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ABSTRACT

Proton-exchange membrane fuel cells (PEMFCs) are considered to be one of the most promising clean
technologies to mitigate climate change, air pollution, and energy crisis. Although PEMFCs have been
intensively investigated over the past five decades, the relatively low current density, high cost, and poor
durability remain as obstacles to full commercialization. In this study, we present the development and
the application of a porosity-tunable carbon aerogel (CA) as an alternative to the carbon support in the
PEMEFC to overcome its technical barriers. CA demonstrates highly tunable mesopore volume and surface
area. The N, isotherm with non-localized density functional theory analysis shows the optimized CA had
extremely high mesopore volume, which was 4.26 times larger than the traditional carbon support (i.e.,
Vulcan XC-72R). Transmission electron microscopy shows a better catalyst (i.e., platinum nanoparticles)
distribution on the CA support. This even distribution of platinum nanoparticles significantly enhances
the catalyst utilization of the electrodes in our cyclic voltammetry analysis. It also contributes up to a
713% higher specific power density in our fuel cell testing. The standard accelerated stress tests exhibit
that CA has excellent durability compared with the conventional carbon support. Thus, the mesoporous
CA provides an efficient and durable alternative to existing carbon material as a catalyst support in
PEMEFCs.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

technologies, for example, wind and solar energy, have been
intensively investigated in hopes of replacing gasoline to mitigate

More than 1 billion gasoline cars worldwide emit 1.4 billion
metric tons of greenhouse gases per year and are among the largest
contributors to the growing global warming crisis, posing a chal-
lenging issue in sustainable development [1]. Furthermore,
gasoline-based transportation accounts for 30% of PM; 5 pollution
and 2.38 million tons per year of airborne volatile organic com-
pounds in the US. These pollutants not only bring environmental
problems such as reduced visibility and decreased ecosystem
biodiversity but also impose adverse health effects to the public
[2,3]. Thus, it is a critical issue to find a sustainable alternative to
reduce greenhouse gas emissions. In the past decades, many clean
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its environmental and public health stress [4,5]. Proton-exchange
membrane fuel cells (PEMFCs) have attracted significant attention
as a promising clean energy source owing to its zero greenhouse
gas emission, high energy efficiency, and low operating tempera-
ture [6—38]. In the past decades, many PEMFC research efforts have
been focused on catalyst development to increase its catalytic
performance. However, the poor catalyst utilization in the catalyst
layer and low durability still restrict further PEMFC performance
improvements and thus limits its commercialization potential and
availability in the consumer market [9—11].

The drawbacks of poor catalyst utilization and low durability are
highly associated with the catalyst support in the PEMFC. The most
commonly used and investigated catalyst supports in the PEMFC
include carbon black (CB) [12—15], carbon nanotubes [16—20], and
graphene [21—24]. CB, in particular, is a widely used catalyst sup-
port owing to its cheap cost of production and wide availability.
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However, its high micropore volume, aggregated mechanical
structure, and low conductivity all contribute to poor performance
in the PEMFC by limiting the diffusion of reactants and products
[25]. Other varieties of carbon support materials such as carbon
nanotubes and graphene-based aerogels have stronger mechanical
durability but are not suitable for commercialization owing to their
high manufacturing costs and difficulty in catalyst impregnation
[26,27].

Oxygen transport resistance at the catalyst surface has been
identified as the primary contributor to poor catalyst utilization
[28,29]. It is caused by poor catalyst distribution and constrictive
pore structures in the catalyst support [28,30,31]. Poor catalyst
distribution results in low electrochemical surface area (ECSA)
and high oxygen transport resistance as it is inversely propor-
tional to the catalyst surface area [28]. The ECSA is a routine
descriptor of the active surface area that is electrochemically
accessible in fuel cells. It is usually determined by cyclic vol-
tammetry (CV) analysis. The procedure involves cycling the
electrode of interest over a voltage range wherein charge transfer
reactions are adsorption limited at the activation sites, that is, the
electrode potential is such that the number of reactive surface
sites can be obtained by recording the total charge required for
monolayer adsorption/desorption. The ECSA of the Pt catalyst is
calculated using the following equation:

