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ABSTRACT: The structural characteristics of supports, such as
surface area and type of porosity, affect the deposition of
electrocatalysts and greatly influence their electrochemical perform-
ance in fuel cells. In this work, we use a series of high surface area
hierarchical porous carbons (HPCs) with defined mesoporosity as
model supports to study the deposition mechanism of Pt

Q Supporting Information

e
-
—

[l Metrics & More ’

Conductive HPCs

Silica NPs-Sucrose dispersion

i3 = Freeze drying
. # Etching
Calcinations

i
©
g
<

=4

nanoparticles. The resulting electrocatalysts are characterized by - o =
several analytical techniques, and their electrochemical performance .G . -

is compared to a state-of-the-art, commercial Pt/C system. Despite . ’ W
the similar chemical composition and surface area of the supports, as ;;}%;l $I0, | +H,0 —puecan
well as similar amounts of Pt precursor used, the size of the deposited ~ surcose E —Emzsé“cm
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Pt nanoparticles varies, and it is inversely proportional to the
mesopore size of the system. In addition, we show that an increase in
the size of the catalyst particles can increase the specific activity of
the oxygen reduction reaction. We also report on our efforts to improve the overall performance of the above electrocatalyst systems
and show that increasing the electronic conductivity of the carbon support by the addition of highly conductive graphene sheets
improves the overall performance of an alkaline fuel cell.
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B INTRODUCTION

The impact on climate from the use of fossil fuels has driven
researchers to explore more environmentally friendly energy
resources. Fuel cells have emerged as a sustainable approach
for energy conversion applications in transportation, dlStrlb-

Carbon black, e.g. Vulcan carbon, is one of the most widely
used carbon supports in fuel cells due to its ease of fabrication,
electrical conductivity, and surface area.n>8710 Despite the
beneficial properties of Vulcan, its microporosity (47% of
micropores with a pore size less than 2 nm in diameter) limits

uted heat and power generation, and energy storage systems."

Electrocatalysts represent a critical component of fuel cells. As
such they need to realize specific design criteria, including
chemical and physical stability, high electronic conductivity,
and specific structural characteristics that include high surface
area and porosity.”* While the high surface area of supports
enables the homogeneous deposition of electrocatalyst
particles,” the type of porosity also influences the overall
performance by controlling the mass-transport properties, such
as gas transport to the reactive sites, and ion transport within
the ionomer network.” Studies have shown that internal
porosity contributes to the homogeneous distribution of the
catalyst particles and protects the nanoparticles from ionomer
adsorption, which lowers their activity.” In addition, the
retention of electrochemically active surface area (ECSA)
tends to improve with increasing porosity of the support.”
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fuel cell performance because the pores are not easily
accessible by the electrolyte.'""'> Mesoporous carbons on the
other hand when used as supports of Pt catalysts for direct
methanol fuel cells (DMFC) showed improved performance
compared with microporous carbons. The results were
attributed to enhanced diffusion of reactants through the
mesoporous network.”'” Similarly, mesopores (2—50 nm) in
carbon supports such as Ketjen black not only shield catalytic
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Scheme 1. Schematic of HPC Synthesis Showing the Various Steps Involved
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nanoparticles from the ionomer but also protect against
particle migration and coalescence.” Finally, the presence of
macropores in the support facilitates gas diffusion and it is
beneficial to the overall performance.'*

In this context, hierarchical porous carbons (HPCs) are
attractive model systems for investigating the impact of
structural characteristics on electrochemical performance, due
to the combination of high surface area with the ability to
control both the type, as well as the size of porosity. Because of
this combination, HPCs have been suggested as materials of
choice for energy storage-related applications such as super-
capacitors and electrodes for lithium batteries.">~"*

