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ABSTRACT: Improving the activity and durability of carbon-supported platinum catalysts
for the oxygen-reduction reaction (ORR) in acidic electrolytes is crucial to reducing the high
overpotentials and power loss over time in proton-exchange membrane fuel cells
(PEMFCs). We found that platinum nanoparticle catalyst deposited on an engineered
carbon support in the presence of zirconium enabled higher ORR activity and 25% better
retention in electrochemically active surface area (ECSA), thereby improving durability. The
use of zirconium precursor in the carbon synthesis process led to the formation of atomically
dispersed Zr and ZrO, nanoparticles on the support. Upon Pt deposition and subsequent
heat treatment, the ZrO, particles preferentially rearranged on and around the platinum
nanoparticles in a chemically reduced form as zirconium suboxide (ZrO,_,) surface-
decorated nanoclusters, which mitigated Pt nanoparticle coarsening. Analysis of the here-to-
fore unknown catalyst structure as well as its performance and durability in a PEM fuel cell

Durable surface protected electrocatalyst
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membrane electrode assembly (MEA) is discussed.

KEYWORDS: oxygen-reduction reaction, proton-exchange membrane fuel cells, platinum nanoparticle,
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lectrocatalysis of the oxygen-reduction reaction (ORR) on

carbon-supported platinum (Pt/C) catalysts is crucial to
the operation of PEMFCs as it is a determining factor in the
performance, efficiency, durability, and cost of the electro-
chemical energy conversion system.' > Despite tremendous
work in precious group metal (PGM) free catalysts,” Pt-based
catalysts remain the most active and industrially relevant
materials as they enable the high-power density of >4 kW_,.q4/
gpgm at beginning of life (BOL) required for light-duty
automotive applications."””> The shift to a heavy-duty vehicle
(HDV) applications demands a higher durability of 25,000 h of
fuel cell operation, >68% efficiency at a PGM loading of <0.30
mg/cm? so as to decrease the total cost of ownership.” The
United States Department of Energy (DOE) has established a
2025 HDV-combined end-of-life (EOL) PGM-specific power
density target of 2.5 kW/gpgy at 0.7 Vieay while the
Japanese New Energy & Industrial Development Organization
(NEDO) has set a more aggressive 2030 target of 5.3 kW/
gpgm- These targets require a greater focus on improving the
durability of Pt/C catalysts.

Fuel cell performance decreases over time primarily due to
loss in Pt surface area and mass activity in the corrosive
cathode environment.”'® Pt nanoparticles are thermodynami-
cally prone to coarsening largely driven by the need to reduce
surface energy.'”'” Pt dissolution followed by either
redeposition in the membrane'” or in the cathode on larger
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Pt nanoparticles (electrochemical Ostwald ripening)*~"”

appears to be the dominant coarsening mechanism on porous
carbon supports. On graphitized carbon supports with
relatively ordered lattice planes, Pt adatom/particle migration
followed by coalescence to form larger Pt nanoparticles
coexists due to weaker Pt-carbon interactions as evidenced
by the formation of elongated particles on degraded catalyst
samples.'*"*" Loosely coordinated Pt edge atoms become
mobile and undergo diffusion on the nanoparticle surface,
thereby shifting the center of gravity of the particle leading to a
collective result over time of particle diffusion of a few
nanometers on the support.22

One approach to prevent Pt surface area loss is to anchor Pt
on the support via stronger interactions to inhibit particle
movement via steric stabilization.”> > In the field of
heterogeneous catalysis, remarkable improvements in the
prevention of catalyst sintering were demonstrated on
supported precious metal nanoparticle catalysts using highly
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Figure 1. (a) General scheme for the synthesis of engineered carbon supported Pt nanoparticles preferentially deposited with surface decorating
ZrO,_, nanoclusters (color codes: gray—carbon, red — Zr, green—oxygen, blue — Pt).
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Figure 2. STEM images of (a) bare ECS carbon support, (b—f) 0.75% Zr-ECS support along with EDS maps, and (g) 3% Zr-ECS support. Arrows
in (c) point to the presence of atomically dispersed Zr moieties on 0.75% Zr-ECS. (Si and Al signals are from the STEM-chamber that widely exists
as dust, and Fe is a possible contaminant in ppm quantities in the carbon).

conformal, porous multilayer coatings of metal oxides, which
feature a stronger degree of interaction.”””” Following similar
approaches, improved retention of Pt surface area in dilute
aqueous electrolytes was demonstrated with intentionally
deposited protective silica overlayers,” atomic layer deposited
zirconia nanolayers,” or selenium anchors.”* In a realistic fuel
cell MEA though, the overlayers are likely to decrease the Pt
accessibility and hinder reactant (H*/O,) transport to the
active site.”””' More careful anchoring approaches are required
to demonstrate the viability in a PEMFC MEA.

In a recent article, we disseminated the results of a new class
of carbon supports developed by Pajarito Powder with
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improved Pt dispersion characteristics and lower O, transport
resistances. These carbon supports featured higher mesopore
fraction in an open, accessible fashion for the dispersion of
higher weight percent loading of Pt nanoparticles (up to 50%
Pt) that enabled thinner catalyst layers at higher geometric Pt
loadings (~0.2 to 0.3 mgp/cm?) and led to improved
performance and durability characteristics across the entire
polarization curve region.32

In this article, we expand on this new class of carbon
supports and discuss a synthetic strategy that serendipitously
deposited surface decorating ZrO,_, nanoclusters on and
around Pt nanoparticles, which mitigated nanoparticle
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Figure 3. (a, b, g) HAADF STEM images and (c—f, h—k) EDS maps of the elements in Pt/3% Zr-ECS (predoped) catalyst heat treated to 800 °C
temperature. Yellow arrows in (a) point to atomically dispersed Zr on carbon.

coarsening, thereby enabling higher surface area retention in a
PEMFC MEA. ZrO,_, nanoclusters were observed to be in a
stable chemical form with submonolayer coverages on the Pt
surface, thereby providing unhindered access to the reactants.
Improved mass activity and ECSA retention of the Zr-modified
catalyst enabled improved retention of cell voltage over 90,000
cycles of a catalyst-specific accelerated stress test (AST) in a
PEMFC MEA. The novel nanostructure catalyst design
presents new opportunities for durable fuel cell ORR
electrocatalysts in HDV truck applications.

