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ABSTRACT: As proton exchange membrane fuel cells mature
into commercial devices capable of powering a wide range of
stationary and automotive applications, they need materials with
tunable properties to improve their performance and durability.
Carbon supports used for platinum (Pt) nanoparticle dispersion is
typically based on a furnace black-type material with a random
structure, thereby hindering progress in catalyst development. To
address this challenge, engineered carbons with a tunable
mesoporous structure offer an opportunity to maximize catalyst
performance and durability. In this article, we report on the development of a graphitized, mesoporous carbon support with a high
degree of ordering, labeled here as ECS4005, for the dispersion of Pt nanoparticles. Pt/ECS4005 shows significantly improved
kinetic activity due to its mesoporous structure that mitigates Pt poisoning by sulfonate functional groups in the ionomer while
simultaneously enabling favorable accessibility to reactants.
KEYWORDS: engineered carbon support, graphitized mesoporous, fuel cell cathode, Pt/ECS4005, catalyst coarsening

1. INTRODUCTION
Proton exchange membrane fuel cells (PEMFC) are on the
verge of widespread commercialization for powering heavy-
duty truck vehicles and displacing the emission-intensive
diesel-based internal combustion engines. PEMFCs have a
combination of favorable characteristics such as high energy
conversion efficiency, fast refueling, high torque, low noise, and
environmentally friendly when green hydrogen is utilized.1 The
United States Department of Energy (DOE) has established an
ultimate heavy-duty vehicle performance and durability
combined target of 2.5 kW/gPt after 30,000 h equivalent of
operation with a total membrane electrode assembly (MEA) Pt
loading of ≤0.25 mgPt/cm2 for Class 8 long-haul tractor-
trailers. Ultimate cost and peak efficiency targets are 60 $/kW
and 72%.2 Durability or stack lifetime becomes very crucial as
the cost of hydrogen fuel gets amortized over the 30,000 h of
operation to decrease the total cost of ownership (TCO) of
the fuel cells.
As fuel cell technology becomes more mature, active

materials with tunable properties become necessary to meet
demanding performance and durability targets. Pt and Pt-alloy
nanoparticles currently remain the only viable commercial
option for use as anode and cathode catalysts.3−5 The nature of
these catalyst materials is strongly dependent on the nature of
the carbon support upon which they are dispersed.6−8 Carbon
materials used as catalyst supports range from furnace black
materials,9−11 one-dimensional (1D) nanomaterials such as

carbon nanotubes (CNT),12 graphene,13,14 ordered mesopo-
rous materials,15,16 and engineered materials17,18 designed
bottom-up using organic precursors. 1D nanomaterials, such as
single-walled and multiwalled CNTs, are widely studied due to
their favorable carbon corrosion properties, but they remain
fairly expensive and not usually available in high purity.19

Graphene has also been widely studied due to its high surface
area and tunable surface chemistry, but it is usually very
hydrophilic and leads to rapid degradation of Pt nanoparticles
due to poor anchoring on the carbon support.20 Ordered
mesoporous carbon supports are effective model systems due
to their open mesopores but are very expensive and not
available in smaller particle sizes for commercial applica-
tions.15,16 A MgO-templated mesoporous carbon, labeled
CNovel, was developed for the dispersion of Pt nanoparticles
inside the mesopore structure that demonstrated improved
performance by mitigating poisoning by ionomer functional
groups.17 Several recent studies have developed nitrogen
functionalization of either a bottom-up designed carbon
support from organic precursors21 or commercially available
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furnace blacks22−24 to either improve Pt anchoring or improve
ionomer distribution on the catalyst surface.
Furnace blacks such as KetjenBlack, Vulcan XC-72R, and

Acetylene Black are well-studied carbon materials for the
dispersion of Pt/Pt-alloy nanoparticles. Available in a range of
surface areas from 200 to 1500 m2/g, they also offer a range of
graphitization levels as measured by Raman disorder/
graphitization (D/G) peak ratios.8,11 KetjenBlack EC-300-J is
a particularly well-known high surface area carbon (HSC)
material that is microporous with a large internal surface area,
as well as turbostatic, disordered, and nongraphitized.9 Pt
nanoparticles are dispersed on the internal surface area of the
carbon, thereby preventing Pt from direct poisoning by a
perfluoro sulfonic acid (PFSA) ionomer used in the fuel cell
electrode for proton transport functionality and resulting in
enhanced kinetic properties.9,10 Further, due to the presence of
micro/mesopores, deposited Pt nanoparticles are observed to
be more durable as these pores and surface defects tend to
anchor the Pt more strongly and hence prevent coalescence.25

