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Amino-tethering synthesis strategy toward

highly accessible sub-3-nm L1-PtM
catalysts for high-power fuel cells

Qing Gong," Hong Zhang,? Haoran Yu,® Sungho Jeon,* Yang Ren,® Zhenzhen Yang,® Cheng-Jun Sun,”
Eric A. Stach,* Alexandre C. Foucher,* Yikang Yu," Matthew Smart,” Gabriel M. Filippelli,”

David A. Cullen,® Ping Liu,”® and Jian Xie'7*

SUMMARY

Because of the poor accessibility of embedded active sites, platinum
(Pt)-based electrocatalysts suffer from insufficient Pt utilization and
mass transport in membrane electrode assemblies (MEAs), limiting
their performance in polymer electrolyte membrane fuel cells.
Here, we report a simple and universal approach to depositing
sub-3-nm L1,-PtM nanoparticles over external surfaces of carbon
supports through pore-tailored amino (NH;)-modification, which en-
ables not only excellent activity for the oxygen reduction reaction,
but also enhanced Pt utilization and mass transport in MEAs. Using
a low loading of 0.10 mgp,-cm 2, the MEA of PtCo/KB-NH, deliv-
ered an excellent mass activity of 0.691 A-mgp; ', a record-high
power density of 0.96 W-cm 2 at 0.67 V, and only a 30-mV drop
at 0.80 A-cm 2 after 30,000 voltage cycles, which meets nearly all
targets set by the Department of Energy. This work provides an effi-
cient strategy for designing advanced Pt-based electrocatalysts and
realizing high-power fuel cells.

INTRODUCTION

Polymer electrolyte membrane (PEM) fuel cells are promising energy conversion de-
vices for automotive and stationary applications because of their zero-carbon emis-
sions and high efficiency. Platinum nanoparticles supported over carbon surfaces
(Pt/C) are commercially used to catalyze the sluggish oxygen reduction reaction
(ORR) on the cathode side of membrane electrode assemblies (MEAs). Unfortu-
nately, the high cost, low ORR activity, and unsatisfactory durability of Pt/C catalysts
strictly hinder large-scale adoption of PEM fuel cells.”® An effective strategy to
reduce Pt usage while enhancing activity is to form Pt-based alloys with transition
metals (M) such as Fe, Co, Ni, Zn, etc.”* ¢ In particular, Pt-Co and Pt-Ni alloys are
two of the most active Pt-based catalysts. The activity enhancement can be ascribed
to the favorable ligand and strain effects on the surface of Pt, which are known to
weaken the adsorption of oxygenated intermediates in the related rate-determining
steps.””"" Because Pt and M atoms in Pt-M alloys are randomly distributed in a face-
centered cubic (fcc) lattice, the M atoms can be rapidly leached out when subjected
to the corrosive environment of PEM fuel cells, resulting in degradation of catalytic
kinetics and poisoning of electrodes and membranes.'*™"*

Ordered Pt-based intermetallics are considered promising candidates to achieve
excellent activity and high durability in fuel cell applications.”'*"” Face-centered

PROGRESS AND POTENTIAL
Polymer electrolyte membrane
(PEM) fuel cells are attractive
energy conversion devices for
electric vehicles, particularly
medium- and heavy-duty vehicles.
However, current platinum (Pt)-
based catalysts for the cathode
oxygen reduction reaction suffer
from insufficient activity and
durability in membrane electrode
assemblies (MEAs), limiting the
practical application of PEM fuel
cells. Here, we report a synergistic
strategy to prepare highly active
and stable sub-3-nm Pt-based
intermetallic catalysts while
overcoming the low Pt utilization
and insufficient mass transport
issues in the MEA, enabling
breakthrough fuel cell
performance. The core-shell-
structured L1o-PtCo@Pt
nanoparticles meet nearly all
performance requirements for
light-duty vehicles set by the
Department of Energy and
demonstrate great potential for
application in heavy-duty
vehicles. This synergistic strategy
provides a novel and effective
avenue for designing advanced
catalysts for fuel cell applications.
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tetragonal (fct) L1o-PtM and cubic L1,-Pt3M are two typical ordered Pt-based alloys
in which Pt and M atoms occupy specific lattice sites and have fixed atomic ratios.
Compared with the L1,-Pt3M structure, L1o-PtM is beneficial for further reducing
the Pt content but has been less studied. The L15-PtM intermetallic structure pro-
vides a strong electronic interaction between M (3d) and Pt (5d) atomic orbitals
along the crystallographic ¢ direction, which could protect M atoms from oxidation
and, thus, leaching.'®?° Generally, L15-PtM structures are formed by high-temper-
ature (>600°C) heat treatment of disordered PtM counterparts because atomic
ordering is a thermally driven process.'®?' However, under traditional processing
conditions, high temperature would inevitably leads to migration and agglomera-
tion of PtM nanoparticles, forming undesirably large and non-uniform particles, re-
sulting in a low electrochemical surface area (ECSA) and, thus, unsatisfactory cata-
lytic performance.”” The preferred size of Pt-based nanoparticles for ORR catalysis
is considered to be 2-3 nm with a narrow size distribution.***** To overcome
particle agglomeration, a typical strategy is to individually prepare PtM nanopar-
ticles using organic surfactants, deposit them on carbon supports, followed by
high-temperature heat treatment.'®?%?°3? Unsatisfactory particle size (>5 nm),
low Pt loading (<10 wt %), and weak catalyst-carbon interaction are common draw-
backs for this synthesis strategy. Low Pt loadings on carbon supports may increase
mass transport resistance in MEAs because of thicker catalyst layers, whereas
weak catalyst-carbon interaction is detrimental to catalyst durability. Another syn-
thesis strategy is to utilize protective coatings such as SiOz,** MgO,"®?%?° and

carbonized polymers®*~*°

to hinder migration and aggregation of PtM nanoparticles
during high-temperature heat treatment. Although this method can reduce the
particle size to 3-6 nm, it is difficult to completely remove the protective coatings,
leaving surface residues to block the active sites and, thus, increase mass transport
resistance. Therefore, it is of paramount importance to develop a simple method to
directly deposit ultrafine (<3 nm) and uniform L1o-PtM intermetallic nanoparticles

with a reasonable Pt loading (>20 wt %) on carbon supports.

Numerous Pt-based catalysts have shown encouraging intrinsic activity in liquid half-
cell testing using the rotating disk electrode (RDE) technique. However, translating
these outstanding intrinsic activities into fuel cell performance is a considerable chal-
lenge.’?? The RDE technique maximizes catalyst utilization and minimizes mass
transport resistance by simplifying the reaction zone from a three-phase interface
to a two-phase interface, to which the dissolved oxygen and protons in liquid elec-
trolytes are supplied through the electrode rotation. To enhance the active-site
density for liquid half-cell testing, highly active Pt-based nanoparticles are almost
exclusively supported on high surface-area carbon, in which large amounts of
nanoparticles are embedded in micropores of carbon support. However, when
such a catalyst is incorporated into a catalyst layer of MEAs, the embedded active
sites are poorly accessible to reactants of oxygen and protons, leading to ineffective
utilization of the inside active sites and additional mass transport resistance.?”*° This
results in unsatisfactory MEA performance at practical working voltages. For
instance, in Hy/air fuel cells using a cathode loading below 0.125 mgp-cm ™2, the
maximum rated power density (at 0.67 V) reported in published literature is around
0.82 W-cm™2 (Table S1), which is well below the Department of Energy (DOE)
target of 1.0 W-cm™2
carbon supports is an effective approach to improve catalyst utilization and mass