Qpt
ECSA = ™I
where Qp is the charge density (C/cm?) of the electrode from CV
experimental data, I' is the charge needed for reducing a monolayer
of protons on Pt and equals to 210 uC/cm? for Pt, and L is the Pt mass
loaded on a working electrode in the unit of g/cm?. Therefore,
improving fuel cell performance is contingent on maintaining a
high ECSA per catalyst mass. In addition, poor fuel cell durability
and performance can be attributed to both detachment of catalyst
particles from the carbon support and catalyst coarsening due to
particle coalescence, which is a result of catalyst particle reshaping
on the catalyst support [32]. Both issues can be mitigated by
improving the structural properties of the catalyst support, which
are explored far less than catalyst materials [33].

Tuning the porosity of the catalyst support can directly change
the ECSA and, thus, the oxygen transport resistance. Kumaraguru
[34] suggested that mesopores play a significant role in reducing
proton and oxygen transportation resistance. It was found that
micropore volume was correlated with oxygen transport resistance,
and macropore volume was correlated with proton transport
resistance. Thus, the mesopore volume of the catalyst support plays
a critical role in determining the reactant flow and general per-
formance of the PEMFC. Xu and Zhao [35] found that the mesopore
structure also improves the distribution of platinum nanoparticles
in the pores and the overall surface. In this work, we aim to design,
develop, and optimize the porosity of carbon aerogel (CA) to in-
crease the overall performance of the catalyst support in the PEMFC
by increasing the ECSA, promoting an even Pt nanoparticle distri-
bution over the catalyst support surface, enhancing catalyst utili-
zation, and raising durability of the electrode. The porosity of the
CA can be tuned by changing the resorcinol/catalyst (R/C) ratio in
the CA preparation process [36].

We first introduce a CA synthesis by solgel polymerization of
resorcinol and formaldehyde and then describe the deposition of
platinum nanoparticles onto the CA through the sodium borohy-
dride reduction method [33,37]. The porosity and pore size distri-
bution (PSD) of the developed materials are characterized by non-
localized density functional theory (NLDFT). The platinum distri-
bution and catalyst particle size are characterized by transmission
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electron microscopy (TEM). Then, CA is evaluated by comparing its
performance to one of the most widely used CB materials, Vulcan
XC-72R, which has good compromise between its adequate surface
area and electric conductivity. Both CV testing and fuel cell testing
were carried out. Accelerated stress tests (ASTs) following the
DOE2020 protocol were also conducted to demonstrate its dura-
bility as the catalyst support.

2. Materials and methods
2.1. Materials

All chemicals were analytically pure and used as received
without further purification. Chemicals for CA synthesis included
resorcinol, sodium carbonate, formaldehyde solution (37% wt so-
lution), and acetone (>99.5% purity). All of them were obtained
from Sigma-Aldrich (St. Louis, MO). Materials used for platinum
impregnation on CA included chloroplatinic acid hexahydrate
(H2PtClg  6H20) and sodium borohydride (NaBHg4) (99% purity),
which were also obtained from Sigma-Aldrich (St. Louis, MO).
Nafion® HP, Nafion® ionomer solution (15 wt%), Sigracet 29 BC
carbon paper, and the CB Vulcan XC-72R from Cabot Corp. (Boston,
MA) were used for electrode preparation and were from Fuel Cell
Store (Austin, TX). H, (prepurified, 99.99%), O, (zero-grade, 99.8%),
N, (zero-grade, 99.998%), and air (dry, 20—22% O,) were purchased
from Airgas Inc. (Radnor, PA).

