical 
performance. Toward this end, here, we employ a scalable Pick-
ering emulsion catalyst-processing strategy that employs gra-
phene nanoplatelet dispersions stabilized by the polymer ethyl 
cellulose (EC). Following thermal decomposition and removal 
of the EC, the resulting graphene-Pt/Vulcan carbon (Pt/C) cata-
lysts demonstrate superior durability and ECSA retention com-
pared with a commercial Pt/C standard catalyst, particularly 
at high-voltage conditions. Direct observation of the electrode 
after 30 000 AST cycles confirms the retention of Pt nanopar-
ticles on graphene defects and edges. This experimental result 
is consistent with density functional theory (DFT) calculations 
that suggest strong interactions between Pt nanoparticles and 
graphene defects that are especially prevalent at the edges of 
graphene nanoplatelets. Further assessment in membrane 
electrode assembly (MEA) full cells with performance meas-
urements under realistic conditions and an accelerated stress 
test that correlates well with real drive cycles[16] confirms that 
the electrochemical durability and performance improvements 
observed in diagnostic AST testing are maintained in practical 
conditions. Overall, by localizing Pt nanoparticles in a manner 
that does not limit accessibility to reactant and product spe-
cies, this Pickering emulsion-processing strategy concurrently 
achieves high ECSA and long-term durability in both idealized 
and practical PEMFC experimental conditions.

2. Results and Discussion

The graphene-encapsulated Pt/C catalysts were prepared 
by adapting a scalable Pickering emulsion process that was 
originally developed for lithium-ion battery materials.[17] The 
graphene powder, produced by liquid-phase exfoliation, was 
dispersed in acetonitrile at a 0.275  mg mL–1 concentration. 
To improve the dispersion stability, EC powder equivalent 
to twice the mass of graphene was homogenized simultane-
ously.[18] Commercially available Pt/C catalyst particles (Tanaka, 
TEC10V20E, 20 wt% of Pt nanoparticles on Vulcan carbon) 
were then mixed into the graphene–acetonitrile solution 
(Figure 1a, left) with a 10:1 w/w ratio of Pt/C to graphene (the 
nominal final Pt content is 18.2 wt%). Then, hexane with 20% 
of the volume of the acetonitrile solution was added to form the 
Pickering emulsion. Once the emulsion was formed, the evenly 
mixed graphene and Pt/C powders sedimented to the bottom 
of the beaker as shown in the inset photo of Figure 1a (right). 
This sedimentation is consistent with observations from the  
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Pickering emulsion process originally developed for lithium-ion 
battery materials,[17] indicating that an evenly mixed graphene-
Pt/C composite was produced. Hexane was then evaporated 
first by fractional distillation, and the final graphene-Pt/C com-
posite powder was obtained by a filtration and drying process 
(more details of the Pickering emulsion processing are pro-
vided in the Methods section and in a previous report[17]).

Residual EC polymer was removed from the powder mixture 
by thermal curing at a temperature of 250 °C for 10 min in a 
nitrogen atmosphere. Figure 1b shows thermogravimetric anal-
ysis (TGA) results for the control-Pt/C catalyst compared with 
the graphene-Pt/C composite with residual EC. The control-
Pt/C catalyst had a major mass change at 100 °C due to water 
evaporation and subsequently a small mass change of 3% at 
300 °C. Meanwhile, the graphene-Pt/C composite with residual 

EC showed its first mass change near 120 °C, presumed to 
be evaporation of residual Pickering emulsion solvents, and 
then exhibited a significant mass change of more than 8% at 
250 °C (green-colored region in Figure  1b). This mass change 
behavior is consistent with previous cases that also removed 
EC by thermal curing.[17] The cured graphene-Pt/C composite 
was analyzed with Raman spectroscopy (Figure  1c) and scan-
ning electron microscopy (SEM, Figure  1d,e and Figure S1, 
Supporting Information). As shown in Figure  1c, additional 
G and 2D bands are observed at 1600 and 2700 cm–1 (red 
arrows, additional sharp peak of the G band and new peak of 
the 2D band), respectively, in the cured graphene-Pt/C com-
posite powder, which confirms the presence of graphene.[19] 
SEM images of the control Pt/C powder (Figure  1d) show the 
typical round shape of Vulcan carbon, whereas the Pickering 

