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ABSTRACT: Developing low platinum-group-metal (PGM) catalysts for the oxygen 5]
reduction reaction (ORR) in proton-exchange membrane fuel cells (PEMFCs) for heavy- ;
duty vehicles (HDVs) remains a great challenge due to the highly demanded power density
and long-term durability. This work explores the possible synergistic effect between single
Mn site-rich carbon (Mng,-NC) and Pt nanoparticles, aiming to improve intrinsic activity
and stability of PGM catalysts. Density functional theory (DFT) calculations predicted a
strong coupling effect between Pt and MnNj sites in the carbon support, strengthening
their interactions to immobilize Pt nanoparticles during the ORR. The adjacent MnN, sites
weaken oxygen adsorption at Pt to enhance intrinsic activity. Well-dispersed Pt (2.1 nm)
and ordered L1,-Pt;Co nanoparticles (3.3 nm) were retained on the Mng,-NC support
after indispensable high-temperature annealing up to 800 °C, suggesting enhanced thermal
stability. Both PGM catalysts were thoroughly studied in membrane electrode assemblies
(MEAs), showing compelling performance and durability. The Pt@Mng,-NC catalyst
achieved a mass activity (MA) of 0.63 A mgp, ' at 0.9 Vg .. and maintained 78% of its initial performance after a 30,000-cycle
accelerated stress test (AST). The L1,-Pt;Co@Mng,-NC catalyst accomplished a much higher MA of 0.91 A mgp, " and a current
density of 1.63 A cm™* at 0.7 V under traditional light-duty vehicle (LDV) H,—air conditions (150 kPa,, and 0.10 mgp, cm ™).
Furthermore, the same catalyst in an HDV MEA (250 kPa,,, and 0.20 mgp, cm™>) delivered 1.75 A cm ™ at 0.7 V, only losing 18%
performance after 90,000 cycles of the AST, demonstrating great potential to meet the DOE targets.

1. INTRODUCTION
Proton-exchange membrane fuel cells (PEMFCs) have been

Acm™? current density at 0.7 V after a 25,000 h equivalent
accelerated durability test—AST, and $80 per kW,.).>

The conventional electrocatalysts for the ORR are carbon-
supported platinum-group-metal (PGM) nanoparticles (NPs),
such as Pt/C. Unfortunately, current Pt/C catalysts suffer from
insufficient activity and stability.”” Alloying Pt with other 3d
transition metals (M), such as Co or Ni, can dramatically
increase the ORR activity.”” However, under the harsh

recognized as a critical alternative power source to the
combustion of fossil fuels, enabling the transition to a
carbon-neutral economy, given their capability to convert
clean hydrogen to electricity with high efficiencies and high
energy density.' Recently, their heavy-duty vehicle (HDV)
applications have attracted considerable attention due to

hydrogen’s high gravimetric energy density, high energy
efficiency, fast refueling, zero-emission, and less complex
infrastructures for hydrogen refueling.” However, due to the
significantly longer required lifetime of up to one million miles
of operation, HDV applications impose stringent efficiency and
long-term durability.”* Generally, the performance and lifetime
of PEMFCs are primarily governed by the activity and stability
of the cathode electrocatalysts due to the sluggish kinetics of
the oxygen reduction reaction (ORR).> It is essential to
develop active and stable electrocatalysts through novel
material design to meet the challenging power and cost targets
for HDV applications (i.e, 2.5 kW per gpgy power, 1.07
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working conditions of PEMFCs, the transition metals in Pt—
M alloys are prone to dissolution, leading to a decrease in the
catalytic activity. The leached transition metal ions also hinder
proton conductivity and oxygen diffusion within ionomer

. . 8,10
layers, causing significant performance degradation.”