However, these carbon supports suffer from large proton
transport losses and local-O2 transport losses due to their large
macroporous and microporous surface area, leading to poor
catalyst accessibility.9 On the other hand, Vulcan-type medium
surface area carbon (MSC), with solid primary particles and a
more ordered carbon surface with less functional group
concentration, hosts most of the Pt on the external surface,
which leads to poor kinetic performance and poor durability
due to enhanced agglomeration of the nanoparticles. However,
MSCs do feature better reactant accessibility with lower proton
transport and local-O2 transport resistances, given their low
micro- and macroporosity.9 It would be desirable to combine
the favorable properties of HSC and MSC supports with
accessible mesopores such that the Pt nanoparticles are located
away from the ionomer for better kinetic performance while
simultaneously being strongly bound with the carbon support
to maintain improved durability.
In this article, we describe and demonstrate a novel

engineered catalyst support (ECS) developed by Pajarito
Powder, LLC, with a desired combination of characteristics,
including higher mesoporosity for Pt dispersion, an open
hierarchical pore structure for improved reactant (H+/O2)
accessibility, improved kinetic activities due to mitigated
ionomer poisoning and overall better performance in fuel
cell MEAs.18 This carbon support is referred to throughout as
ECS4005 and achieved better initial performance due to the
improved accessibility and mitigated ionomer poisoning. To
increase the durability of the carbon support, it was heat
treated at a higher temperature, leading to the formation of
well-ordered, graphitic crystal planes. The electrochemical and
physical properties of Pt/ECS4005 are compared to those of
commercially available Pt/HSC and Pt/MSC catalysts. The
Pt/ECS4005 catalyst represents a significant improvement
over a conventional solid carbon such as Pt/MSC, and the
results are discussed here in detail.

2. EXPERIMENTAL SECTION

2.1. Catalysts Materials and MEA Fabrication
ECS4005, a commercially available carbon support, was produced by
Pajarito Powder using their VariPore technology. The general ECS
production method has been described in refs 26−30. A simple
description of the process is that a mixture of a metal precursor,
nitrogen-rich organic precursor, and fumed silica is pyrolyzed.
Afterward, the silica template is removed by a hydrofluoric acid

treatment. The carbon is then washed, dried, and heat treated under a
controlled atmosphere. After a few more proprietary processing steps,
the ECS4005 carbon support is then platinized, resulting in Pt/
ECS4005 with a nominal 30 wt % Pt. Pt supported on a KetjenBlack
EC-300J (HSC) and Vulcan XC-72R (MSC) at a nominal loading of
30% was procured from a commercial supplier. Cathode catalyst inks
were made by dispersing the catalyst in an n-propanol to water (3:1)
solvent mixture with a PFSA ionomer featuring medium side chain
length and an equivalent weight of 825 g/mol. Optimized ionomer-to-
carbon ratios of 0.90, 0.75, and 0.80 were used for Pt/HSC, Pt/MSC,
and Pt/ECS4005, respectively. Cathode inks were coated on decal
substrates at 0.10 mgPt/cm2. All anode catalyst layers were composed
of a 10% Pt/C catalyst at a fixed loading of 0.025 mgPt/cm2 and an
ionomer-to-carbon ratio of 0.6. MEAs with a 5 cm2 active area were
fabricated via decal transfer of the anode and cathode catalyst layers
on either side of a 12 μm thick, 800EW PFSA membrane in the H+

form. A roughly 230 μm thick carbon fiber paper-based gas diffusion
layer was used on both the anode and cathode side.