for transportation applications. Pore engineering of

transport in the catalyst layers. Pt nanoparticles mainly located in opened mesopores
of carbon supports, appearing primarily on the carbon external surface, are known
to be easily accessible to reactants,’’*? which are desired for high-perfor-

mance MEAs.
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It is thus clear that ultrafine L1o-PtM nanoparticles uniformly distributed on carbon
supports with reasonable Pt loading and high accessibility are desirable for fuel
cell applications. Here we report a simple and universal strategy to directly synthe-
size highly accessible sub-3-nm L15-PtM intermetallic nanoparticles on carbon sup-
ports. Synthesis of such L1o-PtM intermetallic nanoparticles relied on monodisperse
Pt nanoparticles supported on NH;-modifed carbon as seeds, which is achieved
through a strong electrostatic attraction established between the Pt-precursor
(PtCl,27) and protonated ammonium ions (NH3") immobilized over carbon surfaces.
The NH; modification tailored the pore structure of carbon supports, enabling
deposition of L1o-PtM intermetallic nanoparticles mainly in the opened mesopores
of carbon surfaces, which are highly accessible to reactants of oxygen and protons in
MEAs. In this work, we focused on preparation of sub-3-nm L1o-PtCo nanoparticles
supported on NH;-modified Ketjenblack (PtCo/KB-NH,). PtCo/KB-NH; exhibited
excellent ORR activity and durability, originating from the favorable structure of
2-3 atomic Pt layers formed over the L1o-PtCo core. Benefitting from the high acces-
sibility of PtCo/KB-NH, nanoparticles, the MEA delivered enhanced Pt utilization
and lowered mass transport resistance, resulting in breakthrough fuel cell
performance.

RESULTS AND DISCUSSION

The synthesis scheme of L1o-PtCo nanoparticles supported on NHp-modified car-
bon is illustrated in Figure TA. The NH,-modified carbon was initially synthesized
utilizing a diazonium reaction based on our previous study.**** The N 1s spectra of
X-ray photoelectron spectroscopy (XPS) in Figure 1B demonstrated successful co-
valent grafting of p-benzene amino (—~NH;) groups over the surface of Ketjenblack
(KB) carbon with a surface N content of 4.4 atom %. The —NH; groups significantly
blocked the small pores of KB, which led to a remarkable decrease in Brunauer-
Emmett-Teller (BET)-specific surface area from 769 m?-g~" of KB to 170 m?.g™"
of KB-NH; (Figure 1C). Apparently, KB contains large numbers of micropores
(<2 nm) with a high specific micropore volume of 0.20 cm3-g’1, which was
decreased by 90.0% after modification for KB-NH, (0.02 cm3~g’1). However,
the specific volume of mesopores (2-50 nm) remained at a high level of
0.72 cm3-g™" for KB-NH,, implying a slight reduction of 8.0% relative to that of
KB (Figure S1A). Catalyst nanoparticles embedded in the micropores of carbon
supports are poorly accessible to proton-conducting ionomers and oxygen in
the MEA, whereas sufficient mesopores could ensure efficient access of protons/
oxygen and facilitate formation of desired catalyst/ionomer interfaces.>”*° For
the subsequent Pt deposition, a modified ethylene glycol (EG) method was em-
ployed. The Pt complex ions (PtCl,%7) in the EG aqueous solution and protonated
ammonium ions (NH3™) on the KB-NHj surface exhibited opposite charges, result-
ing in a strong electrostatic attraction.”* Apparently, this attraction guided the Pt
complex ions to land uniformly on the carbon surface, enabling deposition of fine
monodisperse Pt nanoparticles on the KB-NH; (Figure 1E). For Pt/KB-NH, with a Pt
content of 8.0 wt %, the average size of Pt nanoparticles was determined to be
1.5 + 0.3 nm. As a comparison, the Pt nanoparticles deposited on the KB ex-
hibited a larger average size and a wider size distribution of 1.6 + 0.5 nm (Fig-
ure S2) because of the lack of electrostatic attraction guidance. Homogeneous
grafting of —NH, onto KB-NH; was demonstrated by the uniform deposition of
Pt nanoparticles on KB-NH,. A strong electronic interaction between Pt nanopar-
ticles and KB-NH; was revealed in the Pt/KB-NH; spectra, as evidenced by consid-
erably positive shifts in the XPS binding energies of N 1s and Pt 4f spectra relative
to those of KB-NH; (Figure 1B) and Pt/KB (Figure S1D), respectively.43 Such an
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Figure 1. Structure evolution and formation of PtCo/KB-NH, nanoparticles

(A) Synthesis schematic of PtCo/KB-NH, nanoparticles.

(B) XPS N 1s spectra of KB, KB-NH,, Pt/KB-NH;, and PtCo/KB-NH,.

(C) Nitrogen adsorption/desorption isotherms and DFT pore size distributions (inset) of KB and KB-NH.

(D) In situ SHEXRD patterns for the structure evolution of PtCo/KB-NH; during the heat treatment. The standard lines of Co (PDF#15-0806), Pt (PDF#04-

0802), L1o-PtCo (PDF#65-8969), CoCl,-2H,0 (PDF#73-0311), and H,PtCl,-6H,0O (PDF#85-0162) are included for comparison.
(E and F) TEM images and corresponding particle size distributions (inset) of (E) Pt/KB-NH, and (F) PtCo/KB-NHj. Scale bars: 50 nm.

electronic interaction would provide an anchoring effect for Pt nanoparticles and
retard particle migration and coalescence during the subsequent annealing

process.