Adv. Funct. Mater. 2022, 32, 2205216

Figure 1.  Synthesis method and sample characterization. a) Pickering emulsion-processing schematic. b) TGA for the control-Pt/C catalyst and the 
graphene-Pt/C composite with residual EC. c) Raman spectra of the control-Pt/C catalyst and the graphene-Pt/C composite. d,e) SEM images of the 
(d) control-Pt/C catalyst and (e) graphene-Pt/C composite after completing the Pickering emulsion process.
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emulsion sample shows graphene nanoplatelets being homo-
geneously blended with the Pt/C catalyst without segregation 
as shown in Figure 1e. In addition, no significant change in the 
size of the Pt nanoparticles was observed in SEM (Figure S2, 
Supporting Information), although particle size estimates from 
powder X-ray diffraction (PXRD, Figure S3, Supporting Infor-
mation) indicated a slight increase of the Pt nanoparticle size 
from 3.1 nm (control) to 5.4 nm (graphene-Pt/C), which can be 
attributed to the graphene-Pt/C thermal-processing conditions. 
Further characterization using transmission electron micros-
copy (TEM) images in Figure S4 (Supporting Information) also 
confirms that the graphene flakes are well distributed in the 
composite mixture with minimal Pt nanoparticle aggregation.

Following an initialization step, extended potential cycling 
in a rotating disc electrode (RDE) between 0.6 and 0.95  V 
versus a reversible hydrogen electrode (RHE) reveals higher 
ORR activity in the form of higher beginning of life (BoL) 
ECSA for the graphene-Pt/C composite compared with the 
control-Pt/C powder. In addition, the graphene-Pt/C com-
posite achieves improved stability with the half-wave potential 
(E1/2) only decreasing by 31 mV after 30 000 cycles compared 
with the control-Pt/C powder that decreases by 47 mV after the 
same number of cycles (Figure S5, Supporting Information). 
Similarly, the ECSA-normalized current density at 0.9 V versus 
RHE only decreases from −159 to −123 µA cm–2

ECSA (−22.8%) 
for the graphene-Pt/C composite in comparison to the decrease 
from −134  to −87 µA cm–2

ECSA (−35.2%) for the control-Pt/C 
powder (Figure 2a). In addition, Figure 2b shows that the gra-
phene-Pt/C composite displays higher postinitialization ECSA  
(77.5 m2 g–1

Pt) than the control-Pt/C powder (68.9 m2 g–1
Pt). 

The graphene-Pt/C composite also retained a larger fraction 
of its active surface area during extended durability testing, 
losing only 25.1% of ECSA compared with 36.3% for the con-
trol-Pt/C powder after 30 000 cycles as shown in Figure 2c. It 
is worth noting that the electrodes prepared by the Pickering 
emulsion method showed higher ECSA with relatively low 
ECSA loss after cycling compared with previous reports using 
graphene-based substrates (Table S1, Supporting Informa-
tion). In these previous studies, graphene has primarily been 
used as a supporting substrate, whereas the Pickering emul-
sion method employs graphene as a relatively low-loading 
additive to enhance the electrochemical properties of the 
catalyst.

Microscopic observation of the electrodes reveals that the 
graphene nanoplatelets mitigate Pt loss during cycling by pro-
viding redeposition and localization sites for Pt nanoparticles. 
Figure 3a shows SEM images of the graphene-Pt/C composite 
as a function of cycle number. Although Pt nanoparticles are 
not observed on the graphene nanoplatelets in the initial state 
(0 cycle), they become apparent on the graphene nanoplatelets 
after the initialization step (see white arrows). Throughout the 
30 000 cycles, the size and number of Pt nanoparticles continu-
ously increase in abundance on the graphene nanoplatelets, 
and they preferentially form at the edges of graphene nano-
platelets (Figure  3a) rather than on the graphene basal plane, 
which is the first indication that deviations from the pristine 
graphene structure provide localization sites for Pt nanoparticle 
redeposition (additional SEM, energy-dispersive X-ray analysis, 
and TEM results are provided in Figures S6–S9, Supporting 
Information). This observation provides a clear explanation for 
the higher ORR activity and durability of the graphene-Pt/C 
composite compared with the control-Pt/C powder since the 
graphene nanoplatelets suppress Pt loss during the initializa-
tion step and extended AST cycling.