In this paper, we study a series of HPCs with high surface
area and well-defined mesoporosity as catalyst supports for
alkaline fuel cells. The latter are gaining considerable
momentum as an alternative to acidic polymer electrolyte
membrane fuel cells because of their ability to use non-
precious metal catalysts.” We explore how the structural and
morphological characteristics of HPCs affect the deposition of
the Pt nanoparticles and the overall performance of the
resulting electrocatalysts. More specifically, we focus on how
the mesoporosity influences the size and size distribution of Pt
particles and correlate these results to their ECSA and ORR
activity. By using a well-established protocol developed
previously in our group that enables the controlled synthesis
of HPCs with tunable and well-defined mesoporosity, we
synthesized a series of model HPCs (Scheme 1), investigated
their effect on catalyst nanoparticle deposition, and studied
their electrocatalytic performance. The performance of the
electrocatalysts is compared with state-of-the-art electro-
catalysts based on a microporous commercial carbon
(TEC10ESOE) that is widely used in fuel cell systems.

Since a common strategy for improving the performance of
an electrocatalyst is to increase its electronic conductivity, we
have also synthesized an HPC containing graphene (referred
to as HPC-GN) by adding graphene nanoplatelets during the
synthesis. As previously reported, carbon composites contain-
ing graphene, graphene oxide, and carbon nanotubes exhibit
higher electrocatalytic activity.'”~>* Following Pt deposition,
the HPC-GN hybrid was characterized and its performance
was evaluated and compared to the other systems. Altogether,
this work represents a systematic study of exploring how

chemical, structural, and morphological features affect the
mechanism of catalyst deposition and provides further insights
into the performance of these systems as electrocatalysts in
alkaline membrane fuel cells.

B EXPERIMENTAL SECTION

Synthesis of HPCs. HPCs were fabricated by an ice-templating
method developed previously.'*™'® A second thermal annealin§ step
was also performed to increase their electrical conductivity.”** The
ice-templating method was used to produce HPCs with different
mesopore sizes ranging from 4 to 20 nm. For convenience, HPCs
synthesized as described below are denoted as HPC-xx, where x
represents the average colloidal silica nanoparticle size (nm) used as a
template. Scheme 1 describes the synthesis steps used. In brief,
sucrose (Sigma-Aldrich) and the appropriate silica nanoparticle
colloidal dispersion (4 nm: 15 wt % — Alfa Aesar; 12 nm: LUDOX
HS-30, 30 wt % — Sigma Aldrich; and 20 nm: 40 wt % — Alfa Aesar)
are mixed in a 1:1 weight ratio. The resulting dispersion was freeze-
dried and then calcined at 1000 °C for 3 h under nitrogen flow. An
etching step using 3 M NaOH was followed to remove the silica
template. A post thermal treatment at 900 °C for 30 min under
nitrogen flow was used following the removal of silica to increase the
electrical conductivity of the samples. The HPC graphene hybrid
system, denoted as HPC-GN, was prepared by adding graphene
nanoplatelets (GN), (Sigma-Aldrich) to the initial sucrose/silica
nanoparticle mixture (using 12 nm silica particles as template) and
keeping the sucrose/GN ratio as 60/40 wt %. After the GN addition,
the same procedure was followed as described above for the other
samples.

Preparation of HPC-Supported Pt Electrocatalysts. For the
deposition of the Pt catalyst onto the HPC supports, a modified wet
impregnation method was followed. Briefly, the support was
immersed into a solution of the metal precursor and the mixture
was freeze-dried. Specifically, to achieve a Pt loading of ~40 wt % in
the electrocatalyst, S mL of an 8 wt % chloroplatinic acid solution
(Sigma-Aldrich) was added to 250 mg of HPC dispersed in 10 mL DI
water, sonicated for 10 min, and immersed into liquid nitrogen until
solidified. A freeze dryer was used to sublime the ice crystals. The
mixture after freeze-drying was transferred to a crucible and heated at
225 °C (heating rate of 2 °C/min) under a constant flow using a
mixture of 6% H,/94% N, for 2 h.