2.2. Physical Characterizations of Catalysts
Analysis of the N2-adsorption surface area and pore size distribution
of the catalyst powders was carried out using a Micromeritics
Instrument Corporation ASAP 2020 Physisorption system. N2 gas of
ultrahigh purity was used, and the measurements were conducted at
77 K. The total specific surface area of the catalyst was determined
using the Brunauer−Emmett−Teller (BET) procedure in the range of
0.05−0.2 N2 partial pressure, pore size distribution was quantified
using Barrett−Joyner−Halenda (BJH) methodologies, and the
micropore surface area was quantified using the t-plot analysis.
Water uptake was measured volumetrically with a 3Flex Dynamic
Vapor Sorption instrument at 25 °C. Characterization of the crystal
structures and graphitic nature of the samples was performed by using
X-ray diffraction (XRD) on a Rigaku MiniFlex 600 (Rigaku Co.,
Japan) with monochromated Cu Kα radiation (λ = 1.5406 Å). Raman
Spectroscopy was carried out using a Thermo DXR2 Raman
spectrometer equipped with a 532 nm laser. Thermogravimetric
analysis (TGA) experiments were conducted using a Netzsch STA
449 F1 Jupiter Simultaneous TGA/DSC Thermal Analyzer system.
Measurements were conducted using ∼10 mg of the sample in an air
flow of 10 mL/min at a rate of 10 °C/min from 20 to 800 °C.
2.3. Electrochemical Diagnostics and Characterizations
In situ characterizations of the MEA to quantify various cathode
properties such as kinetic activity, H-adsorption electrochemically
active surface area (ECSA), CO adsorption/stripping ECSA, H2/air
polarization curves, and H+ and O2 transport resistances were carried
out in a single-cell test fixture comprising 5 cm2 active area MEA (0.5
mm lands/channels). Prior to performance and durability measure-
ments, MEAs were subjected to an extensive ∼30 h break-in protocol
that involved activation cycles and voltage recovery steps. The details
of the break-in protocol are available elsewhere.31 ECSA was
quantified via integration of the hydrogen adsorption/desorption
(HUPD) region from cyclic voltammetry measurements of the cathode
carried out at room temperature and 100% relative humidity (RH)
conditions using H2 and N2 gas feeds on the anode and cathode sides
at flow rates of 0.2/0.2 slpm, respectively. Oxygen reduction reaction
(ORR) activities were measured at 0.9 V using the polarization curves
obtained with pure H2 and O2 as the reactant gases in the anode and
cathode, respectively, at a stoic of 20. The RH of the inlet gas was
maintained at 100%, with the cell temperature maintained at 80 °C at
an absolute outlet pressure of 150 kPaabs. The activity at 0.9 V was
determined using the Tafel plot, which is a semilog plot of the Ohmic-
resistance-corrected cell voltage versus H2 gas crossover corrected
current density. H2/air polarization curves with a high stoichiometric
feed of the reactant gases were measured at various operating
conditions with cell temperatures ranging from 80 to 94 °C, RH
values from 65 to 100%, and absolute outlet pressures of 150−250
kPaabs. High-frequency resistance (HFR) to quantify the sum of cell
electronic resistance and membrane H+ transport resistance was
measured at an alternating current (AC) frequency of 5 kHz.
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A cathode catalyst-specific accelerated stress test (AST) recom-
mended by the U.S. DOE was used in this study, which consisted of
30,000 trapezoidal voltage cycles from 0.6 to 0.95 V. The dwell time
at each voltage was 2.5 s, and the ramp time was 0.5 s. Each cycle
takes 6 s. AST durability protocols were carried out in 5 cm2 MEAs
with H2/N2 flow at 80 °C, 100% RH, and ambient pressure.32

Proton transport resistance of the catalyst layer was measured using
an electrochemical impedance spectra (EIS) methodology,33 which
involved the flow of H2 on the anode and N2 on the cathode at 80 °C
and various RH values from 20−122%. EIS measurement was
conducted to quantify proton conduction resistance at a DC potential
of 0.2 V with 0.15 mV amplitude from a frequency of 0.5 Hz to 20
kHz with 20 points per decade. The EIS profile was fitted to a
transmission line model from which the proton transport resistance in
the membrane (RH+,membrane) and the cathode catalyst layer
(RH+,cathode) were obtained. O2 transport resistance was calculated
using the limiting current density measurements at low O2 partial
pressures under operating conditions of 80 °C and 62% RH under
differential cell conditions (1 slpm of H2 and 5 slpm of O2/N2
mixtures).34 O2 limiting current densities were measured at potentials
below 0.3 V at various O2 mole fractions (1−4%) as a function of
outlet pressures (110−300 kPaabs).

2.4. Electron Microscopy
The scanning transmission electron microscopy (STEM) experiment
was performed using Thermo-Fisher Titan Themis Cryo S/TEM with
a Field Emission Gun (X-FEG), monochromator, and a probe
corrector operated at 120 kV and room temperature. The high-
annular angle dark field (HAADF) and bright-field (BF) images were
collected with 195 mm camera length and 21.4 mrad. convergence
angle. The HAADF images were taken with 2048 × 2048 pixels and
2−5 us dwell time. A Zeiss Field Emission Scanning Electron
Microscopy (FE-SEM) equipment with an in-lens detector was used
to collect images of the carbon support.

3. RESULTS AND DISCUSSION
The physical and chemical properties of the carbon supports
were characterized ex situ using several techniques to
understand their surface characteristics. Representative SEM
images of the carbon support are shown in Figure 1. HSC and
MSC support materials are represented by an agglomerate of
multiple primary particles of an ∼20−30 nm diameter fused
together, which are then extensively aggregated to form a
connected structure. In contrast, ECS4005 shows a much
larger primary particle of ∼0.4−1.0 μm size, which is a result of
the templated synthesis process. Surface area and pore size
distribution of the ECS4005 carbon support were measured in
comparison to the HSC (KetjenBlack) and MSC (Vulcan XC-
72R) carbons using N2 physisorption. The N2 adsorption
isotherms, pore size distribution, along with the micropore
profile, are shown in Figure 2, and the surface areas are
quantified in Table 1. The N2 adsorption isotherm of HSC