Received: March 30, 2023
Published: August 4, 2023

=JACS

https://doi.org/10.1021/jacs.3c03345
J. Am. Chem. Soc. 2023, 145, 17643—17655


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yachao+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiashun+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenzhao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi+Qiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boyang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sooyeon+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nancy+N.+Kariuki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Wai+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Wai+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maoyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mason+Lyons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sungsik+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenxing+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guofeng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Cullen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Cullen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deborah+J.+Myers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c03345&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03345?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03345?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03345?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03345?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03345?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/32?ref=pdf
https://pubs.acs.org/toc/jacsat/145/32?ref=pdf
https://pubs.acs.org/toc/jacsat/145/32?ref=pdf
https://pubs.acs.org/toc/jacsat/145/32?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c03345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Alternatively, Pt—M alloys can be converted to ordered Pt—
M intermetallics via thermal annealing, where Pt and M atoms
arrange periodically within the crystallites. Such ordered
structures and strong Pt—M bonds can effectively restrain
the dissolution of M, leading to a much-enhanced stability for
the ORR.'® Therefore, ordered Pt—M intermetallics are
considered one of the most promising ORR cathode
catalysts.'’""? Nevertheless, one key challenge for Pt—M
intermetallics is the control of the NP sizes. During the
indispensable high-temperature annealing for phase transition,
the NPs are thermodynamically unstable and tend to move/
aggregate into large NPs due to the weak metal—support
interaction.""'® Large particles are unfavorable for high-
performing PEMFC due to reduced electrochemically active
surface areas (ECSAs). Therefore, effective strategies to
mitigate particle aggregation with enhanced thermal stability
during high-temperature annealing are essential to obtain well-
dispersed and highly ordered intermetallic structures.

The catalyst support is one essential component of cathode
catalysts, providing adequate electrical conductivity and
dispersing fine PGM NPs to achieve sufficient ECSAs. Most
Pt-based NPs are supported on commercial carbon powder
(Ketjen black, Vulcan XC-72, etc.). However, PGM NPs on
these commercial carbon materials would migrate, agglomer-
ate, or detach under dynamic fuel-cell operating conditions due
to insufficient interactions, resulting in severe loss of ECSA and
significant performance degradation.'®™>° Carbon corrosion
during vehicle start-up or shut-down exacerbates the
weakening of the Pt—carbon interaction, further driving Pt
NP detachment from the support and ECSA loss.”’ Mean-
while, carbon support degradation can also lead to catalyst
layer thinning and pore structure collapse, undermining the
electrode’s mass and electron transport properties.”> Currently,
alternative oxide supports still exhibit insufficient electrical
conductivity and/or a low surface area along with poor Pt NP
dispersion.'”*’ Therefore, rational design and engineering of a
carbon support to preserve the particle size, boost chemical/
electrochemical stability, and strengthen the catalyst—support
interaction are critical to achieving enhanced activity and
stability of low-PGM catalysts for HDV applications.

As the most promising PGM-free catalysts, atomically
dispersed metal sites coordinated with nitrogen and embedded
in carbon (Mga—N—C, M = Fe, Co, Mn, etc.),24_30 i.e., single-
atom catalysts (SACs), have emerged as a promising support
for Pt or Pt alloy catalysts.'*' ~>* Featuring a hierarchical pore
structure, high surface area, adjustable particle sizes, and
abundant heterogeneous dopants, these Mgy—N—C carbon
materials likely provide a remarkable support effect for PGM
catalysts. The Mg —N—C support could also provide an
electronic metal—support interaction (EMSI) between Pt and
atomically dispersed MN, sites, improving catalyst perform-
ance and durability and reducing Pt usage.’’****° For
example, Fe—N—C has been employed to support Pt and
PtM NPs, and these synergistic catalysts demonstrated
encouraging performance in PEMFCs.””*° However, Fe-
based species likely catalyze Fenton reactions to generate
reactive oxygenated species (ROS), especially during long-term
operation with H,0, accumulation. The resultant ROS
degrades the membrane and ionomer in the catalyst layer
and poses a significant risk to long-term stability for
PEMFCs.” It is unclear which SAC is the optimal catalyst
support, and the synergistic effect underlying single-atom-

catalyst-supported Pt remains unclear. The design principle of
the synergistic catalysts must be elucidated.