2.2. CA synthesis

The CA was synthesized in order of solgel polymerization,
solvent exchange, ambient drying, and carbonization. The process
was sketched in Fig. 1. To produce CAs with R/C ratios of 100,
200, and 300, we prepared 1.54 g, 3.08 g, and 4.62 g of resorcinol
(R), respectively. Each was separately prepared using 0.016 g of
sodium carbonate (C) and dissolved in 50.4 mL of deionized
water (DI water; W). The mixtures were magnetically stirred for
20 min at room temperature. A volume of 0.51 mL of 37% wt.
formaldehyde (F) solution was added to the mixtures and stirred
for an additional 5 min. The mixtures were heated in sealed
containers at 50 °C for 24 h and then at 85 °C for another 48 h.
The R-F gels were washed with excess amounts of acetone, sol-
vent exchanging every 24 h. The gels were then dried in a vac-
uum oven at 100 °C. The organic gels were then carbonized in a
Lindberg Blue M Tube Furnace. The R-F aerogels were loaded into
three ceramic boats. Each boat was carbonized at a 10 °C/min
temperature ramp rate to 800 °C, with a holding time of 2 h
under N, atmosphere. After pyrolysis, the furnace was allowed to
cool to 300 °C.

2.3. Catalyst impregnation of CA and CB

Fig. 1c shows the catalyst impregnation of CAs and CB. The CA
and CB were each grounded using an agate mortar to obtain fine
powders. One hundred milligrams of each carbon powder was
individually dispersed into 80 mL of DI water. The mixtures were
then stirred for 20 min and further sonicated for another 20 min.
A volume of 2.6 mL of 0.1 M H,PtClg was added to the solutions
drop by drop under continuous magnetic stirring. The mixtures
were sonicated additionally for 20 min. A stoichiometric excess of
0.6 M NaBH4 was dispersed dropwise as the reducing agent and
sonicated for 1 h. The solutions were finally filtered using a
Biichner funnel and washed 5 times with DI water. The desired
Pt/CA and Pt/CB powders were obtained after heating at 80 °C
overnight.
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b) Catalyst Powder Synthesis
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Fig. 1. (a) Synthesis of CA, (b) the Pt/catalyst (e.g., Pt/CA or Pt/CB) preparation, (c) application onto electrode, and (d) membrane electrode assembly (MEA) preparation. CA, carbon

aerogel; CB, carbon black.

2.4. Membrane electrode assembly preparation

Fig. 1d demonstrates membrane electrode assembly (MEA)
preparation. The homogenous catalyst inks were prepared by stir-
ring a mixture of catalyst powder, Nafion ionomer, and 2-propanol
at a mass ratio of 3:2:150. The ink was airbrushed onto the 5 cm?
Sigracet 29 BC carbon paper. The papers were placed onto a hot
plate to keep the surface temperature of the paper at 85 °C to
evaporate the excess liquid. Electrodes with the desired Pt loading
of 0.1 mg/cm? (30 wt%) were obtained for both the cathode and
anode. The MEA was prepared by hot pressing the carbon papers
with the 5 cm? Nafion 117 membrane under conditions of a pres-
sure of 4 MPa at 130 °C for 1 min.

2.5. Characterization

Both Fourier transform infrared (FTIR) and Raman spectroscopy
were used to collect the molecular fingerprint of CA and CB (see
Figs. ST and S2, respectively, in supplementary information). FTIR
spectra between 500 and 4000 cm~! were obtained on a Nicolet
6700 spectrometer. Raman spectra between 10 and 4000 cm™!
were obtained on a Renishaw InVia Raman spectrometer using
incident laser light at a wavelength of 514.5 nm. Nitrogen adsorp-
tion and desorption measurements were carried out using a gas
sorption analyzer (NOVAtouch LX?, Boynton Beach, FL). NLDFT was
used to model the pore distribution and surface areas. TEM images
with 50x magnification were obtained on a JEM 1400Flash (JEOL,
Peabody, MA). The TEM images were analyzed using Image] soft-
ware to analyze the different catalyst particle sizes in the observed
samples.

2.6. Evaluation of fuel cell performance and durability

The single-cell performance and durability were tested on a fuel
cell test station from Fuel Cell Technologies, Inc. using the prepared
MEAs. The polarization curves for the Hy/air fuel cell and the H,/O;
fuel cell were generated at both 60 °C and 80 °C under 100% relative
humidity (RH) and 150 kPa,ps back pressure. After testing, the

cathode was purged with N,. CV was performed using the standard
hydrogen electrode as the reference electrode as the anode and the
different platinum on carbon electrodes as the cathode. The vol-
tammetry was conducted at a scan rate of 20 mV/s with H; flowing
on the anode and N; on the cathode to investigate cycling durability
and observe the change in ECSA. To evaluate the durability of the
MEAs, a standard AST was conducted using a potentiostat (Biologic
P200) by square-wave cycle: steps between 0.6 V (3 s) and 0.95 V
(3 s) with a rise time of 0.5 s and run polarization curve. Ten
thousand AST cycles were performed under H/N, environment at
80 °C and 100% RH under atmospheric pressure with a fixed Hy and
N, flow of 200 sccm.