Characterization Methods. Surface morphology, microstructure,
and chemical composition were investigated by scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
using a Zeiss Gemini 500 Scanning Electron Microscope with
operating voltages between 1 and S keV. Nitrogen adsorption
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Figure 1. SEM images of HPC-4 (a, d), HPC-12 (b, e), and HPC-20 (, f). The corresponding nitrogen adsorption isotherms (g) and BJH-derived

pore size distributions (h) for HPC-4, HPC-12, and HPC-20.

isotherms were acquired on Micromeritics ASAP 2460 analyzer at 77
K. Elemental composition and electronic structure were estimated
using powder samples on silicon substrates via energy-dispersive X-ray
spectroscopy using an Oxford Instruments Ultim Max detector, Zeiss
Gemini 500 Scanning Electron Microscope, (aperture: 30 um,
accelerating voltage: 10 kV). X-ray photoelectron spectroscopy
(XPS) was performed using an ESCA 2SR XPS operating at 10~
Torr. The samples in powder form were deposited on copper tape.
Survey spectra were collected at 200 eV and high resolution at S0 eV.
Thermogravimetric analysis (TGA) measurements were performed in
the air on a TA Instruments Q500 thermogravimetric analyzer using a
heating rate of 5 °C/min. Electrical conductivity was measured using
a custom made 4-probe setup as described elsewhere.'® Scanning
transmission electron microscopy (STEM) images were obtained on a
FEI Tecnai F-20 S/TEM with a Schottky field emission gun at 200
kV. The samples in powder form were dispersed in ethanol, drop-
casted onto lacey carbon TEM grids, and air-dried. AFM measure-
ments were conducted in peak force quantitative nanomechanical
mapping on a Multimode 8, Nanoscope 6 (Bruker), using scanasyst-
air probes (Bruker). The prepared inks were deposited onto silicon
wafers (p-type Si, single side polished, purchased from Pure Wafer) by
drop casting. The deflection sensitivity of the photodetector was
calibrated by acquiring approach-retract curves on a sapphire sample
and the spring constant of the cantilever was calibrated using the
thermal tuning method.

Electrochemical Characterization. Electrode preparation — thin
film electrodes of ~40% Pt loaded HPC-4, HPC-12, HPC-20, and
HPC/GN were prepared by drop-casting a suspension 10 uL of an
ink containing 20 mg of Pt/HPC in 4.1 mL of n-propanol on a S mm
diameter glassy carbon rotating disk electrode (RDE) and allowed to
dry. To improve the film quality, 114 L of 2 wt. % alkaline ionomer
QAPPT (quaternary ammonium poly(N-methyl-piperidine-co-p-ter-
phenyl) in DSMO was added. To ensure homogeneity, the
suspension was tip-sonicated in an ice bath for 30 min. The glassy

carbon RDE was polished with 0.05 ym alumina suspension and bath
sonicated three times in nanopure water. The electrodes contained 0.1
mg Pt/cm’ Prior to testing, the films were visually inspected for
defects.>

Cell preparation — prior to electrochemical measurements, all
glassware and electrodes were cleaned well to remove cationic,
anionic, and organic impurities. The glass cell was boiled in 1 M nitric
acid, rinsed, followed by triple boiling in nanopure water, and finally
rinsed 8 times with nanopure water. The cleanliness of the cell was
veriiéied by comparing it to previously acquired data on polycrystalline
pt.

RDE measurements — electrochemical measurements were taken
with a SP300 Biologic potentiostat in a glass (Pine Instruments) cell.
First, a 0.1 M KOH (99.99% purity, Sigma-Aldrich) electrolyte was
prepared. Next, the working electrode was mounted onto a Pine
Instruments rotator and immersed into the electrolyte. An Ag/AgCl
reference electrode (saturated KCl) and Pt wire counter electrode
were used. The Ag/AgCl electrode was calibrated against the
reversible hydrogen electrode (RHE) in a H,-saturated 0.1 M KOH
solution by measuring HOR/HER currents at a Pt RDE.