To obtain L1g-PtCo nanoparticles supported on KB-NH;, Pt/KB-NH, was impreg-
nated with Pt and Co precursors, followed by heat treatment under a forming gas
atmosphere. The uniform and fine Pt nanoparticles on KB-NH, served as seeds to
guide deposition of Pt and Co precursors and the subsequent formation/growth
of PtCo alloy nanoparticles. As shown in Figure 1D, the structure evolution and for-
mation of L1o-PtCo intermetallic nanoparticles during the heat treatment were inves-
tigated using in situ synchrotron high-energy X-ray diffraction (SHEXRD), which
could be divided into three stages based on the annealing process. The first stage
was a heating process from room temperature to 400°C, which clearly revealed
reduction of the Co precursor (CoCl,-2H,0) and Pt precursor (H,PtClg-6H,0),
accompanied by slight alloying (positive shifting of (111), (200), (220), and (311)
peaks). The second stage was a 2-h hold at 400°C, which corresponded to further
alloying as the Co atoms continuously diffused into the Pt fcc lattice. For the third
stage, the heat treatment temperature was increased to 650°C, during which the
characteristic peaks of the L1o-PtCo structure gradually appeared, accompanied
by further alloying. The intensity of peaks indexed to the (001), (110), and (201)
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planes for the L1o-PtCo structure gradually increased with heating time, which is
attributed to the gradual structure transformation from a disordered PtCo alloy to
an atomically ordered L1o-PtCo intermetallic. Although the presence of -NH,;
groups may improve the uniformity of ionomer distribution in the catalyst layers,
their stability has been demonstrated to be insufficient to withstand harsh fuel cell
testing conditions, resulting in decreased durability.***> The =NH, groups on the
carbon surface were decomposed during the high-temperature heat treatment (Fig-
ure S1B), as evidenced by disappearance of the XPS N 1s peak in PtCo/KB-NH; (Fig-
ure 1B), which may be beneficial to maintain the durability of L1o-PtCo nanoparticles.
To ensure formation of the L1o-PtCo structure, a slight excess of Co precursor was
introduced during the impregnation step. After heat treatment at 650°C for 6 h, a
post-acid treatment was performed to remove the excessive metallic Co on the car-
bon surface. Based on inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analyses, the Pt loading of the resulting PtCo/KB-NH, was determined
to be 24.0 wt %. As shown in Figure 1F, the PtCo nanoparticles for PtCo/KB-NH,
were uniformly distributed over the carbon surface with an average size of 2.7 +
1.0 nm. As a comparison, the PtCo nanoparticles for PtCo/KB (Pt loading of 23.5
wt %), prepared using a similar procedure except for carbon modification, showed
a larger average size and a wider size distribution of 3.0 + 1.5 nm (Figures S4 and
S5). PtCo/KB-NH; and PtCo/KB exhibited more uniform and much smaller nanopar-
ticles compared with the PtCo/KB-traditional (6.2 &+ 2.5 nm, Pt loading of 24.6 wt %),
prepared using a traditional impregnation method without carbon modification or
seed mediation (Figure S6). Clearly, seed mediation enabled effective deposition
of fine intermetallic nanoparticles over the carbon surface, and NH, modification
further improved the uniformity of Pt nanoparticle seeds, resulting in more uniform
and fine L1o-PtCo nanoparticles of PtCo/KB-NH,. An L14 intermetallic PtFe/KB-NH,
catalyst with an average particle size of 2.6 + 0.9 nm (Figure S7) and L1g intermetallic
PtCo/VC-NH; catalyst with an average particle size of 3.4 + 1.1 nm (Figure S8) were
also obtained using our synthesis strategy, which demonstrates that this approach
can be used for different PtM intermetallic catalysts and carbon supports. For the
sake of simplification, we focus on the structure and performance analysis of PtCo/
KB-NH; in the remainder of this report.

The location of Pt nanoparticles relative to the internal or external surface of carbon
supports is known to affect the MEA performance of Pt/C catalysts.*'*” The Pt nano-
particles on the external surface of carbon supports are readily accessible to reac-
tants of oxygen and protons, which is beneficial for maximizing the catalyst/ionomer
interface and lowering the mass transport resistance in the catalyst layer. To under-
stand the distribution of PtCo nanoparticles on the internal and external surfaces,
scanning transmission electron microscopy (STEM) was used to simultaneously
acquire secondary electron (SE) and high-angle annular dark-field (HAADF) images,
as shown in Figures 2A-2D. The SE images reveal PtCo nanoparticles only on the top
surface of carbon supports, whereas PtCo nanoparticles on the external and internal
surfaces are visible in the HADDF image.*'*” The percentage of PtCo nanoparticles
on the external surface for PtCo/KB-NH, (Figures 2C and 2D) is much higher than
that for PtCo/KB (Figures 2A and 2B), which may be due to the fact that most
PtCo nanoparticles for PtCo/KB-NH, are deposited in the opened mesopores,
whereas a large number of PtCo nanoparticles for PtCo/KB reside in the internal
micropores. The sufficient mesopores of KB-NH, enabled formation of L1o-PtCo
nanoparticles to be primarily deposited on the external surface. It is estimated
that 93% and 41% of PtCo nanoparticles are located on the external surface for
PtCo/KB-NH; and PtCo/KB, respectively, which agrees well with the observations
on Pt seed counterparts (Figure S3) and commercial Pt/KB reported previously,”’
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Figure 2. Distribution information and structure characterization of PtCo/KB and PtCo/KB-NH; nanoparticles
(A-D) STEM images of (A and B) PtCo/KB and (C and D) PtCo/KB-NH, ([A] and [C] are SE images, [B] and [D] are HAADF images).
(E-J) Atomic-resolution STEM image and corresponding FFT pattern ([E], inset), EDS elemental maps (F-I), and line-scan profiles (J) of L1o-PtCo

nanoparticles in PtCo/KB-NH,.
(K) SHEXRD patterns of PtCo/KB and PtCo/KB-NH, catalysts.
Scale bars: 50 nm (A-D), 1 nm (E), and 2 nm (F).

confirming effective control of seed guidance over precursor deposition and subse-
quent formation of L1o-PtCo nanoparticles. Atomic-resolution STEM was employed
to investigate the detailed structure of PtCo/KB-NH; nanoparticles. A representa-
tive PtCo nanoparticle is illustrated in Figure 2E, showing 2-3 atomic Pt layers
over an L1g-PtCo core. The atomically ordered structure of the L15-PtCo core was
evidenced by the alternating arrangement of high (Pt) and low (Co) Z-contrast along
the [110] direction. Two lattice fringes with d-spacing values of 0.370 and 0.269 nm
were observed in the core, corresponding to the (001) and (110) planes of the L1o-
PtCo structure, respectively. The superlattice spots indexed to the (001) and (110)
planes in the inset fast Fourier transform (FFT) pattern also confirmed formation of
the L15-PtCo structure. The L15-PtCo core was found to be bounded by (111) facets
covered with Pt, which is known to be highly active for ORR catalysis.**"*® STEM-en-
ergy-dispersive X-ray spectrum (EDS) elemental maps of a single particle, shown in
Figures 2F-2I, confirmed that the alternating contrast in the core arises from ordered
rows of Pt and Co in the particle core, consistent with the ordered L15-PtCo struc-
ture, along with the presence of a Pt-rich surface layer. According to the line scan
profile (Figure 2J), the shell thickness was estimated to be 0.56 nm, which is about
2-3 atomic Pt layers. The atomic ratio of Pt/Co for PtCo/KB-NH, was determined
to be 72/28, which is a reasonable value considering that the ultrafine L1o-PtCo
nanoparticles were subjected to post-acid treatment. The SHEXRD patterns of
PtCo/KB-NH, and PtCo/KB in Figure 2K matched well with the L15-PtCo structure.
The diffraction peaks corresponding to the (111), (200), (220), and (311) planes are
shifted to larger Bragg angles compared with the standard lines for pure Pt, indi-
cating that smaller Co atoms were incorporated into the Pt fcc lattice and caused
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Figure 3. Electrocatalytic performance of commercial Pt/C, PtCo/KB, and PtCo/KB-NH, catalysts tested using the RDE technique

(A and B) CV curves (A) and ORR polarization curves (B) for 0.1 mol+L~" HCIO, solution.
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(D and E) CV curves (D) and ORR polarization curves (E) tested at the beginning of life (BOL) and after 30,000 potential cycles between 0.60 and 0.95V in

0.1 mol+L~" HCIO, solution.
(F) Variations of MA after 30,000 potential cycles.

lattice contraction. Four well-defined peaks indexed to the (001), (110), (201), and
(112) planes of the L1g-PtCo structure are considered to be indicators of ordered
structure formation. The relative value of the measured intensity ratio of l110//111
to the theoretical one can be used to evaluate the degree of ordering for the L1g
intermetallic structure.”®*>*” The degree of ordering was estimated to be 52%
and 55% for PtCo/KB-NH; and PtCo/KB, respectively, which are reasonable values
considering the presence of disordered Pt shells over the ultrafine L1o-PtCo core.