3. Results and discussion

3.1. Catalyst support characterization: nitrogen adsorption
isotherms and porosity analysis

Fig. 2a shows the nitrogen adsorption-desorption isotherms of
CB, CA-100, CA-200, and CA-300. All the materials exhibit Type IV
isotherms with an H3 hysteresis loop as per the International Union
of Pure and Applied Chemistry (IUPAC) classification [38]. Type IV
isotherms are a characteristic of mesoporous materials because of
the hysteresis loop from capillary condensations, which usually
happen within mesopores [19]. The H3 hysteresis loop represents
the characteristic slit-shaped pores and is commonly observed for
carbonaceous materials [38]. Adsorption for this type IV material
starts with micropore (<2 nm) volume filling, which is governed by
the adsorption enthalpy that is strongly enhanced by the adsorp-
tion forces from the walls of the pore. This physical adsorption in
micropores usually happens at very low gas particle pressure (p/
pPo < 0.001). In the medium and high partial pressure range, the
monolayer and multilayer adsorption keep N, filling the external
surface of the material and the mesopores (>2 nm) until the pore
radius related to the capillary condensation at a given partial
pressure is reached. At the capillary condensation stage, the mes-
opores are steeply filled. As the partial pressure approaches unity,
all pores are filled with Ny, and theoretically, the isotherm reaches a
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Fig. 2. (a) N, adsorption isotherms of CB, CA-100, CA-200, and CA-300 at 77 K, with a solid line for adsorption and dashed line for desorption, and (b) their respective pore size

distributions. CB, carbon black.

plateau. In practice, the plateau or the saturation point is usually
not observed because the macropores formed among the adjacent
material particles continue uptaking N [20].

The hysteresis loops are more pronounced and extended in a
broader partial range in CAs, although all CAs and CB show hys-
teresis loop adsorption. These larger hysteresis loops spanning the
wider particle pressure imply more mesopores and a larger mes-
opore volume (i.e., the larger hysteresis loops) and larger fraction of
the mesopore porosity (i.e., the wider range of partial pressure of
the hysteresis loop). Table 1 summarizes pore volume (V) data for
micropores and mesopores (i.e., Vimico and Vieso, respectively),
surface area (S) data for micropores and mesopores (i.e., Smicro and
Smeso, Tespectively), average pore size (dqyg), total volume (Vioar),
and the total Brunauer-Emmett-Teller (BET) surface area (Sggr). It
shows that mesopore volume of CAs is 3.0—4.2 times the volume of
CB, and CA possesses a higher mesopore volume percentage in CAs.
Among all three CAs, CA-200 has the largest Viorq and Vipeso, which
are 1.314 and 1.143 cm3/g, respectively, while Vit and Vipeso of CB
are 0.333 and 0.268 cm?[g, respectively.

Fig. 2b shows the PSD of CAs and CB. All materials have micro-
pore volume (pore diameter <2 nm), although the incremental
volumes are varied. In the mesopore size range (2 nm < pore
diameter < 50 nm), the PSD patterns of the CAs are clearly distinct
from the PSD pattern of CB. CB possesses a flat and stretched PSD
curve, and no single maximum pore size was observed, whereas all
CAs share a similar PSD curve pattern, with the incremental vol-
umes peaking at 12.5 nm, 10.5 nm, and 10.5 nm for CA-100, CA-200,
and CA-300, respectively. It is noted that the dgyg could misrepre-
sent the porosity of the material. For instance, the dgyg of CA is only
1.4 times the dgyg of CB, while the Vioq and Sper of CA-200 are 4.2
and 2.7 times the Vi and Sger of CB, respectively. Thus, further
analysis of pore parameters for micropores, mesopores, and mac-
ropores, separately, is essential for porosity investigation of CB and
CA. Table 1 serves this purpose to present the parameters for all
types of pores identified in all 4 materials in this study.