This work reports synergistic Pt or ordered L1,-Pt;Co NP
catalysts on an atomically dispersed MnN, site-rich carbon
support. Comprehensive experimental results and DFT
calculations indicate that the MnNj, site could induce a strong
coupling effect between Pt clusters and the carbon support.
The possible synergy could enhance the chemical binding
between Pt clusters and the Mn—NC support, improving
catalyst stability and weakening the adsorption strength of OH
at Pt surfaces with enhanced intrinsic ORR activity. DFT
calculations predict that among different SACs, MnN, is the
optimal chemical dopant in carbon to strengthen the Pt—
support interaction and enhance the ORR activity. In
agreement with these theoretical predictions, ultrafine Pt and
L1,-Pt;Co intermetallic NPs supported on Mng,-NC achieved
compelling activity and stability, evidenced by rotating ring-
disk electrode (RRDE) tests and comprehensive membrane
electrode assembly (MEA) tests. In particular, the Pt@Mng,-
NC-based MEA with a low loading of 0.1 mgp, cm ™ generated
a significantly improved ORR mass activity (MA) of 0.63 A
mgp " at 0.9 Vipg.. and retained 78% of the initial value after
30,000 voltage cycles for a catalyst accelerated stress test
(AST). Also, the L1,-Pt;Co@Mngy-NC-based MEA with an
identical Pt loading achieved an enhanced MA of 091 A
mgp. . The L1,-Pt;Co@Mng,-NC catalyst reached a power
density of 1.14 W cm™2 at 0.7 V (1.63 A cm™2), losing only
27% of this initial performance after the AST cycling.
Furthermore, under HDV conditions (0.2 mgp, cm™> and
250 kPa,,), the L1,-Pt;Co@Mng,-NC catalyst delivered a
record current density of 1.75 A cm™ at 0.7 V and promising
long-term durability (18% loss of current density and 37% loss
in the MA after a 90,000-cycle AST).

Significantly mitigated Pt and Pt—Co NP agglomeration is
observed in post-mortem analysis of the MEAs (under LDV
conditions), attesting to the high stability of the Pt@Mng,-NC
catalyst during the ORR under fuel-cell environments. The
synergistic effect between atomically dispersed MnN, site-rich
carbon and PGM NPs elucidated in this work may shed light
on the design of highly efficient catalysts for PEMFCs
regarding the newly emerging HDV applications.

2. RESULTS AND DISCUSSION

2.1. Synergistic Effects between Pt and the Mg,-N—C
Support. A series of synergistic catalysts, consisting of the Pt
NPs and carbon-based single-atom catalyst (SAC) support, is
studied for the ORR. First, the Ni-, Co-, and Mn-based SAC
carbon support (Mgy,-NC) was developed through multiple
effective methods based on zeolitic imidazolate frameworks
(Z1Fs-8).* The particle size of the single-metal site-rich
carbon support was deliberately controlled to be ca. 100 nm to
ensure a similar mass transport in electrodes for electro-
chemical characterization.