The ORR performance of PtCo/KB-NH, and PtCo/KB catalysts was investigated
using the RDE technique in 0.1 mol-L™" HCIO, electrolytes. For comparison, one
of the most active commercial Pt/C catalysts (TEC10E50E, Tanaka Kikinzoku Kogyo)
was also tested under the same conditions. As shown by cyclic voltammetry (CV)
curves (Figure 3A), both PtCo catalysts exhibited apparent shrinkages in the
hydrogen absorption/desorption (HAD) regions compared with commercial Pt/C,
implying that part of the Pt atoms cannot be used for HAD because of incorporation
of Co atoms. The potentials associated with surface oxidation and oxide reduction
were positively shifted for both PtCo catalysts relative to commercial Pt/C, suggest-
ing weakened oxophilicity of surface Pt. The ECSA determined from corresponding
HAD regions was 54.3, 57.6, and 98.9 mz-gpf1 for PtCo/KB, PtCo/KB-NH,, and
commercial Pt/C, respectively. Because of the smaller particle size, PtCo/KB-NH,
had a larger ECSA than PtCo/KB, which is about 2.1 times larger than L1o-PtCo/C
with an average particle size of 8.9 nm reported previously.'? Using the CO stripping
method, the ECSA of commercial Pt/C was determined to be 101.0 m?-gp, ", close
to the value obtained from the HAD method (98.9 m2-gp, ). The enhanced ECSA
could be obtained using the CO stripping method (Figure S9) for PtCo/KB-NH,
(73.5 mz-gpt’1) and PtCo/KB (71.1 m2-gpt’1), indicating formation of a Pt-rich shell
over the alloy structure.®® Because the CO stripping method may alter the structure
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5152 the ECSA values determined from

the HAD method were used for the calculations below. For ORR polarization curves
(Figure 3B), PtCo/KB-NH; delivered a half-wave potential (E;/2) of 0.93 V, which is
higher than PtCo/KB (0.92 V) and commercial Pt/C (0.89 V), implying enhanced
ORR activity. Mass activity (MA) and specific activity (SA) were calculated by normal-
izing the kinetic current at 0.90 V over Pt loading and ECSA, respectively. As shown
in Figure 3C, PtCo/KB-NH, showed excellent MA (1.82 A-mgp, ') and SA
(3.16 mA-cm™?), revealing 5.5- and 9.3-time enhancements over commercial Pt/C
(MA, 0.33 A-mgpf1; SA, 0.34 mA -cm™?), representing one of the most active Pt-
based electrocatalysts. PtCo/KB had lower MA (1.53 A-mgpt_1) and SA
(2.78 mA-cm~?), but it was still much higher than commercial Pt/C. Catalyst dura-

and composition of Pt-based alloy particles,

bility was examined by performing 30,000 potential cycles between 0.60 and
0.95 V at room temperature. PtCo/KB-NH; (Figures 3D and 3E) and PtCo/KB (Fig-
ure S10) showed excellent durability with minor changes in ORR polarization and
CV curves. In contrast, the Ej,», of commercial Pt/C decreased by 17 mV, and
ECSA dropped by 27.5%. As shown in Figure 3F, the MA of commercial Pt/C
decreased by 27.8%, whereas that of PtCo/KB and PtCo/KB-NH, dropped by only
12.8% and 13.0%, respectively, after 30,000 cycles. The MA of PtCo/KB-NH; main-
tained a high level of 1.58 A-mgp, " after 30,000 cycles, approaching 6.6 times that
of commercial Pt/C (0.24 A-mgp, ).

To understand the excellent activity and durability of PtCo/KB-NH,, XPS and X-ray
absorption spectroscopy (XAS) were employed to characterize these catalysts. As illus-
trated by the XPS results (Figure 4A), PtCo/KB-NH, exhibited a positive shiftin the bind-
ing energy of the Pt 4f spectrum relative to that of commercial Pt/C, implying a strong
electronicinteraction between Ptand Co atoms. This electron effect may cause a down-
ward shift in the d-band center of surface Pt, which is known to be favorable for
enhancing ORR kinetics.®"" The metallic Pt° content of surface Pt in PtCo/KB-NH,
(80.6%) was much higher than that in commercial Pt/C (50.6%), consistent with observa-
tions on other Pt-based intermetallic catalysts,”>° indicating enhanced resistance
against Pt oxidation in PtCo/KB-NH,. The enhanced resistance against Pt oxidation
agreed well with the observations from the CV curves (Figure 3A) and the Pt L3-edge
extended X-ray absorption fine structure (EXAFS) spectra (Figure 4B), which would
apparently improve catalyst durability. In the Pt L3-edge EXAFS spectrum, the distinct
peak around 1.64 A associated with the Pt-O coordination in commercial Pt/C was not
observed in Pt foil and PtCo/KB-NH,.>* As shown in Table S2, the fitted length of the
Pt—Ptbond in PtCo/KB-NH (2.70 A) was much shorter than that in Pt foil (2.76 A), indi-
cating that smaller Co atoms entered the Pt lattice and formed the PtCo alloy. Short-
ening of the Pt—Pt bond would inevitably induce a compressive strain over surface
Pt, which is known to weaken the adsorption of oxygenated intermediates and therefore

accelerate ORR kinetics.'"

To gain deep insight into the ORR reactivity of PtCo/KB-NH,, density functional
theory (DFT) calculations were performed to simulate a 2.6-nm-sized L1o-PtCo@
Pts. (3 atomic Pt layers over a L1o-PtCo core) nanoparticle using a semispherical
model (right insets in Figure 4C). The results revealed a compressive strain of
3.42% in the Pt-Pt bond on the (111) facet with respect to the fcc Pt bulk. It is
known that relatively strong adsorption to oxygenated intermediates (O*, OH*,
etc.) limits the ORR kinetics of pure Pt.”'"°° The binding energy of OH* (Egpx)
on a metal surface was recently identified as a key descriptor for ORR kinetics,
and optimum ORR activity was expected to be achieved at an Eou+ of roughly
~0.12-0.14 eV weaker than that of unstrained Pt (111).”""" To reduce the compu-
tational cost, the Eon+ was calculated using a slab model (top insets in Figure 4C),
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Figure 4. Characterization analyses and DFT calculations for Pt/C and PtCo/KB-NH, catalysts
(A) XPS Pt 4f spectra for commercial Pt/C and PtCo/KB-NH,.

(B) Pt L3-edge EXAFS spectra for commercial Pt/C, Pt foil, and PtCo/KB-NH,.

(C) Calculated Eon+ on L1g-PtCo@Pt3 (111) with 3.42% compressive strain, Pt (111) with 3.42%
compressive strain, and unstrained Pt (111). The top insets show slab models, and the right insets
show semispherical models for a 2.6-nm L1o-PtCo@Pt3nanoparticle, where blue and yellow
spheres represent Pt and Co atoms, respectively.