B STRUCTURE OF PT CATALYST WITH ZRO,_y
SURFACE DECORATING NANOCLUSTERS

The general scheme of synthesizing a Pt catalyst on an
Engineered Catalyst Support (ECS) doped with Zr/ZrO, is
shown in Figure 1. A mixture of a nitrogen-rich organic
precursor such as melamine for the carbon along with fumed
silica as the pore-forming agent and zirconium nitrate as Zr
precursor required for 0.75% Zr by weight on carbon, was
subjected to pyrolysis at high temperature to synthesize the
carbon support.**~*° The silica template was then removed via
hydrofluoric acid etching, which resulted in a porous, ECS
featuring doped Zr in two different chemical forms: (i)
atomically dispersed Zr (a-Zr) in the graphitic lattice and (ii)
ZrO, nanoparticles. This Zr-predoped carbon support is
labeled as 0.75% Zr-ECS. An additional 2.25% Zr by weight
was deposited using Zr(NO;), precipitation and reduction on
0.75% Zr-ECS leading to a total Zr content of ~3% by weight
on carbon.”** Pt nanoparticles were then deposited
subsequently at a weight loading of either 30 or 50% on
carbon via a wet chemical route, leading to the coexistence of
Pt, a-Zr, and ZrO, nanoparticles on the support. Details of the
general synthesis route and the precursors used are provided in
the patent literature.””** The catalyst was then subjected to
heat treatment (HT) at 800 °C in a nitrogen gas atmosphere,
wherein the ZrO, nanoparticles on the support were found to
disintegrate and preferentially redeposit on and around the Pt

4443

nanoparticles as surface decorating nanoclusters in a reduced
chemical form as zirconium suboxides (ZrO,_,). This Zr-
predoped carbon support and the catalyst are labeled as
nominal 3% Zr-ECS and 30% Pt/3% Zr-ECS, respectively. The
physicochemical properties, microscopic structure, and electro-
chemical diagnostics of this catalyst in a PEMFC MEA were
studied using multiple characterization techniques and are
discussed in this manuscript in comparison to Pt on a
nondoped ECS catalyst (Pt/ECS) and a KetjenBlack-EC300]
high surface area carbon (HSC) catalyst referred throughout as
Pt/HSC.

The evolution of the structure of ECS material predoped
with a-Zr/ZrO, at various stages of the synthesis was studied,
as shown in Figure 2 (and Supporting Information Figure S1),
using scanning-transmission electron microscopy (STEM)
coupled with electron energy loss spectroscopy (EELS) or
energy dispersive spectra (EDS). The nondoped ECS material
shows an ordered graphitic surface but with short-range order
in surface carbon lattice planes (~3 to 8 layers of graphene)
around the mesopore regions (Figure 2a). Figure 2b—f shows
the high-angle annular dark field (HAADF) STEM-EDS of
0.75% Zr-ECS predoped material at various magnifications.
The carbon support features Zr in two different chemical
forms, as identified by EDS/EELS spectroscopy. EDS spectra
confirmed that the ~2—3 nm particles as ZrO, crystalline
nanoparticles dispersed on the carbon support (Figure 2d,e).
Further, local-EDS spectra with an electron probe positioned
in Area #S of the image in Figure 2d where there are no
apparent ZrO, nanoparticles suggested the distinctly bright
spots (pointed by yellow arrows in Figure 2c) to be atomically
dispersed Zr species on the graphitic lattice. EDS map
indicates the presence of nitrogen, which we believe to be
doped in the carbon support and not associated with Zr, as
evidenced by the X-ray photoelectron spectroscopy (XPS)
discussed later. The 3% Zr-ECS sample showed the formation
of additional ZrO, nanoparticles on the support as observed in
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Figure 4. (a) N, adsorption pore size distribution, (b) Pt utilization measured from CO,q stripping as a function of inlet RH of 50% Pt catalysts,
(c) Zr 3d XPS profiles and the corresponding fits, (d) Zr K-edge XANES profiles showing Zr and m-ZrO, standard reference compounds along
with in situ Pt/3% Zr-ECS catalyst (data averaged from 0.1 to 0.9 V vs RHE in argon-purged 0.1 M HCIO,); inset shows the derivative of
normalized absorption in the edge region and (e) in situ Pt Ly-edge XANES profiles of Pt/ECS and Pt/3% Zr-ECS catalysts at 0.5 V vs RHE in
argon-purged 0.1 M HCIO, along with the Pt foil standard; inset shows magnified image of the white line region.

the HAADF-STEM images shown in Figure 2g and EELS
mapping shown in Figure S1.