Four types of carbon supports, including three SACs and
one carbonized ZIF-8 (ZIF-NC), were characterized using X-
ray diffraction (XRD) patterns, Raman spectroscopy, and
Brunauer—Emmett—Teller (BET) analysis. According to XRD
patterns, no metallic phases are detected in the support (Figure
Sla), indicating that Mn, Ni, and Co species are likely
atomically dispersed. In Raman spectra, the D band (Ip,) at
~1350 cm™' and the G band (I;) at ~1600 cm™ reflect the
disordered sp® carbon atoms at the edge and the crystallization
of sp*-hybridized carbon atoms in an ideal graphene layer,
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Figure 1. (a) ORR activities of the prepared catalysts in an O,-saturated 0.1 M HCIO,. (b) Comparison of mass-specific and active surface area-
specific activities of the Pt catalysts at 0.9 V by using different single-atom-rich carbon supports. (c) Pt 4f XPS of the Pt catalysts supported on ZIF-
NC and SACs, in which Pt@Ketjen Black and Pt@ZIF-NC served as the baseline. (d) Optimized atomistic structure of a 13-atom Pt;; cluster
adsorbed on an MnN, moiety embedded in a graphene layer. (e) Binding energy between a Pt; cluster and different supports. (f) Optimized
atomistic structure of oxygen atom adsorption on the MnN,@Pt(111) catalyst. In these figures, the black, blue, purple, red, white, and gray balls
represent the C, N, Mn, O, H, and Pt atoms, respectively. (g) Calculated free energy evolution along the four-electron associative ORR pathway on
MnN,@Pt(111) and Pt(111) catalysts under an electrode potential of 0.86 V. (h) Volcano plot showing the ORR limiting potential as a function of
the binding energy of OH on Pt(111) with various supports. The data to fit the volcano plot (the two black lines) are from the reference.’

respectively.”” The I5/I, values of the obtained support are
~1.15, suggesting a similar and relatively high degree of
graphitization (Figure S1b). According to BET results, Mng,-
NC shows the highest surface area (1085.3 m* g”') among the
studied support (Figure S2 and Table S1). Also, ZIF-NC and
Mng,-NC supports have considerable microporosity, providing
abundant anchoring sites for Pt NPs. In addition, Mng,-NC
contains significant mesoporosity (Figure S2c), favoring mass
transport and ionomer dispersion within electrodes.

Pt NPs with a favorable particle size (~3 nm) were
deposited on various SAC supports using an impregnation
method.”" Briefly, Pt salt (H,PtCls) was mixed with a carbon
support via sonication, followed by freeze-drying. The obtained
powder was subjected to thermal annealing under forming gas
(10% H,/Ar) at 600 °C to obtain Pt@Mg,-NC catalysts. The
Pt@M;,-NC (M = Mn, Co, Ni) catalysts were evaluated using
RRDE to determine their intrinsic activity and stability.
Commercial Ketjen black (KJ) carbon was employed as a

17645

comparison. As shown in Figure S3ab, the Pt@Mng,-NC
catalyst achieves an impressive ECSA of 125.8 m” gy, which
could be ascribed to the high BET surface area and abundant
microporosity of the Mng,-NC support. Meanwhile, all Pt@
M;,-NC catalysts exhibit an ORR activity higher than that of
Pt on KJ carbon. In particular, Pt@Mngy-NC generated a
higher specific activity (SA) of 0.37 mA cmp, 2 at 0.9 Vpyg,
suggesting enhanced intrinsic activity (Figure lab). The
stabilities of the Pt@Mg,-NC and Pt@K] catalysts were
screened by potential cycling (0.6—0.95 V) at 60 °C in
aqueous acidic electrolytes. As shown in Figure S4, the Pt@
Mng,-NC catalyst retains a high ECSA of 98.5 m* gp, ', with
only a 21% loss after 10,000 cycles. However, the ECSA loss
was 69% for the Pt@K]J catalyst due to the weak Pt—support
interaction, similar to previous reports.'>** Furthermore, the
ORR half-wave potential (E;;,) loss of the Pt@Mng,-NC
catalyst is only 1 mV after the AST, much lower than that of Pt
supported on KJ carbon. The activity and stability results from
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Figure 2. (a) Secondary electron (SE) microscopy and (b, c) HAADF-STEM images of Pt@Mng,-NC. (d) Atomic-resolution EELS result of Pt@
Mng,-NC, showing the presence of Mn sites. Low magnified SE (e), HAADF-STEM images (f), and atomic-resolution (g, h) HAADF-STEM
images of L1,-Pt;Co@Mng,-NC. Insets in panel (h) are the modeled nanoparticle with an L1, structure.