(D) Partial density of states (PDOS) of Pt 5d states on unstrained Pt (111) and L1o-PtCo@Pt3_ (111)
with 3.42% compressive strain.

and then the strain obtained using the semispherical model (right insets in Fig-
ure 4C) was imposed to account for the nanoscale effects on the structure, which
was found to be essential to calculate the ORR activity.”” As shown in Figure 4C,
the Eqp» on L1g-PtCo@Pt3 (111) with a compressive strain of 3.42% was calculated
to be —1.241 eV, which is 0.16 eV weaker than that on unstrained Pt (111) and
much closer to the optimum Egu«. This weakened Egu« is associated with a
0.113-eV downshift of the d-band center on L15-PtCo@Pt3 (111) relative to Pt
(111) based on the calculated partial density of states (PDOS) (Figure 4D), which
led to the enhanced ORR kinetics. To separate the influence of ligand effect and
strain effect on Egp», the same 3.42% compressive strain was applied to the Pt
(111) surface. The Eon+ varied dramatically from —1.401 eV on unstrained Pt
(111) to —1.188 eV on 3.42% strained Pt (111), going from too strong to too
weak compared with the theoretical optimum value, which indicates that the
strain-induced variation reached as high as 0.213 eV. The strain is positively corre-
lated with Eqnx on Pt (111) and L1o-PtCo@Pt3 (111); that is, the increased strain
resulted in higher Egy« (Figure S11B). Because of the presence of Co atoms
deep in the core structure, the influence of the ligand effect on Eou« is subtle
but not negligible compared with the strain effect. The Eon on L1o-PtCo@Pts.
(111) is 0.053 eV lower than that on Pt (111) when the same 3.42% compressive
strain is applied, implying that the presence of the L1o-PtCo core (ligand effect)
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Figure 5. Fuel cell testing results of commercial Pt/C, PtCo/KB, and PtCo/KB-NH, catalysts

(A) Polarization and power density curves tested in Hy/air fuel cells. Test conditions: 0.10 mg-cm’2 (anode/cathode Pt loadings), Hy/air (500/1,000
sccm), 80°C, and 150 kPa (absolute) pressure.

(B) Nyquist plots recorded at 0.60 V in H,/air fuel cells corresponding to (A). The symbols are measured results, and the solid lines are fitted results using
the inset equivalent circuit.

(C) Power density at 0.67 V (in Hy/air fuel cells) and Pt utilization in MEAs.

(D) Hy/air polarization curves tested at BOL (solid symbols) and after (hollow symbols) 30,000 voltage cycles (0.60-0.95 V).

(E) Hy/air fuel cell performance for PtCo/KB-NH, using a cathode loading of 0.20 mgp»cm ™2 during 90,000 voltage cycles.

(F) MA (at 0.9 Vig_free) and voltage drops (at 0.8 A-cm™2) for MEAs after 30,000 voltage cycles. The purple and gray dashed lines indicate DOE targets for
MA at BOL and end of life (EOL), respectively. The green dashed line indicates the DOE target for voltage drop.

brings the Eou~ closer to the theoretical optimum value. The synergy between
strain and ligand effects tuned Eop« to a just-right level for optimum ORR activity,
which explained the excellent activity of PtCo/KB-NH, from a theoretical point
of view.

Translating the excellent ORR activity into fuel cell performance remains a great chal-
lenge because of the insufficient Pt utilization and mass transport in the MEAs for
traditional, highly active Pt-based catalysts.?*” MEA performance using PtCo/KB-
NH; as the cathode catalyst was examined and compared with that using PtCo/KB
and commercial Pt/C (Figure 5). In Hy/air fuel cells using a cathode loading of
0.10 mgpy-cm ™2, the MEA of PtCo/KB-NH, showed the best performance over the
entire range of polarization curves, particularly in the low-voltage region dominated
by mass transport resistance (Figure 5A). The MEA of PtCo/KB-NH; delivered an
excellent MA (at 0.90 Vig_frec) of 0.691 A-mgp, ', which far exceeds that of PtCo/
KB (0.583 A-mgp; ') and the DOE target (0.440 A-mgp, ). In contrast, the MEA
of commercial Pt/C exhibited a relatively low MA of 0.241 A-mgp,". An extremely
high current density of 480 mA-cm™2 at 0.80 V was achieved using the MEA of
PtCo/KB-NH,, which is 1.6 times the DOE target (300 mA-cm~2). It is well known
that MEA performance in the high-voltage region is dominated by the intrinsic activ-
ity of the cathode catalyst. The uniform and ultrafine L1o-PtCo@Pt;, structure of
PtCo catalysts enabled the superior activities in RDE and MEA tests. At an operating
voltage of 0.67 V for practical fuel cell application, where performance is also limited
by mass transport, the MEA of PtCo/KB-NH; exhibited a record-high power density
of 0.96 W-cm™2 (Figures 5A and 5C). This rated power density is extremely closely
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approaches the DOE target of 1.0 W-cm™ and outperforms that of PtCo/KB
(0.89 W-cm™2), commercial Pt/C (0.78 W-cm™2), and other reported Pt-based cata-
lysts (Table S1). In Hy/O, fuel cells (Figure S12A), a record-high maximum power
density of 2.65 W-cm ™2 (at 0.45 V) was achieved using PtCo/KB-NH,. To interpret
the impressive MEA performance of the PtCo/KB-NH, catalyst, electrochemical
impedance spectra were recorded at 0.60 V in Hy/air fuel cells and fitted using an
equivalent circuit described previously.>® The Nyquist plots of these studied cata-
lysts are compared in Figure 5B, and the fitted results are summarized in Table S3.
The MEA of PtCo/KB-NH, had the smallest impedance arc, corresponding to the
best MEA performance. MEA performance was dominated by cathode activation
resistance (Rcathode) and mass transport resistance (R, because they are much
larger than ohmic resistance (Rp) and anode activation resistance (Ranode)
(Table S3). The Reathode Of PtCo/KB-NH, (123.7 mQ-cm?) was lower than that of
PtCo/KB (232.7 mQ-cm?) and commercial Pt/C (333.0 mQ-cm?), which agreed well
with the intrinsic activities shown in Figure 3C. The R.,: of PtCo/KB-NH,
(152.2 mQ-cm?) was also much lower than that of PtCo/KB (231.0 mQ-cm?) and com-
mercial Pt/C (192.0 mQ-cm?), confirming that deposition of L1o-PtCo nanoparticles
primarily on the external surface of carbon supports reduced the R.,:. The specific
pore volume of the catalyst layer fabricated using PtCo/KB was higher than that us-
ing PtCo/KB-NH, (Figure S13C), ruling out the possibility that the lower R, is caused
by a more porous structure of the corresponding catalyst layer. The Pt utilizations in
MEAs were calculated by obtaining the relative values of the ECSA determined in
the MEA (Figure S12B) to the ECSA determined in the RDE (Figure 3A). As shown
in Figure 5C, PtCo/KB-NH; delivered an extremely high Pt utilization of 95.1% in
the MEA because most of the PtCo nanoparticles are deposited on the external sur-
face and, thus, accessible to proton-conducting ionomers. However, PtCo/KB and
commercial Pt/C had lower Pt utilizations of 83.2% and 80.8% in MEAs, respectively,
which are close to the reported commercial Pt/KB,* attributed to the fact that a
large number of catalyst nanoparticles were embedded into the micropores and
poorly accessible to ionomers. Therefore, PtCo/KB-NH, enabled an enhanced
accessible active area in the MEA and lowered the Ry, resulting in extremely high
power performance.