The micropores are believed to have a negative impact on the
performance of the PEMFC because the Pt particle sizes are usually

2—4 nm. The catalyst is impossible to be deposited into micropores.
Thus, only Vipeso and Speso are capable of depositing Pt nano-
particles. It is also believed that the edge sites of the micropores are
highly reactive, and the agglomeration of Pt nanoparticles could be
initiated at the necks of the micropores, which will be discussed
later in this study [39]. Collectively, the micropores hinder the
PEMFC performance. In addition, the mesopores promote ionomer
loading to create the network for well-sufficient proton conduction
and gaseous transportation for Hy and O,. A larger Vipeso and Speso
and smaller Vpicro and Spicro improve the PEMFC performance
because of the larger amount of Pt deposition in pores and on the
external surface, less Pt agglomeration, higher ionomer loading,
and better gaseous transportation room. We thus chose CA-200 as
our best CA representative for further investigation of its superior
performance in the PEMFC against the standard catalyst support,
CB.

3.2. Catalyst on CA-200 and CB characterization

The work in this section was conducted to characterize the
most commonly used catalyst, Pt nanoparticles, in the PEMFC
after the catalyst powders were deposited on a catalyst support,
CA-200 and CB (see Fig. 1d). Fig. 3a and c show TEM images of Pt/
CB and Pt/CA-200 obtained at 50x magnification. The Pt nano-
particles are visible as darker gray dots on the lighter carbon
background.

As shown in Fig. 3a, both the Pt nanoparticles and CB powder
display a considerable amount of agglomeration when CB is used as
the catalyst support, while the Pt nanoparticles, shown in Fig. 3c,
are much more evenly distributed and much less clustered in Pt/
CA-200. The primary CB powder clumping can be explained by
the strong Van der Waals stabilizing interactions due to the large
surface area-to-volume ratio of CB particles. This phenomenon was
also reported in other works [40]. However, for CA-200, its high
mesopore volume allows for the formation of smaller particles in
the step of Pt/catalyst preparation, as shown in Fig. 1b [41]. Because
the particle size is smaller, the primary particles exhibit a more

Table 1

The summary of pore volume, BET surface area, and average pore diameter in CAs and CB based on NLDFT calculation.
Material Vtotal' cmS/g Vmicro: cmB/g Vmesm cmB/g Vmesov % SBET: mZ/g Smicro- mZ/g Smeso: mZ/g davgv nm
CB 0.333 0.065 0.268 80.5 251 128 123 5.31
CA-100 1.292 0.211 1.081 83.7 682 471 211 7.58
CA-200 1314 0.171 1.143 86.8 700 255 455 7.51
CA-300 1.008 0.189 0.811 81.3 626 309 317 6.44

Viotal, total pore volume; Viicro, total micropore volume; Vieso, total mesopore volume; Vieso, mesopore percentage; Sger, BET surface area; Smicro, micropore BET surface area;
Smeso» mesopore BET surface area; d,yg, average pore diameter; BET, Brunauer-Emmett-Teller; CA, carbon aerogel; CB, carbon black; NLDFT, non-localized density functional

theory.
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Fig. 3. (a) TEM of Pt/CB, (b) Pt particle size distribution histogram of Pt/CB, (c) TEM of CA-200, and (d) Pt particle size distribution histogram of Pt/CA-200 that were collected under
the same conditions. 50x magnification was used in TEM. TEM, transmission electron microscopy; CB, carbon black.

compact packing structure, higher mechanical strength, and thus a
smaller agglomerate size [42].