The Pt/HPC film was activated by cycling between 0 and 1.2 V vs
RHE for 40 cycles at 200 mV/s. The electrochemical surface area
(ECSA) was determined by hydrogen adsorption. A blank cyclic
voltammetry (CV) (Ar-saturated) from 0.08 to 1.12 V vs RHE at §
mV/s was taken. The activity of the Pt/HPC toward oxygen
reduction reaction (ORR) was measured in O,-saturated 0.1 M KOH,
from 0.08 to 1.12 V vs RHE at 5 mV/s and 1600 rpm. The method
was repeated for the commercial product Pt/C (TECI10ESOE)
supplied by Tanaka Kikinzoku (TKK).

Membrane electrode assembly (MEA) preparation and measure-
ments — For MEA testing, 7.5 mg of the electrocatalyst sample was
placed in a glass and 1.5 mL of n-propanol was added followed by 75
uL of 2 wt % solution of QAPPT ionomer in DMSO. The mixture
was sonicated for ~10 min with occasional shaking to form a uniform
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suspension. This mixture was used as the catalyst ink for the anode.
The cathode ink was made by using the same process but with 6 mg
of 60 wt % Pt/C purchased from the fuel cell store and the same
amount of propanol and ionomer. The catalyst inks were sprayed onto
a membrane of QAPPT using an airbrush. The airbrush was rastered
over a 1.5 cm X 1.5 cm square using a modified 3D printer until all
the ink was sprayed onto the membrane. This process resulted in
~0.95 mg Pt/cm? on the anode and ~1.15 mg Pt/cm? on the cathode
after accounting for mass losses during the spraying. Once both sides
of the membrane were sprayed, it was soaked in 0.1 M KOH
overnight (~16 h) at 70 ° C then soaked in deionized (DI) water for
1 min before being placed into the fuel cell. The fuel cell was
purchased from Scribner Associates Inc. and Sigracet 28 BC carbon
paper was used as the gas diffusion electrodes. The cell and inlet gases
were heated to 80 °C and the system had a relative humidity of 100%.
A break-in process was performed by increasing the current in steps,
starting with 5 mA and then increasing the current steps by ~8% of
the total current until the maximum step size of 30 mA was reached.
Then a step size of 30 mA was used until the cell voltage dropped to
0.3 V. 50 mA step sizes were used to scan back to the open circuit. A
final, fast scan was then recorded with step sizes starting at S mA and
increasing by ~15% of the total current until reaching the maximum
step size of S0 mA.

B RESULTS AND DISCUSSION

Structural and Chemical Characterization of HPCs
and Pt/HPCs and Effect on Conductivity. HPC-4, HPC-
12, and HPC-20 were synthesized as reported previously'> ™"
except an extra thermal treatment step was performed to
increase the electrical conductivity of the HPC supports.”* The
additional thermal treatment does not alter the porosity or the
structural characteristics of the materials, as confirmed by SEM
and nitrogen porosimetry (Figure S1).”” However, this extra
thermal treatment does affect the chemical composition of the
samples, as shown by both XPS and EDS. As the XPS and EDS
spectra (Figure S2) show, the oxygen content is decreased by
about 50% after the second thermal treatment for all samples.
This difference seems consistent for both the surface
(determined by XPS), as well as the bulk chemical
composition, as shown by EDS. The change in the chemical
composition is attributed to the removal of oxygen-containing
groups during the second pyrolysis, which eventually leads to
an increase in the conductivity of the samples as summarized in
Table S1. In all cases, an almost two-fold increase in electronic
conductivity is observed with values increasing from 2—5 to 6—
9 S/cm after the heat treatment with the graphene-containing
sample reaching a value of 32 S/cm (see below).