First-principles DFT calculations with van der Waals inclu-
sive functionals provide an explanation for Pt localization at 
graphene defects. First of all, multiple graphene nanoplatelet 
models using 48 carbon atoms with hydrogen-passivated and 
unpassivated (i.e., H vacancies) edge atoms were considered 
to mimic the graphene edges in the graphene-Pt/C composite 
(Figure S10, Supporting Information). We find that Pt can bind 
favorably with a DFT-calculated binding energy of −0.954  eV 
(Figure  3b) at graphene edge sites (e.g., Figure S10c, Sup-
porting Information), where we used the bulk face-centered 
cubic Pt atom as the reference energy. Moreover, certain in-
plane vacancy defects (e.g., graphene quad-vacancies (QVs)) 
also provide localization sites for Pt atoms while allowing the 
transport of the fuel cell reactants and products (i.e., H2, O2, 
and H2O do not bind with the graphene QV defect as shown 
in the relative DFT-binding energy calculations provided in  
Figures S10–S16, Supporting Information). Figure  3c displays 
the relative binding energy change in units of eV when Pt 
moves toward the QV defect in the z-direction from the vacuum 
(schematic side and top views are shown in the inset). In this 
calculation, we set the reference energy as 0 eV when a Pt atom 
is far away from the graphene sheet (i.e., ≈7 Å away from the  

Adv. Funct. Mater. 2022, 32, 2205216

Figure 2.  Extended ORR testing up to 30 000 cycles between 0.6 and 0.95 V versus RHE. a) ECSA-normalized activity, b) absolute ECSA values, and  
c) relative ECSA change as a function of cycle number.
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graphene sheet in the z-direction). As the Pt moves closer to the 
QV, the relative binding energy becomes more negative (i.e., Pt 
binds favorably to the graphene defects, when compared with 
vacuum). From our DFT calculations, we show that graphene 
defects, either at the nanoplatelet edge sites or in-plane defects, 
provide localization sites for Pt, which leads to sustained elec-
trochemical activity upon extended cycling.

Our experimental observations show that the preferred Pt 
redeposition location is at graphene nanoplatelet edges, which 
provide a higher concentration of localization sites than the 
graphene basal plane.[18] Moreover, this conclusion agrees well 
with previous experimental observations that edge defects are 
commonly observed in graphene nanoplatelets, but large multi-
vacancy defects on the basal plane are relative rare,[20] resulting 
in overall edge preference for Pt nanoparticle redeposition 
(Figures S8 and S9, Supporting Information). For further dis-
cussion on the in-plane defect formation energy, please refer 
to the DFT results in Table S1 (Supporting Information). We 
also expect that under ORR conditions, the oxidative potentials 
disrupt the hydrogen termination at the edge sites, resulting in 
a higher incidence of edge defects than can serve as Pt nano-
particle redeposition sites. In addition to providing sites for Pt 
nanoparticle localization, the graphene-Pt/C composite pos-
sesses a relatively open structure, as opposed to a conformally 
coated or wrapped structure (see SEM image of Figure 1e). This 
open structure is beneficial for facilitating transport of H2, O2, 
and H2O, which is necessary for high electrochemical activity. 
However, once Pt diffusion initiates at harsh operating condi-

tions, the graphene nanoplatelets provide localization sites due 
to a strong Pt attraction, thus minimizing Pt loss and transport 
into other cell components.

More aggressive electrochemical testing of the graphene-
Pt/C composite reveals similar trends at high potential con-
ditions as shown in Figure 4 and Table 1. Following a combi-
nation of high-voltage cycling and a shortened AST protocol 
(HVAST, 1.0−1.5  V vs RHE, 1000 cycles), the graphene-Pt/C 
composite displays high initial ECSA (77.5 m2 g–1

Pt) and high 
durability (11% loss), both of which are superior to the Pt/C con-
trol powder. The ORR activity is also superior for the graphene-
Pt/C composite with the geometric current density at 0.9  V 
versus RHE starting at −1.30  mA cm–2

geo (−1.06  mA cm–2
geo)  

and decreasing by 12% (14%) for the composite (control). The 
high overpotential region (0.5−0.8 V vs RHE) for the Pt/C con-
trol powder also exhibits a significant reduction in current den-
sity after high potential cycling, even though the mass transport 
limited current is similar. The same current loss is not observed 
for the graphene-Pt/C composite, which retains the line shape 
of its initial polarization curve.