The Pt catalyst deposited on nondoped ECS support shows
a uniform dispersion of spherical Pt nanoparticles (Figure S2).
STEM-EDS images collected immediately after Pt deposition
on the 3% Zr-ECS carbon support (prior to any heat treatment)
show the juxtaposition of Pt nanoparticles with a-Zr and intact
ZrO, nanoparticles (Figure S3). Figure 3 shows the HAADF-
STEM-EDS images of the 30% Pt/3% Zr-ECS catalyst
subjected to heat treatment. First, the Pt nanoparticles that are
~3 nm in size are evenly distributed on the carbon support
against the backdrop of atomically dispersed Zr moieties
(marked by yellow arrows in Figure 3). Interestingly, after heat
treatment to 800 °C, while the total Zr content was
unchanged, the larger ZrO, nanoparticles that were intact
before heat treatment were no longer visible in the catalyst.
The ZrO, nanoparticles had disintegrated and were found to
be preferentially deposited on and around Pt nanoparticles as
shells as seen by the Pt, Zr, and O EDS maps (see zoomed-in
regions shown in Figure 3g—k). Zr and O EDS signals were
observed to be associated with Pt nanoparticles mostly present
on and around the Pt as surface decorating nanoclusters. Pt/Zr
atomic ratio was found to be 7.7 + 1.0 from STEM-EDS and
ICP-MS measurements of the catalyst (Table S1).

B ENGINEERED CARBON SUPPORT STRUCTURE

Figure 4a shows the N, adsorption pore size profiles of the
engineered carbon support prior to Pt deposition (see Figure
S4 for N, adsorption—desorption isotherms, micropore
analysis profile, X-ray diffraction profiles, and Table S2 for
the surface areas). HSC support has higher differential
adsorption in the micropore area with an almost unchanging
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value up to 20 nm pores and then a slow rise to 200 nm pores
with a total surface area of 837 m?/g. ECS support with and
without Zr doping shows a bimodal distribution in pore size
with a dominant peak in adsorption at 9—10 nm pores,
indicating their mesoporous character and a macropore peak at
~30—80 nm. The macropore peak is quite subdued for the Zr-
predoped ECS samples. 0.75% Zr-ECS has a ~19% higher total
surface area (953 m’/g) than nondoped ECS (804 m?*/g),
mostly attributable to an increase in the micropores (<2 nm)
and smaller mesopores (2 to S nm) created due to the
presence of Zr during the graphitization process of the carbon
support. The addition of excess 2.25% ZrO, nanoparticles on
the 0.75% Zr-ECS carbon decreases the surface area by ~5% to
903 m?/g. Further, the N, adsorption profiles (Figure S4) of
the ECS materials indicate a Type IV isotherm with an ordered
mesopore character as observed from an increase in uptake at
0.6 <p/ po < 0.9.3%% The level of disorder of the carbon was
investigated using Raman spectroscopy (Figure S4, Table S1)
via the intensity ratio (I,/I;) of disorder (D-band, 1300 cm™")
and graphitic peaks (G-band, 1550 cm™). ECS support with
and without Zr predoping shows a lower disordered carbon
content with relatively well-ordered graphitic planes with an
Ip/I; peak ratio of ~1.05 compared to 1.19 for HSC support
in good agreement with the STEM images.>® Water uptake on
the carbon supports suggests that ECS materials with and
without Zr dopants have an earlier onset in water partial
pressure (p/p° = 0.2) and a higher water uptake compared to
the HSC support (p/p° = 0.6), indicating that ECS is likely
more hydrophilic in nature (Figure SS5).

Figure 4b shows the electrochemical oxidative stripping of
adsorbed CO (CO,,) on Pt at BOL as a function of relative
humidity (RH) to determine the location distribution of Pt

https://doi.org/10.1021/acscatal.3c05297
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Figure S. Plots showing the impact of Zr-dopant on 30% Pt catalyst from fuel cell MEA measurements: (a) H,/air polarization curves measured at
BOL (solid lines) and at EOT after 90,000 catalyst AST cycles (dashed lines). Cell voltages at (b) 0.05 A/cm? and (c) 2.0 A/cm?, (d) mass activity,
and (e) cathode ECSA all as a function of the number of AST cycles. Polarization curves were measured at 94 °C, 100% RH, and 250 kPa back

pressure in a § cm® differential cell at 0.2 mgp,/cm?® cathode loading.

nanoparticles with respect to the carbon pore structure.’®* All
catalysts show an increase in Pt utilization with increasing RH,
as expected, due to the condensation of water on the catalyst/
ionomer surface, thereby connecting ionomer regions and
creating proton transport pathways.'”*" At a low RH of 20%,
Pt/ECS and Pt/HSC catalysts show a relatively higher Pt
accessibility of 71 to 77%, indicating the presence of a
significant number of Pt nanoparticles on the external surface
in contact with a continuous ionomer film. The Pt/3% Zr-ECS
sample shows a significant drop in Pt accessibility (~34% at
20% RH) due to the use of Zr in the carbon synthesis process
that leads to the formation of micro- and mesopores in good
agreement with the N, pore size distribution data above. This
suggests that in the Pt/3% Zr-ECS catalyst, relatively more Pt
is deposited inside the micro- and mesopores away from
contact with the sulfonic acid group in the ionomer, which can
decrease ORR kinetics.””

B CHEMICAL STATE OF ZIRCONIUM

The oxidation state and chemical structure of Zr were
evaluated using ex situ XPS of the powder samples and in
situ X-ray absorption near edge structure (XANES). XANES is
a bulk-averaged technique, whereas XPS is a surface-sensitive
measurement. Figure 4c shows the Zr 3d XPS of the 3% Zr-
ECS predoped sample and the corresponding Pt/3% Zr-ECS
catalyst (see also Figure S6). On the 3% Zr-ECS carbon, Zr 3d
XPS shows well-resolved doublet peaks due to spin—orbit
coupling at 182.9 and 185.2 eV (A, = ~2.3 eV), confirming
the presence of Zr in the +4 oxidation state with a possible
chemical form Zr02.42 On the Pt/3% Zr-ECS sample though,
in addition to the doublet peak, two smaller peaks at lower
binding energies of 179.9 and 182.2 eV are also observed,
indicating the presence of Zr in a slightly reduced chemical
form as zirconium suboxide (Zr'", n < 4, ZrO,_,).*> As shown
in Figure S6, no shift in the 4f binding energy of Pt is observed
upon ZrQO, deposition, suggesting that ZrO, is physically
interacting with only Pt.