As the SEM images show (Figure la—c), all HPCs possess
distinct macropores ranging in size from 2 to 4 um. In
addition, they show (Figure 1d—f) an extensive network of
mesopores with a pore size corresponding to the size of the
silica nanoparticles used as the hard template (recall HPC-4,
HPC-12, and HPC-20 refer to samples synthesized using silica
particles with a diameter of 4, 12, and 20 nm as a template,
respectively) validating the high fidelity of the templating
process. Consistent with these features, the N, isotherms for
HPC-12 and HPC-20 (Figure 1g) are type IV with a type H1
hysteresis loop consistent with well-defined pores.”® For HPC-
4, the hysteresis loop shows a two-step desorption process,
which is consistent with the presence of two kinds of
mesopores with different diameters (or a potentially partially
plugged system).”” All HPCs show high specific areas in excess
of 1000 m*/g (Table S2). The mesopore size and distribution,
as well as the total pore volume of the samples, were
determined from the adsorption part of the isotherms using the

Barrett—Joyner—Halenda (BJH) model. HPC-4 shows a
bimodal distribution of pores with the majority centered
around 4 nm and a small fraction with a size of 12 nm
consistent with the shape of the adsorption isotherm (vide
supra). While HPC-12 and HPC-20 show a monomodal pore
size distribution the breadth of the peak suggests a broader size
distribution. Compared to HPCs, HPC-GN has a lower surface
area (~420 m?/g) with well-defined mesopores centered
around 12 nm and as with the other samples consistent with
the size of the silica nanoparticles used as a template (Figure
S3a,b). Despite the lower surface area, the conductivity of this
sample is higher compared to the materials without GN, with
the conductivity reaching 32 S/cm after the second thermal
treatment as mentioned earlier.

Next electrocatalysts were prepared based on the above
supports using a wet impregnation method. The loading of the
catalyst was verified by TGA, while EDS and XPS were also
employed not only to confirm the weight percentage of Pt on
the support but also to characterize the elemental composition
of all samples. As shown in Figure S4, the Pt loading of all
samples were similar (40 + 3 wt %) and comparable to the
commercially available electrocatalyst (Pt loading 45 + 2.5 wt
%). Moreover, all samples were more or less similar in terms of
their overall chemical composition and comparable to the
commercial Pt/C sample with carbon and oxygen content
ranging from 89—92% to 4—6%, respectively.

Following the Pt deposition and before electrochemical
testing all samples were characterized fully to determine
possible changes caused by the impregnation process. Table S3
shows the BET surface area and pore volume of the HPCs after
the Pt deposition, as determined by nitrogen adsorption. For
Pt/HPCs, the surface area and pore volume of all sample
decreases to about half of their initial value after Pt deposition.
For example, the surface area of HPC after Pt deposition (Pt/
HPC-4) decreases from 1390 to 670 m?/g. The corresponding
mesopore volume before and after Pt deposition is 2.27 and
1.08 cm?®/g, respectively. Tables S2 and S3 summarize the
results for all samples. Nevertheless, the surface area of all
samples is still higher than that of the state-of the-art
commercial Pt/C used as a control. In addition, mesopores
are the major contributors of porosity in all the HPCs with
microporosity being only a very small fraction (Tables S2 and
S3). The surface area of the commercial sample (Pt/C) is
~400 m?>/g and it is due mostly to micropores (Table S3).
Therefore, the HPCs differ from the commercial control
sample in terms of both the size of the surface area, as well as
the type of porosity present. The adsorption isotherms suggest
that all the HPC systems retain their mesoporous nature
(Figure SSa) after Pt deposition. The pore volume decreased
after Pt deposition but the mesopore size and size distribution
were not affected (Figures SSb and S6). For comparison, the
surface area of the HPC-GN hybrid, after Pt impregnation,
decreased to 220 m?/ g while it retained a significant amount of
mesoporosity (Figure S7), similar to the Pt/HPC systems
discussed above.