RDE further indicate that Mng,-NC carbon is superior in
intrinsic activity and stability to the other single-metal site
carbons explored in this work.

Figure 1c shows the X-ray photoelectron spectra (XPS) of Pt
NPs on different types of Mg,-N—C support. The peaks with
binding energies of approximately 71.5 and 74.5 eV can be
correspondingly assigned to the 4f;, and 4f;,, orbitals of
metallic Pt, respectively.*”*> Compared with the KJ carbon-
supported Pt catalyst, notable negative shifts of the Pt 4f
binding energy are observed for all Mg,-NC (M = Ni, Co,
Mn)-supported catalysts, suggesting a strengthened metal—
support interaction.’”*> Notably, the Pt@Mng,-NC catalyst
exhibited the most significant negative shift of the Pt 4f peaks.
The Mn—N, sites may either interact with Pt NPs or alter the
electronic structure of the neighboring C/N atoms, strengthen-
ing their interaction with Pt NPs. Such interactions may be
beneficial for anchoring Pt NPs, thus improving stability during
the ORR. Also, modifying the electronic structures of Pt could
weaken the adsorption of O, and intermediate adsorption, thus

enhancing intrinsic activity for the ORR.'®*** We further
correlate the ORR-specific activity (SA) with the binding
energy shift of the Pt 4f peaks, presenting a well-defined
volcano relationship (Figure S6). This suggests that the
interaction between Mg,-NC and Pt, associated with
modifying electronic structures, mainly depends on the nature
of single-metal sites doped in carbon.

A series of Mng,-NC supports containing different Mn site
contents were prepared via an adsorption approach with
various amounts of Mn ion solution during the synthesis.
Figure S7a shows that the ECSAs of these Pt catalysts were
comparable (~120 m* gp,™'). The Mng,-NC support with a
high Mn content presents slightly increased ORR activity in
the kinetic range (Figure S7b). Notably, enhanced catalyst
stability was observed with an increasing Mn content in the
carbon support (Figure S7c—f). These results suggest that the
ORR activity and stability may correlate with single Mn site
density in carbon support.
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Figure 3. (a, ¢, f) XANES spectra of the Pt Ly-edge (a), Mn K-edge (c), and Co K-edge (f) for the Pt@Mng,-NC and L1,-Pt;Co@Mng,-NC
catalysts. (b, d, e) Fourier-transformed EXAFS in the R-space of Pt (b), Mn (d), and the Co K-edge (e) for the Pt@Mng,-NC and L1,-Pt;Co@

Mng,-NC catalysts.

Density functional theory (DFT) calculations were carried
out to elucidate the possible synergy among single-metal sites,
nitrogen dopants, and Pt clusters. We constructed four
atomistic models consisting of a 13-atom cuboctahedra Pt;
cluster and a graphene layer with an MnN, moiety (Pt/
MnN,—C), a NiN, moiety (Pt/NiN,—C), an N, moiety (Pt/
N,—C), and without dopants (Pt/C). The optimized atomistic
structures are shown in Figures 1d and S8. Charge transfer
analysis reveals that the introduction of an MN, moiety can
modulate the interfacial charge density, which may affect the
interaction between Pt and the support. We calculated the
binding energies of the Pt/MnN,—C, Pt/NiN,—C, Pt/N,—C,
and Pt/C systems to be —4.17, —3.48, —3.43, and —2.44 €V,
respectively (Figure le). A more negative binding energy value
indicates a stronger interaction between the carbon support
and Pt cluster. Therefore, the metal-N moieties, especially
MnN,, in the carbon support could lead to stronger binding to
Pt NPs. The strengthened catalyst—support interaction could
stabilize the Pt clusters by inhibiting their migration,
detachment, or agglomeration.** We hypothesize that the Pt/
MnN,—C system would lead to the best stability among the
four catalysts during the ORR, in agreement with experimental
results.