Figure 4d shows the in situ Zr K-edge XANES profiles, and
their derivatives, for the Pt/3% Zr-ECS sample compared to
that of Zr metal and ZrO, standard compounds (also see

4445

Figure S7). The XANES edge profile of Zr in the catalyst is
similar to monoclinic ZrO, (m-ZrO,) with a characteristic
broad asymmetric single-peak white line and is consistent with
7- or 8-coordinate Zr with multiple nearest neighbor bond
lengths.*** The XANES edge position of Zr in the catalyst is
shifted negatively to 18,011 eV compared to m-ZrO, (18,012),
indicating that Zr is in a reduced chemical state (Zr"*, n < 4) in
good agreement with XPS results. The Pt L3-edge XANES
profile in Figure 4e shows a marginal decrease in the white line
for Pt/3% Zr-ECS compared to Pt/ECS indicating the
presence of ZrO,_, on the surface of Pt nanoparticles. The
extended X-ray absorption fine structure (EXAFS, see Figures
S8 and S9 and Table S3) fits at 0.5 V in situ, suggesting a
similar coordination number (8.8 + 0.4 for Pt/3% Zr-ECS vs
9.4 + 0.3 for Pt/ECS) and Pt—Pt bond length (2.747 + 0.003
for Pt/3% Zr-ECS vs 2.745 + 0.002 for Pt/ECS) within the
error levels of the measurement.

B FUEL CELL PERFORMANCE AND DURABILITY

The novel Pt/3% Zr-ECS catalyst was evaluated in a 5 cm”
active area fuel cell MEA under differential cell conditions for
its performance and durability compared to nondoped ECS at
0.2 mgp,/cm? loading (Figures 5 and S9). The catalyst-specific
durability measurement was performed by subjecting the
cathode to 90,000 voltage cycles from 0.60 to 0.95 V at 90 °C,
100% RH, and 104 kPa in N, environment. As shown in Figure
Sa, Pt/3% Zr-ECS catalyst shows significantly improved cell
voltage retention after 90,000 cycles both in the kinetic and
mass-transport limited regions. At BOL in the kinetic region,
the Pt/3% Zr-ECS catalyst exhibits 0.887 mV at 0.05 A/cm?,
which is ~15 mV higher than that of the Pt/ECS catalyst. This
benefit reflects the higher mass activity of 0.49 A/mgp, for Pt/
3% Zr-ECS, which exceeds the DOE target of >0.44 A/mgp,
with a pure-Pt catalyst in an MEA," compared to 0.36 A/mgp,
for the Pt/ECS catalyst. This is due to the presence of a larger
fraction of Pt nanoparticles inside the mesopores of the Zr-
doped carbon support, compared to the nondoped ECS,
preventing adsorption of sulfonate anions from the ionomer
that poison the ORR leading to a higher specific activity of 747
+ 7 pA/cm?’p, for Pt/3% Zr-ECS compared to 559 + 31 pA/
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Figure 6. (a, b, g) HAADF STEM images and (c—f, h—k) EDS maps of the elements in Pt/3% Zr-ECS (predoped and heat treated) catalyst at

EOT after 30,000 AST voltage cycles in an MEA.

cm?,, for Pt/ECS (Figure S10). This kinetic benefit was
maintained throughout the 90,000 AST cycles with better
retention in mass activity of 61% for Pt/3% Zr-ECS vs 50% for
Pt/ECS catalyst. This was also reflected in the higher cell
voltage of 0.874 mV at 0.05 A/cm? for Pt/3% Zr-ECS at EOT.
The importance of ZrO,_, nanocluster surface decoration was
reflected in the cell voltage durability at high-current density
and the improved retention of Pt ECSA. At BOL, both the
catalysts show similar cell voltages of ~0.660 V at 2.0 A/cm?
and ECSAs of ~66 m*/g. As the durability cycling progressed,
the Pt ECSA showed improved retention on Pt/3% Zr-ECS
catalyst and was better than Pt/ECS by ~26% after 90,000
AST cycles. The initial drop over the first 30,000 AST cycles
still dominated both materials, although it was observed to be
better on the Pt/3% Zr-ECS catalyst. ECSA was measured to
be 24 m*/g for Pt/3% Zr-ECS compared to 19 m*/g for Pt/
ECS after 90,000 AST voltage cycles. This was reflected in the
remarkably higher cell voltage retention, as shown in Figure Sc.
Pt/ECS catalyst loses ~55 mV at 2.0 A/cm? with most of the
loss coming in the first 30,000 AST voltage cycles. In
comparison, Pt/Zr-ECS loses only 20 mV at 2.0 A/cm? after
90,000 AST cycles maintaining 0.640 V at EOT with a
shallower profile in voltage loss.

B POSTCHARACTERIZATION OF THE CATALYST

Figure 6a—k shows the STEM-EDS images of the Pt/3% Zr-
ECS catalyst after 30,000 AST cycles in a PEMFC MEA (see
Figure S2b,c for STEM images of the Pt/ECS catalyst after
AST cycles). Both Pt/ECS and Pt/3% Zr-ECS catalysts
appeared to have coarsened via migration-coalescence, as seen
by the formation of fused and elongated Pt nanoparticles on
the carbon support. The ZrO,_, nanoclusters continue to be
associated with the Pt nanoparticles mostly present on and
around them (Figure 6g—o0). A marginal increase in the Pt/Zr
atomic ratio to 9.2 + 1.1 is observed with the atomically
dispersed Zr completely lost after AST voltage cycling. Pt
particle size distributions (PSD) were determined using small-
angle X-ray scattering measurement (SAXS) as shown in
Figure 7a and were obtained from fitting the scattering data in
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Figure 7. (a) SAXS Pt particle size distribution (solid lines — BOL,
dashed lines — EOT after 30,000 AST cycles) and (b) pressure-
independent O, transport resistance as a function of cathode ECSA
up to 90,000 AST cycles; also, shown is the 30% Pt/HSC catalyst for
comparison.