Study of Pt Catalytic Particles. The size and size
distribution of the catalytic nanoparticles deposited on the
surface of the support, along with the possible formation of
aggregates during operation, dramatically influences the overall
performance of an electrocatalyst’”’' with the specific
conditions of the impregnation step greatly affecting the
particle size of the final catalyst.”> Another important
parameter is the metal loading on the support, with increasing
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Whiskers are drawn within the 1.5 interquartile range. Empty circles depict outliers.
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Figure 3. Electrochemical characterization using rotating disk electrodes. (a) Cyclic voltammograms and (b) mass-specific activity, area-specific
activity, and electrochemical surface area (from top to bottom) for Pt/HPC-4, Pt/HPC-12, Pt/HPC-20, Pt/HPC-GN, and Pt/C.

loading leading to larger particle sizes and shorter interparticle
distances, both of which affect catalytic activity.”> The
differences in the catalyst particle size, as well as its adhesion
on the support, are often attributed to the chemical nature, e.g,,
surface functional groups of the support that are present prior
to the catalyst loading. In addition to the available surface area,
the density of functional groups on the surface controls the
nucleation of catalyst particles, preventing agglomeration and
resulting in particles of smaller size and narrow size
distribution.”*

The size and size distribution of the Pt nanoparticles on
various supports was determined from high-angle annular dark
field scanning transmission electron microscope (HAADF-
STEM) images using a detailed statistical analysis (Table S4).
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As shown in Figure 2, the mean size of Pt on HPC-4, HPC-12,
and HPC-20 is 4.7, 3.9, and 1.6 nm, respectively. Interestingly,
the smaller the pore size of the carbon support the larger the
size of the deposited Pt nanoparticles. Pt/HPC-4 and Pt/HPC-
12 show a similar size distribution. Pt/HPC-20 exhibits a
narrower size range relative to all other systems (ie., the Pt
nanoparticles are much more uniform compared to the rest).
We note that the size of the Pt/HPC-20 is smaller and more
uniform compared to the commercial Pt/C sample.

As noted above, the size of the deposited nanoparticles is
influenced by the structural/morphological and chemical
characteristics of the support. The three supports used
(HPC-4, HPC-12, and HPC-20) exhibit comparable surface
areas and pore volumes but different pore sizes. EDS and XPS
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Figure 4. AFM adhesion force maps for electrodes prepared using (a) Pt/HPC-4, (b) Pt/HPC-12, (c) Pt/HPC-20, (d) Pt/HPC-GN, and (e) Pt/
C. The roughness values are summarized in a Table in (f). All electrodes were prepared by adding the same amount of QAPPT to the ink

containing the various electrocatalysts.

analysis also suggest somewhat similar chemical nature for the
three HPCs (Figure S2). In addition to the same chemical
composition obtained from the XPS survey spectra, the
deconvolution of the Cls spectra shows the presence of
similar chemical groups for all the supports. For example, the
percentage of C—C (sp*) and C=C (sp®) groups is around
67% while those of oxygen containing groups (C—0O, C=0
and O—C=0) is ~28%. Finally, Raman spectroscopy shows
similar spectra with an Ip/I; ratio of about 1. Since the
deposition process and the amount of catalyst precursor used
are also similar for all HPC samples, what is the reason for the
different Pt nanoparticle size?

Based on the size of the precursor used, access to the pores
of the support is not expected to be an issue.”” The observed
trend in our system (larger pores lead to smaller Pt catalyst
sizes) is contrary to previous reports, where the size of the
particles scales with the size of the pores. We suggest that the
particle growth is controlled by the mesoporous network as
reported previously for mesoporous carbons.”” In addition,
preliminary measurements using a series of liquids suggest that
HPC-4 and HPC-12 possess similar hydrophilicity but HPC-
20 is more hydrophobic. Recall that the size and size
distribution of Pt deposited on HPC-20 is much smaller
compared to HPC-4 and HPC-12. These differences in
hydrophilicity/hydrophobicity (i.e., surface and interfacial
surface energies) of the support might be responsible for the
observed size differences. Further experiments are in progress,
and we plan to communicate all findings in a follow up
publication.