This durability at high potentials stems from not only from 
Pt nanoparticle localization on the graphene nanoplatelets but 
also reinforced Vulcan carbon stability. Compared with pristine, 
uncycled Pt/C powder (Figure 4c), the Pt/C control powder fol-
lowing exposure to high potential conditions shows corrosion 
behavior in the form of increased size of Vulcan carbon.[21] 
Meanwhile, the Vulcan carbon in the graphene-Pt/C com-
posite electrode remains relatively intact with its original shape 

Adv. Funct. Mater. 2022, 32, 2205216

Figure 3.  Pt nanoparticle redeposition and localization on graphene nanoplatelet defects. a) SEM observation for the graphene-Pt/C composite after 
0 cycles, after electrochemical initialization (cleaning), after 5000 cycles, and after 30 000 cycles in the RDE. b) DFT-binding energy calculation for 
graphene sheet with edge defect with an adsorbed Pt atom (using Pt bulk atom as the reference energy). c) Relative DFT-binding energy as a function 
of distance between Pt atom at vacuum, moving toward the graphene basal plane QV defect. Inset figures: Side view and top view of the DFT calcula-
tion model.
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maintained even after high-potential exposure. One possible 
explanation is that the Vulcan carbon stability is enhanced by 
the EC treatment. According to our previous work, the curing 
that removes EC leads to notable reductions in the D/G inten-
sity ratio in Raman spectra, indicating high sp2-bonding in the 
residual carbon following EC decomposition.[22] Similarly, the 
Pickering emulsion processing that includes EC thermal curing 
provides an enrichment of sp2-bonded carbon that enhances 
the durability of Vulcan carbon at high potentials. Moreover, 
the high electrochemical stability and electrical conductivity 
of graphene provide the added benefit of maintaining electron 
percolation pathways throughout extended electrochemical 
cycling.[23]

To determine if the graphene-Pt/C composites provide 
similar benefits in real-world conditions, additional measure-
ments were performed in fully assembled MEA fuel cells using 
commercially relevant testing protocols. In this case, the cath-
odes were produced using the same Pt/C control powders and 
graphene-Pt/C composites as in the RDE testing but with an 
intermediate ink coating and decal transfer step on an 8 µm 
membrane. The cathode loadings were fixed at 0.13 mgPt cm–2. 

Polarization data and cyclic voltammograms (CVs) of the MEA 
full cells were measured at BoL and after an accelerated poten-
tial cycling stress test between 0.6 and 1 V (vs the anode) with 
6000 cycles. Figure 5a shows the polarization data at BoL and at 
the end of test (EoT). As shown in Figure 5a,b, the BoL data of 
both the Pt/C control powders and graphene-Pt/C composites 
are comparable, but the durability of the Pt/C control powders 
is significantly lower than the graphene-Pt/C composites, with 
a potential drop in the kinetic region (25–50 mA cm–2 region) 
of ≈30 mV for the graphene sample, whereas the control shows 
a 45  mV decrease. Both catalyst materials have a BoL ECSA 
in range of 67–70 m2 g–1, which agrees well with other litera-
ture examples using the same Pt/C catalyst material,[24] but 
the ECSA only decreases by 60% for the graphene-Pt/C com-
posite compared with 74% for the Pt/C control powder during 
the stress test. These ECSA changes correlate well with the 
observed potential decrease in the kinetic region, indicating 
that the reduction in Pt surface area is the main degradation 
mechanism. The CVs measured during the stress test are 
shown in Figure S14 (Supporting Information). Interestingly, 
for the graphene-Pt/C composite, the CV peak around 0.25  V 

Adv. Funct. Mater. 2022, 32, 2205216

Table 1.  Comparison of high-voltage AST results.