the g region between 0.02 and 0.4 A™' using the maximum
entropy (MaxEnt) method (Figure S11). The pristine Pt/ECS
and Pt/Zr-ECS catalyst layers showed similar Pt particle mean
diameters of 2.5 and 2.7 nm, respectively. After 30,000 voltage
cycles, the Pt mean particle diameters for both the Pt/ECS and
Pt/3% Zr-ECS catalyst increased and the PSDs broadened
after AST cycling with a longer tail signifying particle
coarsening via migration-coalescence (Figure 6;1,b).20’21’46
The mean Pt particle size after AST cycles for the nondoped
Pt/ECS catalyst is 5.5 nm, which is larger than the 4.5 nm for
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the doped Pt/3% Zr-ECS catalyst, indicating that ZrO,_,
surface nanoclusters mitigate Pt coarsening during fuel cell
testing, in good agreement with the improved ECSA retention.
The number fraction of particles also shows a distinctly long
tail at larger particle sizes due to the presence of elongated
particles. We attribute this feature to the slightly higher degree
of ordering in the carbon planes for ECS supports and the
larger primary particles of the support featuring a more
continuous internal surface. This is also in good agreement
with the electrochemical CO,q stripping of Pt/ECS and Pt/3%
Zr-ECS catalysts in an MEA that does not show any change in
Pt utilization after 30,000 AST cycles, indicating that the Pt
nanoparticles mostly remain inside the mesopores of ECS-
based supports (Figure S12). Pt dispersed on graphitized
support with a higher degree of order in the carbon planes has
previously been shown to coarsen via migration-coalescence
with the formation of elongated particles as the dominant
mechanism.”"*"*¢

B O, REACTANT TRANSPORT CHARACTERISTICS

Figure 7b shows a plot of the pressure-independent O,
transport resistance measured from the limiting current density
measurements. Pressure-independent transport resistance
largely arises due to the (i) Knudsen diffusion of O, in the
small pores (<10 nm) of the microporous layer of the cathode
gas diffusion layer and the cathode catalyst layer and (ii)
diffusion of O, in the thin ionomer layer of the cathode catalyst
layer.1 Pressure-independent transport resistance is (i) a strong
function of the cathode Pt surface area and increases with
decreasing ECSA as the catalyst ages*”*® and (i) dependent
on the pore structure of the carbon support with more open,
mesopores facilitating O, transport properties.*”* The
pressure-independent transport resistance of Pt/3% Zr-ECS
catalyst is lower (0.16 s/cm at a BOL Pt ECSA of ~66 m*/gp,)
due to the open, mesoporous structure of the carbon support
that enables improved accessibility of the O, to Pt nano-
particles and remains stable in the range of 0.16 to 0.18 s/cm
as the Pt ECSA decreases to 24 m?/ g after 90,000 voltage
cycles. The Pt/ECS catalyst also shows a lower pressure-
independent transport resistance value of 0.19 s/cm at BOL
due to the mesoporous character of the support but drastically
increases to 0.27 s/cm after 90,000 AST cycles. On the
contrary, the pressure-independent transport resistance of a
commercially available 30% Pt/HSC catalyst begins high at
0.26 s/cm due to its dominant pore structure with smaller
micropores, which remains constant but then increases
drastically to 0.32 s/cm after 90,000 AST-cycles with ECSA
decreasing to ~18 m?2/ g

Characterization of the catalysts was performed to determine
the influence of ZrO,_, doping on the Pt nanoparticles stability
during potential cycling of the electrode via online inductively
coupled plasma mass spectrometry (Figure S13). Measure-
ments were carried out in N, saturated 0.1 M HCIO,
electrolyte to understand the stability of the catalysts toward
Pt dissolution reactions. As shown in Figure S13, no difference
was observed between Pt/ECS and Pt/Zr-ECS catalysts
neither in anodic oxidative nor the cathodic reductive sweeps
(0.40 to 0.95 V region). This indicates that the presence of
atomically dispersed Zr and/or the ZrO,_, nanocluster on Pt
does not inhibit the Pt dissolution reactions. Further,
electrochemical CO,q stripping was carried out on the catalysts
in aqueous 0.1 M HCIO,, which suggested no influence of a-Zr
and ZrO,_, nanoclusters on the oxidation of CO adsorbed on
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the Pt nanoparticles (Figure S14). These observations suggest
that a-Zr and ZrO,_, nanoclusters likely do not exert any
chemical or electronic influence sufficient to change Pt
dissolution behavior or oxidative CO,q stripping characteristics.

ZrO,_, surface decorating nanoclusters appear to physically
anchor Pt nanoparticles to the carbon support or stabilize the
loosely coordinated edge atoms, thereby mitigating Pt surface
area loss. Based on the N, adsorption pore size analysis,
atomically dispersed Zr was largely observed to increase the
micro- and mesoporosity of the ECS support, thereby enabling
the Pt nanoparticle dispersion away from the ORR-inhibiting
perfluorosulfonic acid ionomer and increasing mass activity.
The enhanced mesoporous structure of the engineered carbon
support enabled improved O, transport properties of the
electrode even on the degraded catalyst layer with low Pt
surface area. This combination of better retention of mass
activity, ECSA, and pressure independent O, transport
resistance enabled a higher cell voltage at EOT for a
PEMFC MEA with a cathode catalyst of Pt surface-decorated
by ZrO,_, nanoclusters.