follows the typical type II isotherm in that there is a steep rise
indicative of micropores at low partial pressures of p/p0 < 0.05,
followed by a characteristic hysteresis at p/p0 ∼ 0.5−0.6 as well
as saturation at p/p0 > 0.95, leading to a rapid uptake in the
meso-/macropore region representative of aggregates.35 The
N2 adsorption isotherm of MSC shows significantly fewer
micropores and does not show a major increase until the large
meso- and macropore regions. The N2 adsorption isotherm of
ECS4005 also has a subtle micropore region with an increase
in N2 uptake at p/p0 > 0.6, which is a minor indication of
ordering in mesopores and a rapid uptake at p/p0 > 0.95
indicative of large aggregates. The total BET and microporous
surface areas quantified from the t-plot are shown in Table 1.
HSC carbon has a large total surface area of 837 m2/g with a
152 m2/g microporous area. Vulcan carbon has a lower total
surface area of 241 and an 84 m2/g microporous area.
ECS4005 has a slightly higher total surface area of 351 m2/g
with a lower microporous area of 82 m2/g.
The adsorption pore size distribution (BJH) shown in

Figure 2b clearly delineates the pore structure among the
carbon supports. According to the International Union of Pure
and Applied Chemistry (IUPAC) definition, regions of
adsorption can be classified as micropores (<2 nm), mesopores
(2−50 nm), and macropores (>50 nm).36 HSC has a
reasonable micropore and small mesopore contribution inside
the primary particles and a macropore contribution greater
than 50 nm between the primary particles and aggregates. The
MSC material only has a reasonable contribution due to the
large mesopores and macropores between primary particles
and aggregates. ECS4005 has a more bimodal pore size
distribution with a peak dominated at the mesopore ∼10 nm in
size and a peak in the 40−80 nm region. These results
demonstrate the uniqueness in the pore structure of ECS4005
with a high mesopore fraction at ∼10 nm for Pt nanoparticle
dispersion and 40−80 nm for reactant transport. Also shown in
Figure 2c is the nonlocal density functional theory (NL-DFT)
micropore analysis profile that looks at the pore size
distribution in the <2 nm region for the carbon supports. All
carbons show a bimodal distribution with peaks at 0.5 and 0.8
nm, with the incremental surface area decreasing in the order
HSC > ECS4005 > MSC.
The level of disorder and the degree of graphitization of the

carbons were investigated by using Raman spectra and the
XRD patterns of the materials. Raman spectra shown in Figure
3a display two peaks at 1300 and 1550 cm−1, commonly
known as the disorder (D) and graphitic (G) bands used to
evaluate the relative trends in disorder through their ratio of
intensities (ID/IG).

18 HSC and MSC carbons show disordered
content with an ID/IG peak ratio of 1.19 for HSC and a lower

Figure 1. Representative SEM images of the (a) HSC, (b) MSC, and (c) ECS4005 carbon support materials.
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value of 1.03 for MSC carbon. ECS4005 carbon shows much
narrower peaks, with the graphitic peak slightly more
pronounced and sharper than the disordered peak and an
ID/IG ratio of 0.95. Further, the appearance of the second-
order G′ peak at 2680 cm−1 confirms the higher degree of
graphitic ordering for ECS4005. The carbon crystallite sizes
from the inverse of ID/IG were calculated according to the

equation provided by Cançado et al.37 and are also reported in
Table 1. The larger crystallite size of ECS4005 reflects the
higher graphitization levels of the carbon support.
This trend of graphitization in different carbon supports was

further confirmed using XRD, as shown in Figure 3b. ECS4005
carbon shows a much more pronounced degree of graphitiza-
tion as seen by the sharp, well-defined graphitic peak at 2θ of
∼23°, which is attributed to the (002) graphitic plane.18

Further, ECS4005 also shows smaller sharper peaks at 2θ of
42.7, 53.1, and 77°, corresponding to the crystal planes (101),
(004), and (110). Contrarily, HSC and MSC materials show
only a broader peak at 2θ of 23 and 43°, suggesting that the
graphitic planes in these two carbons are of a short-range order
and are not crystallized. XRD patterns of Pt/HSC and Pt/
ECS4005 are also shown in Figure 3b, which reflects the peaks
at 2θ values of 39, 46, 67, and 81° corresponding to the Pt
diffraction peaks from (111), (200), (220), and (311),
respectively, confirming its face-centered cubic (fcc) structure.
The crystallite size of Pt was also calculated from Scherrer’s
equation from the full width at half-maximum of the Pt (220)
diffraction peak and is reported to be 2.5, 2.6, and 2.9 nm for
Pt/HSC, Pt/MSC, and Pt/ECS4005 catalysts, respectively.38