Sample ECSA after cleaning 
[m2 g–1]

ECSA after HVAST 
[m2 g–1]

ECSA changes  
[%]

Current density @ 0.9 V 
after cleaning  
[mA cm–2

geo]

Current density @ 0.9 V  
after HVAST  
[mA cm–2

geo]

Activity changes  
[%]

Control-Pt/C 69 58 –16 –1.06 –0.91 –14

Graphene-Pt/C 80 70 –11 –1.30 –1.14 –12

Figure 4.  High-voltage AST test results in the RDE. ORR activity changes before and after the high-voltage AST test for: a) control-Pt/C catalyst and 
b) graphene-Pt/C composite. SEM images of: c) pristine and d) control-Pt/C catalyst after high-voltage AST, and e) graphene-Pt/C composite after 
high-voltage AST.
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(vs the anode) corresponding to the Pt(100) facet[25] increases 
with cycling (Figure S15, Supporting Information), which is 
most likely due to the newly formed Pt nanoparticles on the 
graphene nanoplatelets (Figure S16, Supporting Information). 
This observation agrees well with a previous report of Pt(100) 
epitaxially growing on graphene, deviating from the most stable 
Pt(111) face-centered cubic crystal orientation.[26] Overall, these 
results for the MEA full cells are consistent with the RDE meas-
urements, thus highlighting that the benefits of the graphene-
Pt/C composite translate to real-world conditions with prom-
ising implications for commercial fuel cell applications.

3. Conclusion

Pt nanoparticles on carbon supports are the leading ORR cata-
lyst material in PEMFCs due to their many practical attributes, 
but their limited electrochemical durability resulting from Pt 
nanoparticle instability has represented a clear bottleneck for 
widescale adoption of this clean energy technology. In this work, 

we have addressed this issue by employing a scalable Pickering 
emulsion-processing strategy that yields homogeneously blended 
graphene nanoplatelets with Pt/C catalyst particles. The resulting 
graphene-Pt/C composites exhibit superlative ECSA and ORR 
activity retention both in idealized RDE tests and practical MEA 
full cells. By comparing experimental observations and theo-
retical calculations, this improved electrochemical performance 
can be attributed to Pt nanoparticle redeposition and localization 
at defect sites on the graphene nanoplatelets. In particular, gra-
phene nanoplatelet edge sites and basal plane vacancy defects 
provide thermodynamically favorable binding sites for Pt, effi-
ciently mitigating Pt loss, and improving durability. Moreover, 
the graphene-Pt/C composite provides an open microstructure, 
resulting in minimal barriers for reactants to reach and prod-
ucts to leave catalytically active sites, which leads to high initial 
ECSA and ORR activity. High ORR activity and durability are 
maintained at high potentials not only due to Pt localization on 
graphene nanoplatelets but also because of the high sp2-bonding 
character of the carbon residue, following EC thermal curing that 
minimizes corrosion of the Vulcan carbon support. Since this 

Adv. Funct. Mater. 2022, 32, 2205216

Figure 5.  MEA full-cell electrochemical performance testing with the graphene-Pt/C composite and the control-Pt/C catalyst. a) Polarization data before 
and after 6000 cycles. AST conditions: 0.6–1.0 V cycling at 80 °C and 100% relative humidity (RH) in H2/N2. UI conditions: 80 °C, RH = 70%/70% 
(anode/cathode), lambda = 1.3/1.8 (anode/cathode), p = 2.2/2 bara (anode/cathode). b) Absolute and c) relative ECSA changes as a function of cycle 
number.
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approach utilizes scalable solution processing and results in high 
performance in real-world testing conditions, it holds promise 
for accelerating the adoption of PEMFC technology in clean 
energy applications.

4. Experimental Section
Graphene Preparation: Graphene flake powder was obtained by 

solution-based exfoliation of graphite. In particular, 6  kg of graphite 
(Sigma-Aldrich) and 200 g of ethyl cellulose (4 cP, Sigma-Aldrich) were 
mixed in 5 L of ethanol (200-proof, Decon Labs, Fisher Scientific). The 
resulting solution was continuously agitated by a shear mixer (Silverson 
Machines) for 24 h. Subsequently, the mixture was centrifuged at 
6500  rpm for 30  min using a JLA 8.1000 rotor (Beckman Coulter). 
The supernatant solution containing graphene and ethyl cellulose 
was carefully collected, and a NaCl aqueous solution was added for 
flocculation. The sedimented solids were collected by filtration and 
washed with deionized water three times to remove residual NaCl salt. 
The resulting graphene/ethyl cellulose mixture was dried under an 
infrared lamp overnight.