The Pt nanoparticle size distribution, which corresponds to TEM
images, is shown in Fig. 3b and d for CB and CA-200, respectively.
The mean platinum nanoparticle size was determined to be
8.47 nm and 3.24 nm in CB and in CA-200, respectively. Chen et al.
[43] reported similar platinum nanoparticle size values for Pt/CB.
First, it is clear to see that the average Pt nanoparticle size in CA-
200 is smaller than that in CB because of the left-skewed distri-
bution histogram. It is also noteworthy that Pt nanoparticles with
diameters smaller than 2.0 nm were observed only in CA-200 but
not in CB. This is because the diameter of the majority of pores in CB
are <2 nm, but the average diameter of Pt nanoparticle agglomer-
ated clusters in CB is 8.47 nm, and most of the Pt nanoparticles are
blocked out of the pores of CB and accumulated on the CB exterior
surface. For the Pt nanoparticles in CA-200, the large mesopores
allow Pt nanoparticles to have access not only to the exterior sur-
face area of CA-200 but also to its interior surface area of the pores.
These accessible large surface areas facilitate Pt nanoparticles’
uniform dispersion and less clumping on CA-200. In addition, the
ECSA loss is also reported to be caused by Pt nanoparticle
agglomeration [44]. From all these perspectives, CA-200 shows
better properties than CB as a catalyst support in the PEMFC.

3.3. Pt/CA-200 and Pt/CB electrochemical property characterization

3.3.1. Electrochemical surface area

ECSA is a critical parameter that speaks for the intrinsic elec-
trocatalytic activity of Pt catalysts, which is usually calculated by
integration charges in the hydrogen adsorption region of the
steady-state cyclic voltammogram in a supporting electrolyte (i.e.,
standard hydrogen electrode), based on a monolayer hydrogen
adsorption charge of 0.21 mC/cm? on polycrystalline Pt. Fig. 4
shows the cyclic voltammogram of CA-200 and CB. A well-
defined hydrogen adsorption/desorption characteristic was
observed for the Pt catalysts on both CA-200 and CB. The current for
Pt/CA-200 is universally higher than the current for Pt/CB for the
full scan range from 0.1 to 0.85 V, except at the very low scan range
(e.g., 0.1—0.11 V). The ECSA for Pt/CA-200 and Pt/CB is determined

301
251
20
154
10 4
54
04

-5
10 ——Pt/ICB
——— Pt/CA-200

I (mA)

-15 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

E/Vvs SHE

Fig. 4. Cyclic voltammogram of Pt/CB and Pt/CA-200 catalyst layer for ECSA analysis by
hydrogen adsorption/desorption. Conditions: scan rate, 20 mV/s; cell, 35 °C; RH, 100%
for both the anode and cathode; pressure, 1 atm. CB, carbon black; ECSA, electro-
chemical surface area; RH, relative humidity.

to be 188 m?/g and 86.4 m?/g, respectively. The data are summa-
rized in Table 2. The observation and ECSA data agree with Pt/CA-
200 and Pt/CB characterization by TEM and can be ascribed to
higher Pt utilization because of the much smaller Pt nanoparticle
size, uniform Pt nanoparticle distribution on the larger surface area
of CA-200, better gas molecule diffusion and thus high Hy uptake
implied by CA-200 isotherms, and improved penetration of Nafion
ionomer molecules, which are able to maintain a better contact of

Table 2
Pt/CB and Pt/CA-200 ECSA and ECSA ratio after various AST cycles.
AST cycles ECSA, m%/g
Pt/CB Pt/CA-200 (Pt/CA-200)/(Pt/CB)
Initial 86.35 187.9 2.176
5000 71.36 164.8 2.309
10,000 60.16 140.3 2.332

AST, accelerated stress test; ECSA, electrochemical surface area; CB, carbon black.
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Pt nanoparticles on CA and increases the overall electro-
conductivity of the catalyst support [45].

3.3.2. Pt/CA-200 and Pt/CB durability

To date, durability is a major barrier for PEMFC commerciali-
zation in practical stationary or transportation power generation.
The durability is influenced by many interior and exterior factors,
such as fuel cell design and assembly, degradation of materials, and
operational conditions [46]. Although degradation is inevitable, the
degradation rate can be minimized by developing better electrode
materials for the PEMFC. Pt catalyst degradation is a major concern
for the deterioration of the catalytic activity of Pt/catalyst support
[47]. In particular, the ECSA of a platinum catalyst is reduced owing
to the aggregation and dissolution of Pt nanoparticles or the
detachment of platinum during the operation of the fuel cell, and
thus, the oxygen reduction reaction rate of the cathode is reduced,
causing a reduction in PEMFC performance. A better catalyst sup-
port is highly desired for PEMFC performance and commercializa-
tion to reduce socioeconomic issues such as climate change, air
pollution, and health concerns caused by traditional fossil energy
resources.