B SUMMARY

A catalyst comprising Pt nanoparticles surface-decorated with
ZrO,_, nanoclusters and supported on porous engineered
carbon featuring atomically dispersed Zr metal sites was
synthesized and utilized as the cathode catalyst in a PEMFC
MEA. Surface decorating ZrO,_, nanoclusters were serendip-
itously formed on and around the Pt nanoparticles during the
heat treatment step and acted as anchoring agents to reduce
the coarsening of Pt and improve its surface area retention.
ZrO,_, nanoclusters appeared to interact with Pt physically by
either anchoring it to the carbon and/or healing the loosely
coordinated Pt edge atoms. The higher kinetic activity due to
Pt being inside the mesopores and not poisoned by the
ionomer and the better ECSA retention and lower O,
transport resistance led to significantly improved durability in
cell voltage across the entire polarization curve. We have thus
delineated the structure and electrochemical properties of a
novel Pt catalyst with surface-decorating ZrO,_, nanoclusters
that improve PEMFC durability.

B METHODS

Materials and MEA Fabrication. Engineered Catalyst
Support, namely ECS3701 (labeled in short form as ECS), a
commercially available carbon support, is produced by Pajarito
Powder using their VariPore technology.s3_35’51’52 ECS, Zr-
ECS, and Pt/Zr-ECS follow a similar synthesis process as
briefly described here. The general Zr-ECS production method
involves a mixture of a nitrogen-rich organic precursor such as
melamine, fumed silica, and zirconium nitrate salt as a
zirconium precursor that is then pyrolyzed at high temper-
atures. The silica template is removed with hydrofluoric acid,
resulting in an engineered carbon support structure. This
carbon support is then washed with copious water, dried, and
heat treated under a controlled atmosphere at 800 °C in a
nitrogen atmosphere. Additional zirconium is deposited onto
the carbon support using the Zr precursor followed by heat
treatment to form Zr-ECS. Platinum is then chemically
deposited onto the surface pores of the Zr-ECS at 30 or 50
wt % nominal loading. The Pt/Zr-ECS3701 is then washed,
dried, and heat treated under a controlled atmosphere to
ensure complete deposition. ECS carbon and Pt/ECS followed
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similar procedures but in the absence of a Zr precursor. Pt
catalyst at 30 and 50% nominal loading was also deposited on a
high surface area carbon support, namely, the KetjenBlack EC-
300] as a baseline.

A catalyst-coated membrane (CCM) electrode assembly
with a § cm? active area was used to test the electrode designs
fabricated in this study.*”® A 20 wt % Pt/C electrocatalyst was
used on the anode. The Pt loadings in the anode and cathode
were 0.05 and 0.2 mgp,/cm®. Cathode catalyst inks were made
by dispersing the catalyst in an n-propanol to water (3:1)
solvent mixture featuring a short side chain PFSA ionomer and
an equivalent weight of 800 g mol™". The ionomer to carbon
ratios were optimized at 0.9 for Pt/HSC and 1.0 for Pt/ECS,
and Pt/Zr-ECS electrodes. An ionomer-to-carbon ratio of 0.6
was used to fabricate the anode. A roughly 230 ym thick
carbon fiber paper-based gas diffusion layer containing a
microporous layer was used on both the anode and cathode
sides. A 12 um thick PFSA membrane with mechanical
reinforcement was used for the MEA lamination, which was
carried out at 145 °C temperature, S000 Ibs. of force for a
duration of 2 min.

Physical Characterization. Brunauer—Emmett—Teller
(BET) and Barrett—Joyner—Halenda (BJH) analyses were
used to measure the specific surface area and pore size
distribution of the carbon powders. The measurements were
taken using an ASAP 2020 physisorption system from
Micromeritics Instrument Corporation. Additional details
regarding BET and BJH measurements can be found in our
previous publication.”’ Volumetric water uptake measurements
were done at room temperature (25 °C) using a Micromeritics
3Flex DVS apparatus by ramping up the relative water vapor
pressure in steps up to 80% while measuring the quantity of
water adsorbed at each step.

XPS spectra were collected using a Thermo Scientific
NEXUS G2 with a primary X-ray source of microfocused,
monochromatic Al K-alpha X-rays. For all survey and high-
resolution scans, a raster spot size of 400 ym X 400 um was
used. All survey spectra were analyzed with a pass energy of
200 eV and a step size of 1.0 eV while high-resolution spectra
of C 1s, O 1s, N 1s, and S 2p were collected with a pass energy
of 50 eV and a step size of 0.05 eV. All data analysis was
performed on Thermo Avantage software. Quantification was
performed using an iterative/convergence model using the
Gaussian-Lorentian peak shape, Shirley background, and
Wagner-Scofield relative sensitivity factors.

The diffraction data were collected using the Bruker D8-
Advance X-ray Diffractometer system with the Bragg—
Brentano geometry and Cu Ka radiation (40 kV and 40
mA). Samples were prepared by dusting powder onto a quartz
zero-background holder coated with a thin layer of grease to
promote adhesion. Phase identification was performed by
comparing the observed diffraction patterns to reference data
from the International Centre for Diffraction Data (ICDD).**
Raman spectra were collected on carbon powders with a
Renishaw inVia confocal microscope spectrometer. Samples
were probed with a 532 nm excitation line using a S0X
objective ~1 um? spot size with a spectral resolution of 2 cm™.
Peak parameters were attained from curve fits based on mixed
Gaussian and Lorentzian curves.

Electron Microscopy. STEM experiments were performed
using Thermo-Fisher Titan Themis Cryo S/TEM with a Field
Emission Gun (X-FEG), monochromator, and probe corrector
operated at 120 kV and room temperature. The High-Annular

4448

Angle Dark Field (HAADF) and Bright Field (BF) images
were collected with 195 mm camera length and a 21.4 mrad
convergence angle. The HAADF images were taken with 2048
X 2048 pixels and 2~5 us dwell time.