The diffraction peak at a 2θ value of 23° for the graphitic plane
of (002) is also seen in the Pt/ECS4005, confirming its
presence. Together, Raman spectra and XRD confirm that
ECS4005 carbon is much more crystalline and has a higher
degree of orderliness in its graphitic structure.
The thermal oxidation stabilities of the three carbon

materials and corresponding catalysts are shown in Figure 4.
The thermogravimetric profiles were measured as the materials
were heated in air at 10 °C/min from 20 to 800 °C. The
oxidation of HSC and MSC carbon is initiated at ∼590 °C and
appears to decompose in a single stage, with MSC as the more
stable carbon with a slightly elevated temperature of 720 °C.
Despite having a higher level of graphitization observed by
XRD and Raman spectroscopy, the thermal oxidation of
ECS4005 carbon was initiated earlier than HSC and MSC.
Further, the platinized carbon samples show a similar trend
with a lower temperature of oxidation. The Pt/ECS4005
catalyst does show a stable plateau at 400 to 480 °C, which
then starts to oxidize by 580 °C. The plateau at >600 °C of the
catalysts confirms the ash content of the material to be 28.3%
for Pt/HSC and 28.7% for Pt/MSC and Pt/ECS4005 by
weight. It is hypothesized that a trace amount of metal residues
(such as nickel in ppm quantities) leftover from the ECS4005
carbon preparation can catalyze carbon oxidation, resulting in
earlier thermal oxidation for ECS4005. This may or may not
translate to catalyst durability in a fuel cell as it is governed by
an electrochemical reaction.
The volumetric water uptake profile during adsorption at 25

°C from the 3Flex Dynamic Vapor Sorption (DVS) instrument
is shown in Figure 5 as a function of the water partial pressure
(p/p0). There is no uptake of water at a low p/p0 of 0.2 due to
hydrophobic carbon planes. Water uptake increases at p/p0 >
0.24 for all three carbons, possibly due to the oxygen functional
groups and the presence of mesopores. An inflection point at
p/p0 > 0.55 is observed for HSC carbon due to the adsorption
of water molecules in the micropores, the absence of which for
MSC and ECS4005 materials confirm the lack of micropores.39

The water uptake reported here was measured as a way to
diagnose the surface properties of the carbon support powder
only. This does not necessarily reflect the catalyst layer since
the ionomer content will affect the water uptake as well.

Figure 2. BET-BJH N2 adsorption measurements of the three carbon
supports used in this study showing (a) N2 adsorption isotherm
profile, (b) adsorption pore size distribution (BJH), and (c)
micropore analysis profile.
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Figure 6 shows the ECSA measured from hydrogen
underpotential deposition (HUPD), cathode double-layer
capacitance (CDL), mass activity, and specific activity of the
three catalysts at the beginning of life (BOL) and at the end of
the test (EOT) after a cathode catalyst-specific AST
comprising 80 °C, H2/N2, 104 kPaabs, and 0.60 to 0.95 V for
30,000 cycles. Cathode ECSA is slightly higher at 75 m2/g for
Pt/HSC catalysts at BOL due to the large surface area of the
carbon and better dispersion of Pt compared to slightly smaller
values of 54 and 62 m2/g for Pt/MSC and Pt/ECS4005
catalysts, respectively. It degrades to 25 m2/g for Pt/ECS4005
at EOT, which is intermediate between that of Pt/HSC (∼33
m2/g) and Pt/MSC (10 m2/g) catalysts. HSC is microporous
and anchors and disperses Pt better, whereas the MSC and

ECS4005 carbons are more graphitic and lead to more
coalescence of the Pt nanoparticles.8,25,40 Hence, Pt/HSC has
a higher ECSA compared to moderately lower values for Pt/
MSC and Pt/ECS4005. Pt/HSC has a higher surface area and
shows a higher CDL at BOL of 46 mF/cm2 compared to 41 and
38 mF/cm2 for Pt/MSC and Pt/ECS4005. They degrade to
roughly 40 mF/cm2 for Pt/HSC and 28−29 mF/cm2 for the
Pt/MSC and Pt/ECS4005 catalysts. CDL is the sum of the
capacitances from Pt and the carbon interface with water and
the ionomer.41 Given that the carbon does not corrode
significantly in the catalyst-specific AST conducted, the loss in
CDL corresponds to the loss of the Pt interface with ionomer/
water in the catalyst layer.
Figure 6c,d shows the kinetic activities, and Figure 7 shows

the H2/O2 polarization curves in the kinetic current density

Table 1. Physical Properties of the Carbon Support and the Catalyst Materials

surface area (m2/gCarbon)

catalyst Pt metal loading (%) total BET micropores Raman ID/IG ratio carbon crystallite size, La (nm) Pt XRD particle size (nm)

HSC 28.3 837 152 1.19 16.2 2.5
Vulcan 28.7 241 84 1.03 18.7 2.6
ECS4005 28.7 351 82 0.95 20.2 2.9

Figure 3. (a) Raman spectra and (b) X-ray diffraction profiles of the carbon supports.