Accelerated durability tests (ADTs) were performed by cycling the MEAs between
0.60 and 0.95 V for 30,000 voltage cycles using the DOE testing protocol. Appar-
ently, the MEA of commercial Pt/C suffered severe degradation after the ADT
(Figures 5D and 5F), showing an MA loss of 63.1% and voltage drop of 170 mV (at
0.8 A-cm™2). The MEAs of PtCo/KB-NH, and PtCo/KB demonstrated excellent dura-
bility with a voltage loss of 30 mV (at 0.8 A-cm™?) after the ADT, reaching the
DOE target of 30 mV. The MA of PtCo/KB-NH, was maintained at a high level of
0.380 A-mgp, ' after the ADT, surpassing the DOE target of 0.264 A-mgp, . As
shown in Figure 5D, the retained MEA performance of PtCo/KB-NH, after the
ADT is comparable with the initial MEA performance of commercial Pt/C. The
MEA performance of PtCo/KB-NH;, reached nearly all DOE requirements for
light-duty vehicles, indicating great potential of PtCo/KB-NH;, for fuel cell applica-
tions. To investigate its potential application in heavy-duty vehicles, long-term
performance was examined by cycling an MEA using a cathode loading of
0.20 mgp,-cm 2 for 90,000 voltage cycles (Figure 5E). Initial MEA performance
was enhanced because of the higher Pt loading, showing a power density of
1.02 W-cm~2 (at 0.67 V). MEA performance decayed significantly for the first
30,000 cycles and then decayed slightly over the subsequent cycles. The current
density at 0.70 V dropped from 1.31 to 0.83 A-cm ™2 after 90,000 cycles, indicating
a current decay of 36.6%. Given the low testing pressure of 150 kPa,s, the retained
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Figure 6. Characterization of the PtCo/KB-NH; catalyst after 30,000 voltage cycles

(A-H) Low-magnification STEM images (A and B), atomic-resolution STEM image (C), EDS elemental maps (D-G), and line-scan profile (H) of PtCo/KB-
NH, nanoparticles after 30,000 voltage cycles (0.60-0.95 V) in the MEA. Insets in (B) and (C) show the corresponding particle size distribution and FFT
pattern, respectively.

(1) SHEXRD patterns of PtCo/KB-NH, recorded at BOL and after 30,000 voltage cycles in the MEA.

(J) Nyquist plots recorded at 0.60 V in Hy/air fuel cells at BOL and after 30,000 voltage cycles.

Scale bars: 100 nm (A), 20 nm (B), and 2 nm (C and D).

current density of 0.83 A-cm~2 is a promising result but below the DOE target of
1.07 A-cm~2 for heavy-duty vehicles testing at 250 kPa,ps.%°

To gain insights into the catalyst degradation mechanisms, the microstructure of
PtCo/KB-NH; in the MEA after 30,000 voltage cycles was examined in detail. The
PtCo nanoparticles remained well dispersed on the carbon support after the ADT
(Figures 6A and 6B), although the average particle size increased from 2.7 +
1.0 nm to 5.9 £ 2.5 nm. In contrast, severe coarsening of Pt nanoparticles was
observed for commercial Pt/C after the ADT, resulting in the average particle size
increasing remarkably from 2.6 + 1.0 nm to 7.2 + 3.0 nm (Figure S14). Enhanced
sintering resistance has been reported in the literature for Pt-Co, Pt-Ni, and Pt-Fe
alloys compared with pure Pt catalysts, which may be due to the alloying metal
(i.e., the anchor effects of alloying metals on the carbon supports).'**"“? Typical lat-
tice fringes indexed to the (001) plane of the L1o-PtCo structure and alternating
Z-contrasts can be clearly identified in Figure 6C, indicating that the intermetallic
structure is well preserved after the ADT, which definitely contributes to the excel-
lent durability. The L1o-PtCo nanoparticles exhibited a more defined core-shell
structure after the ADT (Figures 6D-6H), showing a shell thickness of 0.90 nm, which
is about 4 atomic Pt layers. Although a large amount of Co was observed to remain in
the core structure after the ADT, the Co content in L1o-PtCo nanoparticles
decreased from 28 atom % (initial value) to 20 atom % (after the ADT) because of
inevitable Co dissolution. The structure change was evidenced by the SHEXRD
pattern after the ADT (Figure 6l), showing both diffraction peaks corresponding to
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the L1o-PtCo structure and emerging splitting peaks belonging to pure Pt. The Rq
remained almost unchanged at 31.1 mQ-cm? after the ADT (Figure 6J), indicating
that the dissolved Co did not lead to a significant increase in proton conduction
resistance of the ionomer and membrane, which is consistent with the previous ob-
servations of the PtCo/C catalyst.®® The effect of surface Co dissolution on the kinetic
activity of L1o-PtCo nanoparticles was studied by calculating the Eop« on L1o-PtCo@
Pty (Figure S11C). Compared with L15-PtCo@Pt3 (—1.241 eV), the Eqp» varied
slightly on L1o-PtCo@Pt, (—1.237 eV) because the compressive strain remained
almost unchanged at 3.42%, implying that surface Co dissolution may not result in
a significant reduction in ORR activity. The surface contraction induced by the Pt-
Co lattice mismatch faded away on nanoparticles with thicker shells, consistent
with that observed on Pt@Pd nanoparticles.”’ Therefore, the MEA performance
degradation could be mainly attributed to the reduction in active area caused by
the increase in particle size. Future work is underway to prepare Pt-based interme-
tallic nanoparticles on other types of functionalized carbon supports to improve
catalyst durability.

Conclusion

A simple and effective approach was developed to directly synthesize sub-3-nm
L10-PtM nanoparticles on the external surface of carbon supports. The representa-
tive PtCo/KB-NH, nanoparticles exhibited 2-3 atomic Pt layers over the L14-PtCo
core, showing excellent ORR activity (MA of 1.82 A-mgp; ') and durability (13.0%
MA loss after 30,000 cycles) in RDE tests. DFT calculations revealed that a synergy
of ligand effect and strain effect weakened the adsorption of oxygenated interme-
diates on PtCo/KB-NH, nanoparticles to a near-optimal value. Formation of L1g
-PtCo structure and enhanced resistance against surface Pt oxidation in PtCo/KB-
NH, were responsible for the superior durability. The excellent activity could be
well translated into fuel cell performance because of the enhanced accessibility
of PtCo/KB-NH; nanoparticles, resulting in high Pt utilization and low Ry in the
MEA. Using a low cathode loading of 0.10 mgp;-cm ™2, the MEA of PtCo/KB-
NH, delivered a superior MA of 0.691 A-mgp¢ ', a record-high power density of
0.96 W-cm~2at 0.67 V, and only a 30 mV drop at 0.80 A-cm ™2 after 30,000 voltage

cycles. The current density could be maintained at a high level of 0.83 A-cm™2

at
0.70 V (under a reasonably low-pressure testing condition of 150 kPa,s) after
90,000 cycles, suggesting great potential for application of PtCo/KB-NH; in
heavy-duty vehicles. This work not only introduces a novel strategy to prepare uni-
form and ultrafine Pt-based intermetallic electrocatalysts but also provides an
effective direction for overcoming the mass transport problem to achieve high-po-

wer fuel cells.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, J.X. (jianxie@iupui.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Requests for the data and code reported in this paper will be handled by the lead
contact, J.X. (jlanxie@iupui.edu).
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Materials and chemicals

Materials used include KB EC300J (AkzoNobel Surface Chemistry), Vulcan (VC) XC-
72 (Cabot), phenylenediamine (97%, Alfa Aesar), sulfuric acid (ACS reagent
grade, Sigma-Aldrich), sodium nitrite (NaNO,, 98%, Alfa Aesar), deionized water
(18.2 MQ-cm), filtration membrane (0.025 um, Millipore), EG (certified grade, Fisher
Chemical), chloroplatinic acid hexahydrate (H,PtCls-6H,0, 38-40% Pt, Strem
Chemicals), anhydrous cobalt chloride (CoCly, 97%, Thermo Scientific), n-propanol
(certified ACS, Fisher Scientific), ionomer solution (Nafion D520, lon Power), ion-
omer solution (720 equivalent weight, Aquivion D72-25BS), Gore membrane
(15 um, M820.15), 46.4 wt % Pt/C (TEC10E50E, Tanaka Kikinzoku Kogyo), 30 wt %
Pt/C (Jiping New Energy), and gas diffusion layers (Sigracet 22BB, SGL Global).