We also performed DFT calculations to examine how the
carbon support would affect the ORR activity of the Pt sites. As
shown in Figures 1f and S9, we constructed four atomistic
models consisting of a graphene plane with MnN,, NiN,, N,
moieties, or no dopant and integrated them with a Pt(111)
plane, respectively. These were denoted as MnN,@Pt(111),
NiN,@Pt(111), N,@Pt(111), and C@Pt(111). We first
calculated the binding energy of OH (denoted as Eqy), a
general descriptor, to evaluate the ORR activity. Introducing
N, and MN, moieties can significantly reduce the Eqy; (Figure
$10), altering the rate-determining step (RDS) and improving
intrinsic activity. The computational hydrogen electrode®
(CHE) method was implemented to predict the free energy
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evolution along the four-electron associative ORR pathway on
these model catalysts (Figures 1g and S11). The resulting free
energy diagrams indicate that the introduction of the MN,
moiety shifts the RDS from the desorption of *OH to the
adsorption of *OOH.’> Meanwhile, the limiting potentials,
defined as the highest potential to allow each ORR elementary
step to become exothermic, were calculated to be 0.80 V on
Pt(111), 0.86 V on MnN,@Pt(111), 0.85 V on NiN,@
Pt(111), 0.83 V on N,@Pt(111), and 0.80 V on C@Pt(111).
Moreover, we further correlated the calculated Eqy and the
limiting potential, showing a well-defined volcano plot.
MnN,@Pt(111) is close to the apex (Figure 1h), suggesting
that the MnN, moiety reduces Eqy to an optimal value and
thus represents the most active catalyst among the studied
systems. Therefore, the Mng,-NC support is desirable for Pt
and PtCo catalysts with enhanced activity and stability.

2.2. Catalyst Structures. The morphologies and compo-
sitions of Pt@Mngy-NC and L1,-Pt;Co@Mngy-NC were
comprehensively investigated using electron microscopy
techniques (Figure 2). Mngy-NC carbon presents a highly
concaved surface (Figure 2a), leading to high BET surface
areas and favorable mass transport.*® The particle size of Mng,-
NC carbon ranges from 80 to 100 nm (Figure S12a), optimal
for the mass transport and ionomer dispersion in catalyst layers
based on previous studies.””** High-resolution high-angle
annular dark-field scanning transmission electron microscope
(HAADF-STEM) images further reveal that Mng,-NC carbon
has a highly porous structure with crumpled graphitic carbon
layers on the surface (Figure S13a,b). Atomically dispersed
sites with substantial density can be easily found in the Mng,-
NC support (Figure S13d). Electron energy loss spectroscopy
(EELS) analysis at atomic resolution further verifies single Mn
sites in Mng,-NC (Figure S13e).

Ultrafine Pt NPs, with a mean diameter of 2.1 nm, are
distributed uniformly on the surface and inside of the Mng,-
NC carbon particles (Figure 2a,b). The concave morphology
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Figure 4. (a) ORR activities and selectivities of the prepared catalysts in an O,-saturated 0.1 M HCIO,. (b) Comparison of the Tafel slopes of the
prepared catalysts derived from Koutecky—Levich equations. (c) Comparison of mass-specific and active surface area-specific activities of the Pt
catalysts with commercial Pt/C reference. (d, e) ORR activities of Pt@Mng,-NC (d) and L1,-Pt;Co@Mng,-NC (e) catalysts before and after the
AST at 60 °C. (f) Comparison of the loss in the ECSA and E, /, before and after the AST. (g, h) BOL and EOL single-cell MEA performance
during the AST of Pt@Mng,-NC (g) and Pt;Co@Mng,-NC (h) cathodes under light-duty vehicle (LDV) conditions. Pt loading in the cathode:
0.1 mgp, cm™2, back pressure: 150 kPa,,, 80 °C, 100% RH, and H,/air. (i) Mass activity (MA@0.9 Vg e O,) and current density (air) at 0.7 V of
Pt@Mng,-NC and L1,-Pt;Co@Mng,-NC cathodes before and after 30,000 cycles of the AST under LDV conditions.

and inner pore structure can physically immobilize the Pt NPs
and mitigate the migration and coalescence during the ORR.
The HAADF-STEM image shows the atomically dispersed
metal site around Pt NPs (Figure 2c). The coupled EELS
analysis confirms that they are single Mn sites (Figure 2d). As
predicted by DFT calculations, the proximity of Pt NPs and
atomically dispersed Mn sites may induce synergistic ORR by
tailoring the electronic configuration of Pt and modifying the
adsorption of O, and *OH.