Figure 4. Thermogravimetric profiles of the carbon supports and
catalyst materials. Materials were heat treated in air flow at 10 °C/
min.

Figure 5. Volumetric water uptake of the carbon supports was
measured in a 3Flex Dynamic Vapor Sorption system at 25 °C.

ACS Applied Engineering Materials pubs.acs.org/acsaenm Article

https://doi.org/10.1021/acsaenm.3c00354
ACS Appl. Eng. Mater. 2023, 1, 2543−2554

2547

https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00354?fig=fig5&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.3c00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


region of the three catalysts at BOL and EOT. The mass
activity of the catalyst and the performance in the O2
polarization curve is merely a reflection of Pt poisoning by
the PFSA ionomer in the catalyst layer.9,10 It is known that the
sulfonic acid side chain groups and the −CF2−, −CF3−, and
ether functional groups of the PFSA ionomer adsorb on the
catalyst surface and act as poison for ORR.42−45 HSC being a
more porous carbon support hosts a large majority of the Pt
nanoparticles in the internal surface of the carbon away from
direct contact with the ionomer and hence enables a higher
ORR activity of 0.61 A/mgPt. In contrast, MSC carbon, being a

very solid material, hosts most of the Pt on the external surface
of the carbon in direct contact with the PFSA ionomer and
hence leads to a lower mass activity of only 0.13 A/mgPt.
ECS4005 has more accessible mesopores of ∼10 nm to
disperse Pt nanoparticles away from the ionomer and hence
leads to a mass activity of 0.49 A/mgPt, which indicates
significantly better mass activity than Pt/MSC and modestly
lower than the Pt/HSC catalyst. Mass activity does degrade
more for Pt/ECS4005 (by 63%) and Pt/MSC (69%)
compared to Pt/HSC (only 38%), as this is symptomatic of
solid carbons with an ordered, graphitic structure (vide
infra).8,25,40 The trend in the O2 polarization curve of the
three catalysts simply reflects the mass activity trends and
follows the order Pt/HSC > Pt/ECS4005 > Pt/MSC. The
specific activity of the three catalysts increases from 820 to
1124 μA/cm2 for Pt/HSC, 212 to 249 μA/cm2 for Pt/MSC,
and 710 to 777 μA/cm2 for Pt/ECS4005. This finding is at

Figure 6. Electrochemical characterizations of the catalysts: (a) ECSA, (b) double-layer capacitance, (c) Pt-mass activity, and (d) Pt-specific
activity.

Figure 7. H2/O2 polarization curves of the various catalysts measured
at 80 °C, 100% RH, 150 kPaabs, and at cathode Pt loading of 0.1 mg/
cm2. Solid lines are at BOL, and dashed lines are at EOT after 30,000
voltage cycles.

Figure 8. COads stripping surface area measured as a function of the
inlet RH in an MEA at 80 °C and 0.1 mgPt/cm2. Solid lines are at
BOL, and dashed lines are at EOT after 30,000 voltage cycles.
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least partly due to the decrease in ECSA of the catalyst and the
increase in particle size of Pt, as discussed later in the
article.25,46

The location distribution of Pt with respect to the carbon
support structure can be diagnosed by performing electro-
chemical COads stripping as a function of RH of the catalyst
layer, as shown in Figure 8.47,48 The electrochemical oxidation
of COads is reliant on water according to the equation Pt-COads
+ H2O → Pt + CO2 + 2H+ + 2e− and hence is dependent on
the RH of operation. Under a dry condition of 10% RH, Pt
nanoparticles present inside the micro/mesopores of the
carbon particles are not accessed. Hence, the dry accessibility
represents the fraction of Pt present on the external surface of
the carbon in direct contact with the ionomer and equates to
∼30, ∼69, and ∼100% at 10% RH for Pt/HSC, Pt/ECS4005,
and Pt/MSC catalysts. This represents Pt that is directly in
contact and poisoned by the ionomer. The dry Pt accessibility
is also inversely related to the mass activity of the catalyst as
this represents the fraction of Pt poisoned by an ionomer.9,10