Surface modification of carbon supports

Amino (—NHz)-modified carbon supports were prepared using a diazonium reaction
method based on our previous studies.**** Briefly, 100 mg KB or 300 mg VC was
dispersed into 100 mL of deionized water, followed by addition of 56 mg phenyle-
nediamine and 30 pL of concentrated sulfuric acid. After sonication for 30 min,
36 mLofa 1.0mg-mL~" NaNO, aqueous solution was added dropwise into the sus-
pension above. The reaction product was collected after magnetic stirring for 16 h at
60°C by filtering using deionized water on a 0.025-um filtration membrane. The re-
sulting carbon was dried in a vacuum oven at 65°C for 12 h and then ground in an
agate mortar. The amount of phenylenediamine introduced was calculated based
on the surface area of carbon supports, and, according to previous studies, an
excess of phenylenediamine was used to ensure maximum surface coverage of
p-benzene-NH,.***°

Synthesis of Pt/KB-NH,

Pt nanoparticles were deposited on NH,-modified KB (KB-NHy) by reducing the Pt-
precursor in an EG aqueous solution (60 vol % EG/40 vol % H,0). Briefly, KB-NH; was
dispersed in the EG aqueous solution, followed by addition of a certain amount of H,
PtCl-6H,0. The suspension was refluxed at 140°C for 6 h and then filtrated with de-
ionized water and ethanol. Finally, Pt/KB-NH, was obtained after drying the product
at 65°C for 12 h in a vacuum oven. For comparison, Pt/KB was also prepared using
the same procedure, except that unmodified KB was used as support material. The
nominal Pt loading was set at 8.0 wt %, and the detailed loading was determined us-
ing thermogravimetric analysis (TGA).

Synthesis of PtCo/KB-NH,

100 mg of 8.0 wt % Pt/KB-NH; was initially dispersed in 50 mL of deionized water,
followed by addition of 0.077 mmol of H,PtCl,-6H,0 and 0.153 mmol of CoCl,. Af-
ter sonication for 30 min, the suspension was subjected to magnetic stirring at 60°C
until the water fully evaporated to form a thick slurry. The slurry was dried in a vacuum
oven at 65°C for 12 h and then ground in an agate mortar. The grounded powder
was heated in a tube furnace at 400°C for 2 h and then at 650°C for another 6 h under
flowing forming gas (5 vol % H3/95 vol % Ar). The heating rate was maintained at
8°Cemin~". The product was then treated in a 0.1 mol-L~" HCIO, solution at 60°C
for 6 hin air (Figure S15), followed by heat treatment at 400°C for 1 h under flowing
forming gas. The Pt loading for PtCo/KB-NH; was determined to be 24.0 wt % using
ICP-AES.

Synthesis of PtCo/KB

100 mg of 8.0 wt % Pt/KB was initially dispersed in 50 mL of deionized water, fol-
lowed by addition of 0.128 mmol of H,PtCls-6H,0 and 0.220 mmol of CoCl,, and
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the subsequent process was the same as that for PtCo/KB-NH,. The Pt loading for
PtCo/KB was determined to be 23.5 wt % using ICP-AES.

Synthesis of PtCo/KB-traditional

PtCo/KB-traditional was prepared utilizing the traditional impregnation method
without seed mediation and carbon modification. Initially, 85 mg kB was dispersed
in 50 mL of deionized water, followed by addition of 0.154 mmol of H,PtCls-6H,0
and 0.201 mmol of CoCl,, and the subsequent procedure was the same as that for
PtCo/KB-NH,. The Pt loading of PtCo/KB-traditional was determined to be
24.6 wt % using ICP-AES.

Physical characterization

Nitrogen adsorption/desorption isotherms were measured using an automated gas
sorption analyzer (Autosorb-iQ, Quantachrome Instrument), and specific surface
areas were determined using the BET method. By assuming a slit-shaped pore struc-
ture, the pore size distribution was evaluated using non-local DFT (NLDFT). Based on
our previous study, mercury intrusion porosimetry measurements were performed
on an AutoPore IV 9520 analyzer (Micromeritics).”® TGA was carried out by heating
powder samples to 800°C at a rate of 10°C-min~" under an air (or Ar) atmosphere
using a thermal analyzer (SDT Q600, TA Instruments). The detailed Pt loadings for
PtM catalysts were determined using ICP-AES (Teledyne Leeman Labs). XPS mea-
surements were performed on a PHI 5000 VersaProbe Il system (Physical Electronics)
using an Al Ko radiation (hu = 1486.6 eV) beam (100 um, 25 W). XAS was performed
using transmission mode on beamline 20-BM-B at the Advanced Photon Source
(Argonne National Laboratory). XAS data processing and EXAFS fitting were per-
formed using the Athena and Artemis software packages.

STEM and EDS measurements were carried out using an aberration-corrected JEOL
NEOARM electron microscope, and a JEOL JEM-F200 was used for TEM. Particle
size distributions were obtained by randomly measuring more than 300 nanopar-
ticles in corresponding TEM and STEM images. To determine the locations of cata-
lyst nanoparticles over the carbon surface, STEM images were acquired simulta-
neously in SE and HAADF modes. The SE image reveals catalyst nanoparticles
located only on the external surface of carbon supports, whereas catalyst nanopar-
ticles on the external and internal surfaces of carbon supports are visible in the
HADDF image.*"*® When detected in SE mode, the nanoparticles are assumed to
be similar on the front and back sides of the catalyst because of the homogeneous
distribution and fixed sample holder. Comparing SE and HADDF images enables
separation of nanoparticles positioned on the internal and external surfaces of the
carbon support, respectively. The particle localization results for PtCo/KB-NH,
and PtCo/KB catalysts are based on analysis of more than 200 nanoparticles from
several SE/HADDF images. The proportion of nanoparticles exposed on the external
carbon surface is calculated from the counted particles.

SHEXRD was carried out on the beamline 11-ID-C at the Advanced Photon
Source(Argonne National Laboratory). A high-energy X-ray with a beam size of
0.2 x 0.2 mm and a wavelength of 0.1173 A was used. Diffraction patterns were
collected using a PerkinElmer area detector in the Laue diffraction geometry, placed
1,800 mm from the sample. In situ SHEXRD was performed on the same beamline
during the heat treatment. The high penetration and low absorption of SHEXRD
are beneficial for observing tiny phase changes that are usually invisible from lab-
scale XRD. Dry powders of 8.0 wt % Pt/KB-NH, impregnated with Pt and Co precur-
sors were used for the in situ heat treatment test. The sample was pressed into a
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pellet approximately 1 mm thick and then placed between a ceramic can and a plat-
inum cover with a hole (D = 1 mm) in the center of the ceramic can and the platinum
cover. The sample was heated at 400°C for 2 h and then at 650°C for 3 h under form-
ing gas (10 vol % H»/90 vol % Ar). The heating rate was kept constant at 8°C+min~".
The diffraction data were collected every 60 s and calibrated using a standard CeO,
sample.