Interestingly, the use of HPC-GN decreases the particle size
of the catalyst. As shown in Figure 2d, the mean size of Pt
particles for Pt/HPC-GN is 2.5 nm, comparable to the catalyst
particle size of commercial Pt/C and lower than that of Pt/
HPC-12, which has a similar pore size. Again, we note that the
smaller size and size distribution is consistent with a more
hydrophobic nature of the HPC-GN sample.

Electrochemical Activity of Pt/HPC Catalysts. The
ECSA of all Pt systems was determined by the hydrogen
adsorption method.” First, a CV is performed in an Ar-
saturated 0.1 M KOH solution and the results are shown in
Figure 3a. Then, the negative going potential scan is integrated
from 0.4 to 0.075 V vs RHE, after correcting for double layer
capacitance. The result is the charge of hydrogen adsorption,
Qu-adsorptions 10 €q 1, where Ly, is the loading of Pt on the glassy
carbon electrode (mgp,), and 210 uC cmjp? is the charge of
hydrogen adsorption on polycrystalline Pt.”> The ECSA plots
in Figure 3b are normalized to Pt loading, as calculated using
eq 1.

QH—adsorption(C) 105

ECSA,(m%g)) = =
P Epr 210 pC cmpt2 LPt(mgPt ) (1)

The variation of ECSA among the Pt/HPC samples is linked
directly to the Pt particles and to their size. Previous reports
have suggested that ECSA is inversely proportional to the
catalyst particle size.”> The ECSA for Pt/HPC-4 and Pt-HPC-
12 are comparable (53.7 and 55.4 m?,,/gp, respectively). The
mean sizes of the catalyst particles for these samples are also
comparable (4.7 + 2.7 and 3.9 nm # 2.7, respectively).
However, for Pt/HPC-20, where the mean size of the Pt
catalyst particles is 1.6 nm + 0.8, the ECSA is 37.4m*,,/gp,
significantly lower compared to the other supports. A possible
explanation for the lower value might be the instability of the
Pt nanoparticles when their size is smaller than 2 nm.”" For
example, studies of Pt on hollow graphitic spheres, showed that
small catalytic particles do not retain their initial ECSA and
degrade rapidly.36 Comparing the Pt/HPC-GN, where the size
of the catalyst particles is around 2.5 + 1.5 nm, similar to the
commercial Pt/C, the two systems show significantly different
ECSA values (32.3 and 60 m’p/gp, respectively). The
differences in these two systems might be related to the
different types of pores present (i.e., mesopores for the Pt/
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Figure S. Membrane electrode assembly, MEA, results in an alkaline fuel cell: (a) power and current density for Pt/HPC-12 and Pt/HPC-GN and

(b) MEA conductivity.

HPC-GN and micropores for the commercial Pt/C), as well as
the differences in the film roughness measured by AFM (see
below).

There is a current debate regarding the effect of Pt particle
size on the ORR activity. For example, Yano et al. studied the
ORR of Pt supported on carbons with particle sizes ranging
from 1 to 5 nm and found no particle size dependence on the
ORR activity.”” On the other hand, there have also been
reports showing a direct correlation of ORR activity with
catalyst size with lar§er catalytic particles showing higher
specific ORR activity.””*® The optimum size for the maximum
of mass activity ranges between 3 and S nm with the ideal size
being around 4 nm.” Moreover, there are reports showing that
an increase in particle size can result in stron%er adsorption of
oxygenated species and thus improved ORR.”