Electrochemical Diagnostics. Electrochemical diagnostic
measurements comprising ECSA, mass activity, specific
activity, local-O, transport resistance (R(O,)-local), Pt
utilization via electrochemical CO,q4 stripping, and polarization
curves were obtained by testing the MEAs in a 5 cm’
differential cell. Initially, MEAs were conditioned for 24 h
before proceeding with the polarization curve and electro-
chemical diagnostic measurements. The MEA conditioning
protocols were described in a previous publication.>®

Hydrogen adsorption—desorption measurements (HAD)
were done after MEA conditioning using cyclic voltammetry
(CV) to calculate the ECSA. The cathode and anode were fed
with pure N, and H, gases simultaneously. The CV scan was
made between 0.05 and 1.0 V using a scan rate of 20 mV/s
under no N, flow in the cathode and 0.2 slpm H, in the anode.
A total of 4 CV scans were done and the fourth scan was used
to calculate the ECSA between 0.05 and ~0.4 V. Kinetic
activity measurements were done by flowing pure hydrogen
and oxygen into the anode and cathode, respectively.
Polarization curves ranging from current densities between
0.02 and 0.40 A/cm? were measured at 80 °C and 100% RH
with an absolute anode—cathode outlet pressure of 150 kPa.
The mass activity at 0.9 V was measured from the Tafel plot
(semilog plot of voltage versus current density). The voltage
measured was corrected for the ohmic resistance, while the
current density was corrected for H, crossover and shorting
resistance.

R(O,)-local was measured by conducting limiting current
measurements at various total pressures with different low
oxygen partial pressures. The limiting current densities were
measured at several potentials below 0.3 V at different oxygen
mole fractions (1 to 4%). The slope from the plot between the
limiting current density and oxygen mole fraction yields the
total transport resistance. The total transport resistances were
obtained at different cathode outlet pressures (100 to 300
kPa). Next, total transport resistances were plotted versus
cathode outlet pressures from which the slope and intercept
extracted represent pressure-dependent and pressure-inde-
pendent transport resistance, respectively.47’56

Pt utilization of the electrodes was determined by
conducting CO stripping measurements at 80 °C. CO
stripping involves electrooxidation of adsorbed CO on the Pt
surface (Pt-CO,4 + H,O — Pt + CO, + 2H* + 2¢7).°%%
Initially, the cathode was purged with nitrogen (N,) gas for 1
min, and then several CV scans between 0.05 and 1.2 V were
performed to clean the electrode surface. Next, the cathode
was saturated with 1% CO (balance N,) for 15 min. The flow
rate of the CO was 1 slpm. Finally, N, was flowed into the
cathode again for 1 min and CO stripping was carried out by
performing a CV scan between 0.05 and 0.95 V. Pure H, was
flowed into the anode for the entire measurement. The CO
stripping measurement for each electrode was done at RH
values ranging between 10 and 100%. ECSA from the CO
stripping measurement was calculated by integrating the CO
electrooxidation peak, assuming a charge density of 420 uC/
cm? The ratio of ECSA at each RH was normalized to that
obtained at 100% RH to calculate the Pt utilization. The
electrochemical oxidation of CO,q is reliant on access to water
according to the equation Pt-CO,4 + H,O — Pt + CO, + 2H"
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+ 2e” and hence is dependent on the RH of operation. Under a
relatively dry condition of 20% RH, Pt nanoparticles present
inside the micro/mesopores of the carbon particles are not
accessed. Further, the Pt dry accessibility also depends on the
continuity of the ionomer films dispersed on the carbon
support with more continuous ionomer films connecting more
Pt ionically. Discontinuous ionomer films will require
condensed water on the carbon catalyst to connect the
ionomer patches.””*” Hence, the dry accessibility or utilization
at 20% RH represents the fraction of Pt present on the external
surface of the carbon in direct contact with the continuous
layer of the ionomer.

Fuel cell polarization curves were obtained by flowing H,/air
on anode/cathode channels at 94 °C and at an absolute outlet
pressure of 250 kPa and an inlet RH of 100%. The catalyst-
specific AST involves trapezoidal wave cycling between 0.6 and
0.95 V in H,/N, anode/cathode gas flows at 90 °C, 104 kPa
outlet pressure, and 100% RH. The hold times at 0.6 and 0.95
V were 1 and 2 s, respectively, and the ramp times in both
anodic and cathodic directions were 0.5 s each. The total time
for each cycle is 4 s. A total of up to 90,000 cycles was run as a
part of the AST. The polarization curves along with kinetic
activities and ECSA were measured before and after the AST
to monitor the performance degradation of the electrodes.

X-ray Scattering and Absorption Studies. The
structure of Pt/ECS and Pt/Zr-ECS electrodes before and
after durability testing was characterized using X-ray scattering
at beamline 9ID-C at the Advanced Photon Source (APS) at
Argonne National Laboratory. The samples were exposed to a
16.8—21 keV monochromatic X-ray beam and the scattered X-
ray intensities were measured using a Bonse—Hart camera for
the USAXS region and a Pilatus 100 K detector for pinhole
SAXS and WAXS. The scattering vector, g, of the measure-
ment ranges between 10™* and 2 X 107> A™! for USAXS and 2
X 107 and 4 X 107> A™' for pinhole SAXS. The scattering
vector is the inverse of the object size, given as q = 47 sin(6/
2)/2, where 4 is the wavelength of the X-ray beam. Based on
the g range, the measurement length scale spans between 1 nm
and approximately 1 ym. The WAXS data covered a d-spacing
range from approximately 6.0 to 0.8 A. The background
scattering data of the substrates used to support the samples
were also collected and subtracted from the subsequent
scattering data for each sample. The data were reduced with
the NIKA software package,” and data analysis was conducted
using the IRENA software package.’” Both packages were run
on an IGOR Pro 8.0 instrument (Wavemetrics). Particle size
distribution was obtained from the measured scattering data
using the maximum entropy (MaxEnt) method,”” which
involves a constrained optimization of parameters to solve
the scattering equation

1(g) = 18P [1E(g, NP(V()PN,()dr

where I(q) is the scattered intensity, p is the scattering length
density of the particle, F(q, r) is the scattering function at
scattering vector g of a particle of characteristic dimension r, V'
is the volume of the particle, and N,, is the number density of
particles in the scattering volume.