As the inlet RH is increased, more Pt that is inside the pores is
accessed in the case of Pt/HSC and Pt/ECS4005. Pt/MSC,
being a solid carbon, hosts all of the Pt on its external surface
and does not show any dependence on RH. After AST, Pt/
HSC shows more accessibility in Pt due to either (i)
dissolution and redeposition of Pt from the internal surface
to the external surface of the carbon support and/or (ii)
widening of the carbon micro/mesopores due to corrosion
leading to more accessibility of Pt.7,46 Pt/ECS4005 shows a
marginal rise in Pt utilization under dry conditions while Pt/
MSC remains unchanged.
Figure 9 shows the differential cell (5 cm2) H2/air

polarization curve measured with 0.1 mgPt/cm2 on the cathode
at 80 °C, 100% RH, 150 kPaabs, and a reactant stoic of 20 at
BOL and EOT. At BOL, Pt/ECS4005 shows similar cell
voltages in the low current density region (<0.4 A/cm2) and
∼90 mV higher at 2.5 A/cm2 compared to Pt/HSC. However,
at EOT, Pt/ECS4005 does tend to degrade more in cell
voltage by ∼25 mV at 0.2 A/cm2 and by ∼50 mV at 2.0 A/cm2

than the Pt/HSC catalyst. Pt/MSC is much lower in cell
voltage at the BOL and significantly inferior at the EOT
compared to both Pt/HSC and Pt/ECS4005. At EOT, the

ranking of H2/air polarization performance is of the order Pt/
HSC > Pt/ECS4005 ≫ Pt/MSC. Pt/ECS4005 does tend to
lose more cell voltage in the high-current density region, and
this is largely related to the ECSA losses, as discussed in Figure
2a. The high-current density performance is directly related to
the available Pt surface area.49 The graphitized, well-ordered
nature of ECS4005 does enable the coarsening of Pt and ECSA
losses and hence cell voltage losses in the high-current density
region as well.

Figure 9. H2/air polarization curves measured at 80 °C, 100% RH,
150 kPaabs, a high stoic of 20, and 0.1 mgPt/cm2 cathode of the three
catalysts. Solid lines are at BOL, and dashed lines are at EOT after
30,000 voltage cycles.

Figure 10. (a) Electrode H+ transport resistance measured from
electrochemical impedance spectroscopy measured at anode/cathode
flows of H2/N2 at 80 °C as a function of RH. (b) Pressure-
independent transport resistance and (c) R(O2)-local obtained by
normalizing pressure-independent transport resistance by the rough-
ness factor for each of the three catalysts: closed bars are at BOL and
hashed bars are at EOT after 30,000 voltage cycles.
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Cathode proton transport resistance measured as a function
of RH using EIS by flowing anode/cathode gases of H2/N2 at
80 °C is shown in Figure 10a.50 The H+ transport resistance of
the catalyst layer is typically dependent on the macropore
surface area of the carbon support.9 The ionomer is typically
dispersed on the macroporous surface area of the carbon; the
higher the macropore area, the more surface there is for
ionomer dispersion. Hence, Pt/HSC has a higher H+ transport
resistance as its higher macropore surface area causes a given
amount of ionomer to be dispersed more thinly on the surface
with less connectivity. Pt/MSC yields a lower H+ transport
resistance as its lower macropore surface area causes a more
homogeneous and thicker ionomer layer to be dispersed.9 Pt/
ECS4005 has a lower macropore surface area but a higher H+

transport resistance. Given the ordered, graphitic nature of the
ECS4005 carbon support, we hypothesize that it has fewer
oxygen functional groups and is more hydrophobic such that
ionomer distribution is very heterogeneous and discontinuous
on its surface. Further, the ECS4005 carbon features larger
primary particle sizes with a higher internal surface area and
less accessible macropore surface for ionomer distribution.
This likely leads to a higher H+ transport resistance for the Pt/
ECS4005 catalyst.9,11,24,41

Figure 10b shows the pressure-independent O2 transport
resistance measured using the O2-limiting current density
experiments, and Figure 10c shows the R(O2)-local obtained
by normalizing the pressure-independent transport resistance
by the measured roughness factor.34 Pressure-independent
transport resistance corresponds to the O2 diffusion in the
ionomer layer dispersed in the cathode and the Knudsen
diffusion resistance in the smaller pores of the catalyst layer.49