Pickering Emulsion Processing: Graphene and ethyl cellulose with a 1:2 
weight ratio were dispersed in acetonitrile with a graphene concentration 
of 0.275 mg mL–1 via horn sonication for 1 h. Subsequently, 275 mg of 
20 wt% Pt/Vulcan C powder (TEC10V20E, Tanaka Kikinzoku KogyoK.K., 
TKK) was added per 100 mL (i.e., 27.5 mg of graphene) of the prepared 
graphene acetonitrile dispersion, and hexane was consecutively mixed 
with a 1:5 ratio of hexane and acetonitrile to form a Pickering emulsion. 
After forming the emulsion by vortexing for 5  min, the hexane solvent 
was removed by fractional distillation. Then, the mixture solution 
was filtered to extract the Pt/C composite containing graphene and 
ethyl cellulose. The obtained powder was dried in an 80 °C oven for 
90 min, followed by removal of residual ethyl cellulose through thermal 
annealing at 250 °C for 10 min in a nitrogen atmosphere.

Sample Characterization: Sample morphology was imaged by 
scanning electron microscopy (Hitachi SU8030), and thermogravimetric 
analysis was carried out using a Mettler Toledo TGA/DSC 3+. Raman 
spectroscopy was performed using a Horiba Xplora system with 
an acquisition range from 1000 to 3000 cm−1. X-ray diffraction was 
conducted using the Rigaku Ultima instrument, and fitting was 
conducted using the GSAS-II software.

RDE Electrochemical Analysis: Catalyst inks were formulated by 
mixing 5 mg of the catalyst powder into a 3:2:0.05 ratio of MilliQ water, 
isopropyl alcohol, and Nafion-117. The mixture was then sonicated for 
30 min, and electrodes were prepared by dropcasting 10 µL of ink onto a 
polished glassy carbon disk (5 mm diameter) to target a catalyst loading 
of 25 µgPt cm–2 (ICP-OES data are provided in Table S4, Supporting 
Information). Electrodes were left to dry overnight before electrochemical 
testing. The electrochemical behavior of the graphene-Pt/C composite 
was tested using an RDE (Pine Research Instrumentation) in a standard 
3-electrode cell, with Pt wire and Ag/AgCl (4  m KOH) as counter and 
reference electrodes, respectively. All tests were conducted using 0.1 m 
HClO4. Each sample was electrochemically initialized by performing CVs 
in Ar-purged electrolyte between 0.03 and 1.2 V versus RHE at 50 mV s−1  
until the CVs were stable, which was approximately 100 cycles. ECSA 
was measured using the hydrogen underpotential deposition method 
(HUPD) at 50  mV s−1. ORR activity was assessed at 1600  rpm at room 
temperature with CVs from 0.05 to 1.0 V versus RHE at 10 mV s−1 in O2-
purged electrolyte. The anodic sweeps were post-IR corrected at 100% 
using the series resistance determined from impedance spectroscopy, 
and the background current measured in Ar-purged electrolyte was 
subtracted. The mass activities of the prepared samples are provided in 
Table S5 (Supporting Information). Catalyst durability was evaluated with 
AST by applying a 3s/3s square-wave potential profile stepping between 
0.6 and 0.95  V versus RHE for 30 000 cycles in Ar-purged electrolyte. 
ORR activity and ECSA were measured after 5000, 10 000, 20 000, and  
30 000 cycles. Commercial Pt/C catalysts powders (20 wt% Pt, TKK) were 

also tested using identical procedures. In order to ensure the stability 
of the Ag/AgCl reference electrode in the 0.1  m HClO4 electrolyte, the 
authors performed electrode calibration measurements before and after 
AST cycling (Figure S20, Supporting Information).