The ORR activities were compared in a 0.1 M KOH O,-
saturated electrolyte by using a RDE at 1600 RPM. The blank
CV in Ar was subtracted from the ORR current to remove
artifacts of hydrogen adsorption and Pt oxidation. The kinetic
current at 0.9 V vs RHE was normalized to ECSA and Pt
loading (Figure 3) and the kinetically limited current I, was
calculated using eq 2:

Ik(A) — Ilim(A) X I(A) (2)

The mass activity for HPC-4, HPC-12, and HPC-20
decreases from 0.196 + 0.022 to 0.175 + 0.005 to 0.044 +
0.011A/mgp,. In other words, the activity decreases as the Pt
catalyst size decreases, consistent with the view that an increase
in the Pt particle size can be beneficial for ORR catalysis. The
specific activity for Pt/HPC-GN was lower (0.082 + 0.012 A/
mgp,), even though the higher conductivity of that support was
expected to lead to higher values. We hypothesize that other
features of the electrode including the uniformity and
roughness of the film could also affect the RDE results.

To that end, we used atomic force microscopy (AFM) to
characterize the films after deposition. In addition to
roughness, AFM can provide information about the uniformity
and distribution of the different components including the
ionomer.>” As Figure 4 shows, the films do not appear uniform
with respect to the distribution of the ionomer (purple color

]jm_I
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phase) despite the similar fabrication process and amount of
material used. We note that Pt/HPC-4 is more similar in
morphology with the commercial Pt/C catalyst. The roughness
of Pt/HPC-GN is consistently higher than that of the other
HPC-based catalyst systems, potentially affecting its perform-
ance.”” It is also possible that the performance of electro-
catalysts based on HPC-4, HPC-12, and HPC-20 is affected by
the differences in the distribution of the ionomer in the films.
While all films contain the same amount of ionomer (~10 wt
%), the film based on HPC-4 shows larger carbon domains and
surface enrichment of the ionomer. Both the size of the
domains and the ionomer concentration on the surface
decrease as we consider films based on HPC-12 and HPC-
20 (Figure 4).

MEAs were fabricated and tested in an alkaline polymer fuel
cell to determine the performance of these systems under more
realistic conditions. Even though RDE studies are useful for
quantifying the activity of a catalyst, they are limited in that
they do not capture all aspects of the catalyst’s performance.
For example, one such issue is the conductivity of the support,
since very thin films of catalysts are typically used in RDE
experiments minimizing the effect of electrode resistance. In
addition to resistance, mass transport may affect the MEA
performance.40 Consistent with the above, the Pt/HPC-GN
system outperformed the Pt/HPC-12 sample in fuel cell
testing. In the fuel cell, the catalyst/support layer is much
thicker, and HPC systems with lower conductivity thus exhibit
higher series resistance. Both the activity and power density are
higher for the more conductive system. The Pt/HPC-GN
sample shows a peak power density of 0.28 W/cm? at a current
density of about 630 mA/ cm® and a maximum current density
of 770 mA/ cm® The corresponding values for the HPC
without graphene are 0.23 W/cm” at 520 mA/ cm® and a
maximum current density of 695 mA/cm® (Figure Sa).
Consistent with the above, the Pt/HPC-GN systems show
lower high frequency resistance compared to the Pt/HPC-12
(Figure Sb).

B CONCLUSIONS

Using a series of model supports based on HPCs, we show that
the size of the pores plays a dominant role and controls the
growth of the catalyst particles and, thus, their electrochemical
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performance. An inverse relation between pore diameter and
the size and size distribution of the deposited catalyst was
observed in the Pt/HPC systems with similar catalyst loading.
RDE experiments showed that larger particles had higher
specific ECSA and ORR activity. In addition, the HPC
supports with larger particle sizes showed similar activity with
the commercial Pt/C system although the particle size of the
catalyst differs. Furthermore, while the ORR activity of the
graphene containing HPC was lower compared to an HPC of
similar pore size the MEA performance of the former in terms
of current and power density is better because of its much
higher conductivity. The study using these model support
systems provides new insights and the new mechanistic
understanding might pave the way for performance improve-
ments in practical fuel-cell applications.
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