To compare the durability of the Pt/CB and Pt/CA-200 elec-
trodes, we followed the standard DOE2020 AST cycling protocol.
The MEAs were subjected to tests consisting of a total of 10,000
AST cycles, which is equivalent to 500 h of fuel cell vehicle
operation, to simulate strenuous operating conditions and to
induce carbon oxidation, which leads to electrode degradation
and breakdown of the electrode structure [48,49]. The CV curves
of the initial (e.g., 0) test and after 5,000, and 10,000 cycles of
tests are illustrated in Fig. 5a and b for the Pt/CB and Pt/CA-200
MEAs, respectively. The corresponding ECSA values are tabulated
in Table 2. CV curves exhibit that Pt/CA-200 MEAs globally have
much higher current than Pt/CB MEAs in the course of AST
testing. Even after 10,000 cycles, Pt/CA-200 still maintained
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higher current than initial Pt/CB MEA under the same scan
conditions. As shown in Table 2, ECSA of Pt/CA-200 MEA is
generally 2.2—2.3 times higher before and after AST cycling. The
degradation rate (e.g., the slope of the curves in Fig. 5¢) of Pt/CB
is 1.8 times that of Pt/CA-200. After 10,000 cycles, Pt/CA-200
still maintained 140.3 m?/g of ECSA, which is 1.6 times the
highest ECSA of Pt/CB at its initial state. Padgett et al. [48] re-
ported similar ECSA values and relative degradation for Pt/CB
after AST cycling. This again proves the good quality control of
the experiments in this study and validates the superior per-
formance of Pt/CA-200.

Fig. 5d presents the current density retention (averaged 5 tests)
after 10,000 cycles of ASTs for both Pt/CA-200 MEA and Pt/CB MEA.
As shown in the figure, the Pt/CB MEA lost ~30% of current density,
which is far inferior to the Pt/CA-200 MEA, which still maintains
85% of current density. In summary, as per the ECSA and current
density degradation performance, the Pt/CA-200 MEA displays at
least 2 times better durability, indicating that CA-200 is a superior
catalyst support for PEMFCs.

The plausible structural explanation of this result is that
microporous CB is heavily susceptible to catalyst coarsening by
coalescence, which is due to agglomeration and pore accessibility
blockage [48]. The highly mesoporous CA-200 constricts the par-
ticles within their pore structure, mitigating their coalescence. In
addition, the porous mechanical structure of CA-200 exhibits a
better distribution of particles in the support, which has been
shown to decrease the probability of particle migration and coa-
lescence [48]. Some advantages of the Pt/CA-200 MEA that
contribute to its superior durability are less ECSA loss, larger Sggt to
slow down the catalyst degradation, large active ECSA for chemical
reactions, better catalyst and ionomer penetration into the meso-
pores for highly efficient catalyst utilization, and electronic
conductivity.
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Fig. 5. Cyclic voltammetry at a 20 mV/s scan rate after the initial cycle and after 5000 and 10,000 AST cycles for (a) Pt/CB and (b) Pt/CA MEAs at 80 °C under H,/N, environment, (c)
ECSA degradation of Pt/CB and Pt/CA-200, and (d) current density retention percentage for Pt/CB and Pt/CA-200 after 10k AST cycles. CB, carbon black; MEA, membrane electrode
assembly; CA, carbon aerogel; AST, accelerated stress test; ECSA, electrochemical surface area.
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Table 3

Comparison of peak power density and current density at 0.6 V of Pt/CB and Pt/CA-200.

Material Power density, mW/cm? Current density, mA/cm?