Likewise, ordered L1,-Pt;Co NPs were well dispersed on the
Mngy-NC carbon support via a similar synthesis process, as
evidenced by the corresponding HAADF-STEM images
(Figures 2e—g and S14). The average particle size remains at
3.3 nm even after annealing at 800 °C, a critical step to form
ordered intermetallic structures (Figure S14f). HAADF-STEM
images and EELS analysis also show the possible presence of
MnN, sites surrounding PtCo NPs (Figure Sl4gh). STEM
images indicate the periodic arrangement of bright (Pt) and
dark (Co) atoms within a PtCo NP (Figure 2h). The
corresponding fast Fourier transform (FFT) result shows
superlattice spots, proving an ordered structure (Figure S14i).
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In addition, a compact Pt skin coating with 2—3 atomic layers
on the PtCo intermetallic core appears due to acidic leaching
and reductive thermal annealing treatments during the
synthesis (Figure 2h). In addition, STEM-EDS elemental
mappings indicate that Pt and Co elements are uniformly
distributed within the nanoparticles and that the Pt/Co ratio is
about 73/27, close to 3:1 in the Pt;Co intermetallic structure
(Figure S15).

The crystal structure of the L1,-Pt;Co@Mngy-NC catalyst
was further studied by using XRD patterns. As shown in Figure
S16, the as-prepared L1,-Pt;Co NP catalysts exhibited a slight
shift to higher 20 values for the diffraction peaks due to the
partial replacement of the Pt atoms (radius: 1.39 A) with
smaller Co atoms (radius: 1.26 A) inducing compression in the
lattice. The diffraction peaks can be indexed to the typical
structure of the L1,-Pt;Co intermetallic (JCPDS No. 96-152-
4399), suggesting the formation of ordered L1,-Pt;Co, in good
agreement with HAADF-STEM images. The ordering degree
of L1,-Pt;Co@Mngy-NC, further calculated from the XRD
data, was 61.1% (Figure S16).""""
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The oxidation state of metal elements and their electronic
structures were further characterized using X-ray absorption
spectroscopy (XAS).*”** The similar X-ray absorption near
edge structure (XANES) of Pt in Pt@Mng,-NC and LI,-
Pt;Co@Mng,y-NC catalysts (Figure 3a) suggests their nearly
identical oxidation states and d-band electron density. The
oxidation states of Pt in both samples are approximately zero as
the white line intensity, edge energy, and shapes of the XANES
region are similar to metallic Pt. The extended X-ray
absorption fine structure (EXAFS) analyses (Figure 3b) also
indicate that Pt in Pt@Mngy-NC and L1,-Pt;Co@Mng,-NC
shows scattering peaks at ~2.3 A attributed to Pt—Pt bonds.
Compared to Pt foil, the Pt—Pt bond length is shortened due
to the strain effect, which could benefit the ORR. Notably, the
scattering peak at ~1.6 A can be attributed to Pt—O/N bonds,
suggesting the possible interaction between Pt-based NPs and
the Mng,-NC support or a trace amount of Pt oxides. The
possible Pt—N bonding and the apparent negative shifts in the
Pt 4f binding energy for all Mg,-NC (M = Nj, Co, Mn) in the
XPS results further confirm the strengthened Pt—support
interaction.