Electrochemical characterization

Electrochemical measurements were performed utilizing a typical three-electrode sys-
tem. A glassy carbon (0.196 cm?) rotating disc electrode (RDE; Pine Research Instrumen-
tation), a Pt wire (Pine Research Instrumentation), and a reversible hydrogen electrode
(RHE; HydroFlex) were used as working, counter, and reference electrodes, respectively.
All potentials in this work are reported with respect to RHE. The catalyst ink was pre-
pared by ultrasonically dispersing 5 mg catalysts into a mixed solution of 4 mL deionized
water, 1 mL iso-propanol, and 10 pL Nafion solution (5 wt % D520). The ink was uni-
formly deposited onto a polished glassy carbon electrode with a designed Pt loading of
12 ug-cm~2 and then dried in air at room temperature.

Electrochemical measurements were performed in 0.1 mol L~! HCIO, electrolytes at
room temperature using an electrochemical potentiostat (VSP, Bio-Logic). Prior to
electrochemical tests, the electrodes were activated by cycling potential between
0.05 and 1.20 V at 500 mV-s~' for 50 cycles in Ny-saturated electrolytes. CV curves
were measured by scanning potential from 0.05-1.10V at 20 mV-s ™" in N-saturated
electrolytes. ORR polarization curves were recorded in O,-saturated electrolytes ata
rotation rate of 1,600 rpm and a sweep rate of 20 mV-s~" with iR correction. Catalyst
durability tests were performed by conducting 30,000 potential cycles between
0.60 and 0.95 V (a trapezoidal wave with 0.5-s rise time and 2.5-s hold time) in N,
-saturated electrolytes. CO stripping tests were performed by bubbling CO into a
0.1 mol-L~" HCIO, electrolyte and holding potential at 0.07 V for 30 min, followed
by bubbling N, into the electrolyte for 30 min. CO stripping curves were then
collected by scanning potential from 0.05-1.10 V at 20 mV-s~". ECSAs were calcu-
lated by integrating the areas of hydrogen adsorption regions (CV curves) or CO
desorption regions (CO stripping curves).

Fuel cell fabrication and testing

MEA was fabricated by ultrasonically spraying cathode/anode catalyst ink onto a
15-um membrane (Gore M820.15) using an ExactCoat spray coating system
(Sono-Tek). The as-prepared PtCo/KB-NH,, PtCo/KB, or commercial 46.4 wt %
Pt/C (TEC10E50E, Tanaka Kikinzoku Kogyo) was dispersed into an n-propanol
aqueous solution (10 wt % n-PA/90 wt % H,0) with the ionomer solution (Aquivion
D72-25BS) as cathode catalyst ink. The solid content was 2.0 mg-mL~", and weight
ratios of ionomer/carbon (I/C) for PtCo/KB-NH, and PtCo/KB were controlled to be
0.50 and 0.60 (Figure S16), respectively. Commercial 30 wt % Pt/C (Jiping New En-
ergy) was used as an anode catalyst with an I/C ratio of 0.45. All catalyst inks were
homogenized using an ultrasonic bath for 30 min and a sonic dismembrator for
4 min. Catalyst-coated membranes (CCMs) were sandwiched between two gas diffu-
sion layers without hot pressing.

MEAs with an active area of 5.0 cm? were assembled into fuel cell hardware with dif-
ferential flow channels and tested on a model 850e fuel cell system (Scribner Asso-
ciates). The differential flow channels enable use of high flow rates without
increasing pressure (Figure S17). The MEAs were first activated (break-in) in poten-
tial step mode from 0.35-0.75 V (0.05-V increments every 5 min) for 16 h using H/air
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flow rates of 200/400 standard cubic centimeters per minute (sccm) and 100% rela-
tive humidity (RH). After break-in, a recovery step was applied by holding the cell
voltage at 0.10 V for 2 h at 30°C under H/air (200/400 sccm) as described previ-
ously.®” The ECSA values were then obtained using the hydrogen adsorption/
desorption method by employing CV curves between 0.05 and 0.60 V at a scan
rate of 20 mV-s~" at a cell temperature of 30°C under 150-kPa,ps pressure. Prior
to ECSA tests, the cathode was purged with N, until the open circuit voltage
dropped below 0.15 V. The CV curves were measured using an electrochemical
workstation (Solartron 1287BZ, Ametek). The gases of the anode and cathode
were humidified at 80°C during voltage recovery and ECSA measurements.

Fuel cell polarization curves were recorded using potential step mode with
50 mV/point by holding for 1 min at each point under 150-kPa,ps pressure. The H,
/O, polarization curves were measured at constant flow rates of 200/400 sccm
(100%/100% RH). The Hy/air polarization curves were recorded at constant flow rates
of 500/1,000 sccm (100% RH/75% RH) (Figure S18). The electrochemical impedance
spectra were collected at 0.60 V by scanning frequency from 10,000-0.1 Hz during
the Hy/air fuel cell tests. Mass activities were determined by measuring current in
150 kPa,ps H2/O, (80°C, 100% RH, 500/2,000 sccm) at 0.9 Vig.free (holding for
15 min and recording the average current for the last 1 min) with correction for
measured Hj, crossover, according to the DOE protocol. ADTs were carried out by
cycling the voltage from 0.60-0.95 V using a trapezoidal wave with 0.5-s rise time
and 2.5-s hold time under H»/N, (80°C, 100% RH, 100/100 sccm).

Computational methods

The first-principles DFT calculations were done by the spin-polarized Vienna Ab
Initio Simulation Package (VASP)©8-70 using the Perdew-Burke-Ernzerhof (PBE)’"
functional to describe electronic exchange and correlation in the Brillouin zone,
which includes only the gamma point with a smearing width of 0.2 eV. The atomic
coordinates were optimized using the RMM-DIIS ionic relaxation algorithm®” with
a plane-wave cutoff energy of 400 eV until the Hellman-Feynman force is less
than 0.02 eV/A on each ion and the electronic structure converged to a level of
1x10%eV. A semispherical core-shell model of L15-PtCo@Pt3 was used to simu-
late PtCo/KB-NH; nanoparticles. The semispherical model with a radius of 1.3 nm
consisted of 3 Pt atomic layers over a bulk L1o-PtCo alloy core in fct structure. The
model is constructed in an isolated space where a minimum of 2.5 nm vacuum is
separated between adjacent units. To optimize the structure, the bottom of the
semisphere was restrained to be planar to systematically present the full-sphere
nanoparticle. The 4 X 4 slab model of L1o-PtCo@Pt5, (111), containing a three-layer
Pt (111) surface over the L15-PtCo base, was used to calculate Eqn+ by applying a
3.42% compressive strain obtained from the (111) facet of the semispherical model
because of the limitation of computing resources. The dissolution potential of sur-
face Pt atoms was calculated using the slab model with the strain obtained from
the corresponding semispherical model, according to a previous study.’?
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