R(O2)-local corresponds to the Pt ECSA-normalized O2
diffusion resistance at or near the Pt surface. All of the
catalysts measured a pressure-independent transport resistance

of ∼0.25 S/cm at BOL. After normalizing by the BOL ECSA,
Pt/ECS4005 shows a lower R(O2)-local of ∼22 S/cm
compared to ∼31 for Pt/HSC and Pt/MSC catalysts. This
suggests better Pt accessibility and lower local-O2 diffusion
resistance for the Pt/ECS4005 catalyst due to its mesopore
structure. After the AST durability protocol, Pt/MSC and Pt/
ECS4005 show an increase in EOT pressure-independent
transport resistance. Pressure-independent transport resistance
is inversely proportional to the roughness factor or the ECSA
of the catalyst and increases at very low ECSA values.51 The
increase in pressure-independent transport resistance at EOT
for Pt/MSC and Pt/ECS4005 reflects the lower ECSA values
of ∼10 and ∼21 m2/g and the poor accessibility of these
catalysts at a lower Pt roughness factor. Pt/HSC shows a lower
R(O2)-local at EOT, possibly due to some of the internal Pt
nanoparticles dissolving and redepositing on the external
surface of the carbon support and therefore becoming more
accessible by O2, which is in good agreement with the results
from COads stripping results above. The R(O2)-local of Pt/
ECS4005 at EOT increases as Pt nanoparticles rearrange the
carbon support surface but is significantly lower than the
baseline solid carbon such as Pt/MSC at EOT.
Figure 11 shows representative STEM images, and Figure 12

shows the particle size distribution (PSD) and aspect ratios of
the three catalysts at BOL and EOT. At BOL, Pt/HSC and Pt/
ECS4005 appear well dispersed with ∼2 nm-sized Pt
nanoparticles on the carbon support. Pt/MSC appears to be
aggregated on the carbon support with multiple nanoparticles
fused together and a slightly elevated average particle size of 3
nm. At EOT, Pt/HSC has grown in particle size to ∼3 to 3.5
nm in average size but has largely maintained its spherical
shape with an aspect ratio close to 1.2 at EOT.25 Pt/MSC has
grown in average particle size to almost 4 nm with a mix of
spherical and elongated particles.8,25,40 Pt/ECS4005 shows an

Figure 11. Representative BF/HAADF-STEM images of the three catalysts at BOL and EOT after 30,000 voltage cycles.
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interesting particle size distribution and features elongated
particles on the carbon support. It shows an average particle
size growth of ∼3.5−4 nm and a higher aspect ratio of 1.4 with
a significantly long tail. ECS4005 carbon is a highly graphitized
material with well-ordered crystalline planes that enable Pt
nanoparticles to slide and migrate on the surface of the carbon
support along a specific direction. This leads to the formation
of elongated particles with a slight increase in the aspect ratio
of the particles.8,25,40 Pt/ECS4005 represents a significant
improvement over the conventional Pt/MSC catalyst with
significantly better initial performance and durability; the
graphitized and well-ordered ECS4005 carbon surface still
presents a durability issue for Pt aggregation. This highlights a
challenge in obtaining better catalyst durability with a higher

level of graphitization while maintaining a sufficient level of Pt-
carbon interaction to anchor the particles.

4. CONCLUSIONS
We have developed a graphitized, mesoporous carbon support
(ECS4005) for the deposition of Pt nanoparticles for use in
fuel cell cathode applications. ECS4005 features open,
accessible mesopores with a size of ∼10 nm for Pt dispersion
and 40−80 nm pores for reactant transport. ECS4005 also
features high graphitization and well-ordered crystal planes.
The favorable features of Pt/ECS4005 enable significantly
improved mass activity via mitigation of sulfonate poisoning
compared to conventional solid furnace black material such as
Vulcan XC-72R, while its accessibility is improved versus Pt/

Figure 12. Violin-plot showing (a) the particle size distribution in diameter and (b) the aspect ratio of the catalysts at BOL and EOT after 30,000
voltage cycles, measured from STEM images.
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HSC. BOL H2/air polarization performance of Pt/ECS4005 in
fuel cell MEAs is significantly due to the high mass activity and
the open, mesoporous structure that enables improved O2
mass transport resistance. The durability of the Pt/ECS4005
catalyst is significantly better than Pt/MSC, which is a baseline
catalyst for Pt on a solid carbon support. However, the Pt/
ECS4005 durability is moderately lower than Pt/HSC, and this
result is attributed largely to the graphitized, ordered carbon
structure that enables Pt to migrate and coalesce, which leads
to the formation of elongated nanoparticles. The lower EOT
surface area of Pt/ECS4005 compared to that of the Pt/HSC
catalyst causes more than expected high-current density
performance losses. Further, the larger primary particle sizes
of ECS4005 carbon, with a higher internal surface area, which
could be a result of the templated synthesis process, could be
accelerating the Pt coarsening process, leading to durability
drawbacks. However, the EOT cell voltage of Pt/ECS4005 is
significantly better than that of the Pt/MSC catalyst. The
development of ECS4005 represents a major step in the
direction of a graphitized, mesoporous carbon for fuel cell
applications with properties and electrochemical performance
significantly better than those of a conventional solid carbon
such as Vulcan XC-72R.
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