XAS measurements were made at the APS at Materials
Research Collaborative Access Team (MRCAT) beamline 10-
ID. The energy was selected with a liquid nitrogen-cooled
Si(111) crystal pair, while harmonic rejection was accom-
plished with a rhodium-coated mirror. Zr K edge spectra were
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collected in fluorescence mode using a Sr filter (EXAFS
Materials) and Soller slits (The EXAFS Company) to filter the
elastic scatter and background Pt fluorescence, while the Pt L,
edge spectra were measured in fluorescence using a Zn filter
and Soller slits. Zr foil reference spectra were measured
simultaneously during the in situ experiment and the energy
was calibrated to the zero-crossing of the second derivative at
17,995.88 eV, while Pt L; spectra were calibrated assigning the
zero-crossing of the second derivative to 11,562.76 eV. The Zr
K edge transmission edge step (Aux) of the electrode was
about 0.006. Data were processed and fit using the Demeter/
Athena/Artemis software suite.”'

Online inductively coupled plasma mass spectrometry (ICP-
MS) dissolution experiments were performed using a custom-
made electrochemical flow cell (glassy carbon working
electrode, high surface area carbon paper counter electrode,
and a flexible Dri-ref Ag/AgCl reference electrode) with a
0.381 mm thick PTFE gasket (three layers of 127 ym thick
PTFE sheet). The flow cell coupled with an Agilent 7500ce
ICP-MS instrument (Agilent Technologies, Palo Alto,
California, USA) equipped with an inert perfluoroalkyl
(PFA) sample introduction system that includes a PFA
microflow nebulizer, Peltier-cooled PFA double pass Scott-
type spray chamber, connecting tube, and an inert sapphire
injector fitted to a semidemountable quartz torch. A forward
radio frequency power of 1500 W was used with the following
Ar gas flows: carrier 0.9 L min~!, makeup 0.15 L min™!, and
plasma gas 15 L min~'. The Pt and Zr ICP-MS signals were
measured at a mass/charge (m/z) of 195 and 90 amu,
respectively, using 0.5 s integration time per point. Electro-
chemical experiments were performed using air-equilibrated
0.1 M perchloric acid (HClO,) (GFS Chemicals, Inc.; 18 MQ
Millipore water) electrolyte which was pumped into the flow
cell at a rate of 0.183 mL min™}, using the ICP-MS peristaltic
pump, and directly into the nebulizer of the ICP-MS. The ICP-
MS was tuned for high sensitivity to obtain the best possible
signal-to-noise ratio for the measurements. To perform
quantitative analysis, a blank of 0.1 M HCIO4 and standard
solutions of Pt—Zr (0, 0.5, 1, and 2 ppb) in 0.1 M HCIO, were
analyzed before the electrochemical dissolution experiments.
Calibration curves were created from the ICP-MS signals for
these standards to convert the ICP-MS count rate to absolute
concentrations in the electrolyte. Potential-dependent dis-
solution experiments using the custom electrochemical flow
cell were performed using a Solartron single-channel
potentiostat (SI 1287, Solartron Instruments) and a silver/
silver chloride reference electrode (Dri-ref, FLEXREF 1.5 mm)
with a flexible wire connector. The counter electrode was
carbon paper, and the working electrode was the dried Pt/ECS
and Pt/Zr-ECS thin film ink deposited on a 0.196 cm?
geometric area custom-made glassy carbon (GC) disk
embedded in a PTFE sleeve. Electrode loading was 4 ugp./
cm? loading, and the ink on the GC was dried while rotating
the electrode at 500 rpm. The reference electrode was
calibrated against a reversible hydrogen electrode (RHE) and
all potentials reported here are with respect to RHE.

The catalyst-ionomer ink composition and preparation
procedure for the XAS measurements were the same as
those used for the online ICP-MS experiments. The ink was
deposited on a rectangular graphene sheet entirely encased in
Kapton tape, except for three S mm X 3 mm rectangles in the
middle of the graphene sheet and a strip at the end of the
sheet. The catalyst-ionomer ink was deposited in these three
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rectangles to achieve Pt loadings of 0.5 mgp,/cm* for Pt/ECS
and 3 mgp/cm® for Pt/Zr-ECS. The graphene sheet and
catalyst layers were sealed against a 10 mL cavity in a PEEK
cell containing a carbon paper counter electrode and Ag/AgCl
reference electrode. (BASi MW-2030, 3 M NaCl). Argon-
purged 0.1 M HCIO, was circulated through the cell at ~50
mL min~" by using a peristaltic pump during the acquisition of
the XAS spectra. The Ag/AgCl reference electrode was
calibrated against a reversible hydrogen electrode (RHE) in
hydrogen-saturated 0.1 M HCIO,. All potentials in the
remainder of the article have been converted to the RHE
scale. A CH Instruments potentiostat was used to control the
potential of the electrodes, and iR compensation was used
during the measurements. XAFS spectra were acquired in the
sequence: open circuit potential (0.993 V), 0.1 0.3, 0.5, 0.7,
and 0.9 V.
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