To test the high-voltage durability of the graphene-Pt/C composite, 
ECSA and ORR activity were measured before and after consecutive sets 
of CVs: (a) between 0.6 and 1.0 V versus RHE at 80 mV s−1 for 5000 cycles; 
(b) between 1.0 and 1.5  V versus RHE at 500  mV s−1 for 1000 cycles,  
both in O2-purged 0.1 m H2SO4.

MEA Full-Cell Preparation: MEA experiments were conducted on 25 
cm2 active area. The catalyst-coated membranes (CCMs) were produced 
using the decal transfer method. Catalyst inks were prepared by mixing 
the catalyst powders with Nafion ionomer in a water-solvent dispersion 
(Nafion D2020). On the cathode, a commercial 20 wt% Pt/Vulcan powder 
(TEC10V20E, Tanaka Kikinzoku KogyoK.K., TKK) and the same material 
with graphene were used. For the anodes, Umicore catalyst powder was 
chosen (ELYST PT200390). For the ink synthesis, the powder and the 
solvent/ionomer mixture were combined with an I/C ratio of 0.8 with 
a final ink composition of 6.4 wt% catalyst, 4.4 wt% ionomer, 42.5 wt% 
water, and 46.5 wt% 1-propanol. The ink was dispersed in a ball mill for 
2 h at 3000 rpm, followed by coating on a polytetrafluoroethylene sheet 
using a blade coater (TQC) with an applicator by Zehntner. The final 
CCMs were assembled by hot pressing both catalyst decals on an 
8  µm membrane (Gore) at 150 °C in a roll-laminator. The loadings 
were estimated by weighing and found to be 0.05 ± 0.01  mg cm−2 on 
the anode and 0.13 ± 0.01 mg cm−2 on the cathode for all samples. For 
the MEA assembly, a gas diffusion layer (GDL) was placed on both 
electrodes (anode: AVCarb GDS3250, cathode: AVCarb MB30).

MEA Electrochemical Analysis: The MEA full cells were evaluated in 
a Baltic FuelCells quickConnect® cell holder with graphite serpentine 
channel flow fields. The characterization procedure was carried out 
independently on two control samples and three graphene-Pt/C 
composite samples using FuelCon Evaluator C10 test benches. In the 
first step, the MEA full cells were conditioned by 120 cycles between  
1.3 A cm−2 and an air starve (0 V) for 60 and 45 s, respectively. Polarization 
data was measured at 80 °C, RH = 70%/70% (anode/cathode), lambda =  
1.3/1.8, and outlet pressures of 2.2/2 bara, for anode/cathode, 
respectively. CVs of the cathode were measured at 80 °C between 0.07 
and 0.9 V with a scan rate of 50 mV s−1 and ambient pressure in H2/N2 
(N2 flow on the cathode was stopped during measurement). It should 
be noted that the previous work reported a strong correlation between 
H2/N2 potential cycling stress and real-drive cycle conditions.[16a] 
Moreover, this work revealed that oxygen partial pressure does not have 
a significant impact on the stress test, which indicates that our H2/N2  
stress test is a suitable proxy for practical operating conditions.[16] 
The ECSA was estimated from the desorption peak of the CVs using a 
constant charge of 210 µC/cm2

Pt. The plotted CV data were corrected 
for the hydrogen gas crossover. The ohmic resistance was estimated 
from the x-axis intercept in the electrochemical impedance Nyquist plot 
measured in the range of 100  kHz to 100  Hz at each current density. 
The voltage cycling tests were carried out under H2/N2 (anode/cathode) 
at atmospheric conditions, 80 °C, 100% RH. The potential was cycled 
between 0.6 and 1.0  V in a square wave with holding times of 2  s at 
each potential. For all MEA experiments, a cycle count of 6000 cycles 
was chosen. CVs were measured every 1500 cycles.

Density Functional Theory Calculations: DFT calculations were carried 
out using the opt-type Perdew—Burke–Ernzerhof (optPBE) formulation 
of the generalized gradient approximation (GGA) with the projected 
augmented wave (PAW) method, as implemented in the Vienna ab initio 
Simulation Package (VASP).[27] A plane-wave basis set cutoff energy of 
520 eV was used in all calculations. More details on the atomistic DFT 
calculations are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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