6OAir 60Oxy 80Air 8OOXy 6OAir 6OOXy 80Air 800>(y
Pt/CB 44.8 80.6 54.8 78.9 3.58 9.98 4.98 109
Pt/CA 3334 579.3 442.2 642.1 45.0 69.9 32.7 69.9
Percentage of increase 644% 617% 707% 713% 1157% 600% 558% 541%

CB, carbon black; CA, carbon aerogel.

3.3.3. Fuel cell test

To simulate fuel cell performance in real-world applications,
both Pt/CA-200 and CB MEAs were tested under atmospheric and
oxygen conditions to mimic fuel cells in cars and power plants,
respectively. The polarization and power curves of Pt/CB and Pt/CA-
200 electrodes under testing environments of 60 °C in Hy/air, 60 °C
in H2/O>, 80 °C in Hy/air, and 80 °C in H,/O are shown in Fig. 6a—d,
respectively. The peak power densities of the polarization curves
are presented in Table 3. In addition, current densities at 0.6 V
obtained from the graphs are also shown in Table 3. In Fig. 6a, we
can observe that the maximum power density of the cell,
Pmax = 3334 mW/cmZ, was recorded for Pt/CA-200 at 60 °C under
Hay/air environment. This result shows a performance increase of
644% compared with the peak power density of Pt/CB,
Prmax = 44.8 mW/cm?. Similar increases in Pmax Were observed at
60 °C under H,/0O,, 80 °C under Hy/air, and 80 °C under H,/0O, en-
vironments, with an increase of 617%, 707%, and 713%, respectively.
The current density of Pt/CA-200 at 0.6 V is 1157% larger or 45 mA/
cm? and 3.58 mA/cm? for Pt/CA-200 and Pt/CB at 60 °C under Hy/air
environment, respectively. Again, there is a similar trend of current
density at 0.6 V improvements at 60 °C under H,/O,, 80 °C under
Hy/air, and 80 °C under Hy/O, conditions, with increases of 600%,
557%, and 541%, respectively. It is clear that the high peak power
density and high current density of Pt/CA-200 indicates its overall
superior fuel cell performance.

This higher fuel cell performance from Pt/CA-200 with
increasing support porosity is consistent with prior results and
further demonstrates the detrimental effect of catalyst coalescence
and low ECSA, which can be limited on largely mesoporous sup-
ports with catalyst surfaces that are embedded within, such as CA-

200[50,51]. The larger ECSA and higher Pt utilization, both of which
are closely related to the smaller Pt nanoparticles and more uni-
form particle dispersion on the CA-200, were consistently observed
in this study.

4. Conclusion

We have demonstrated a facile synthesis of CA and its applica-
tion in the PEMFC. Its porosity was tuned, and an optimal CA, CA-
200, carries a surface area of 700 m?/g and a mesopore volume of
1.14 cm®/g. The Pt/CA-200 was comprehensively characterized to
investigate its porosity and electrochemical properties when used
as a catalyst in the PEMFC under different conditions.

TEM shows Pt/CA-200 facilitates smaller Pt nanoparticle gen-
eration and better distribution. The mesopore volume of Pt/CA-200
increases 2.7 times the BET surface area and 2.2 times the ECSA
compared with the conventional CB. The mesopore volume of Pt/
CA-200 also increases the pore accessibility to the nanosized
catalyst, Nafion® ionomer molecules, and gas molecules and thus
significantly improves overall PEMFC performance by 5—7 times
depending on the conditions. Standard AST testing also shows Pt/
CA-200 up to two times more durable than CB.

The findings of this study show that CA is a promising candidate
for the catalyst support, especially CA-200, which is comprehen-
sively characterized and compared with conventional CB, demon-
strates its notable advancements to the PEMFC. With superior fuel
cell performance, CA-200 can make clean PEMFC technology more
accessible to the general public. Ultimately, replacing gasoline with
CA-200—equipped fuel cells will help reduce the range of air
pollutant emission, which not only mitigates the current climate
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change crisis but also diminishes public health challenges caused
by poor air quality and climate change. Future work will focus on
improving Pt deposition technology, optimizing ionomer loading,
and investigating microscale gas molecule transportation between
phases to further enhance the design and collective performance of
the CA-200 PEMFC.
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