Additional XAS characterization at the Mn and Co K-edges
of these catalysts was performed. As shown in Figure 3¢, the
Mn K-edge position in Pt@Mng,-NC is closer to that in MnPc,
but with a slightly higher oxidation state than Mn in LI,-
Pt;Co@Mng,-NC. A comparable intensity of the pre-edge 1s
— 3d transition peak in Mngy,-NC and MnPc suggests D,
centrosymmetry of Mn, providing evidence for the existence of
the square-planar Mn—N,, configuration. No metallic Mn—Mn
scattering paths are found in the Fourier transforms of the Mn
K-edge EXAFS for the two PGM catalysts (Figure 3d).
Specifically, the Pt@Mng,-NC catalyst shows a peak at 1.4 A,
which aligns with the Mn—N scattering path in MnPc,
supporting the atomically dispersed and nitrogen-coordinated
MnN, structures. Scattering paths at ~2 and ~2.5 A were also
found for both catalysts, possibly attributed to the interaction
of Pt and Pt;Co with Mn in the support.

This unique Pt and support interaction differs from the Pt
and Co interactions in Pt;Co nanoparticles. The weak metallic
Pt—Co at ~4 A, which aligns with the similar Co—Co
scattering path in the Co metal reference, was identified only in
Co EXAFS of the L1,-Pt;Co@Mng,-NC catalyst (Figure 3e).
The XANES in Figure 3f shows that, for the L1,-Pt;Co@
Mng,-NC catalyst, the oxidation state of Co is between +2 and
0 when comparing the edge energy to that of the CoO and Co
references, likely due to the alloying of Co with Pt in Pt;Co.
Overall, the XAS results unambiguously support the strong
couple or interaction between Pt (or PtCo) and the unique
Mng,-NC support.

2.3. ORR Activity and Stability. The activity and stability
of Pt@Mng,-NC and L1,-Pt;Co@Mngy-NC catalysts were
studied by using RRDE and compared to a Pt/C reference.
The ECSAs of these catalysts are evaluated by electrochemical
oxidation of monolayers of H atoms adsorb on Pt (Figure
S17a). The Pt@Mng,-NC catalyst shows a notable E,;, of
0.915 V and an ECSA of 125.8 m’gp, " Although high-
temperature annealing was applied during the synthesis of the
L1,-Pt;Co@Mngy-NC catalyst, a high ECSA (77.5 m?gp "),
comparable to that of commercial Pt/C (70.2 m* gp, '), was
achieved (Figure S17b). This further verifies the advantages of
the unique Mng,-NC support in suppressing Pt-based NP
agglomeration during high-temperature annealing. Figure 4a
shows a significant increase in E;,, to 0.965 V for the L1,-

Pt;Co@Mng,-NC catalyst. The corresponding electron trans-
fer numbers during the ORR are calculated at about four over
an extensive potential range, as determined by using RRDE
and Koutechy—Levich plots at different rotation speeds
(Figures 4a and S17c—f).

In Figure 4b, the L1,-Pt;Co@Mngy-NC catalyst shows a
higher kinetic current density than the Pt@Mng,-NC catalyst,
especially at potentials above 0.9 Vyyg. In addition, the L1,-
Pt;Co@Mng,-NC catalyst presents the lowest Tafel slope, with
a value of 50.0 mV dec™". The mass activity (MA) and specific
activity (SA) at 0.85 and 0.90 Vi, for the studied catalysts are
compared and summarized in Figure 4c. The L1,-Pt;Co@
Mng,-NC catalyst presents the highest MA (1.8 A mgp, ') and
SA (2.3 mA cm™) values, which could be ascribed to the
reduced ORR activation energy due to strain and ligand effects
of Pt;Co intermetallic structures (Figure S18).°"

The stability of Pt@Mngy,-NC and L1,-Pt;Co@Mng,-NC
catalysts was investigated by cycling between 0.60 and 0.95 V
at 60 °C in a 0.1 M HCIO, solution, a harsh condition close to
the actual operating conditions of PEMFCs. As mentioned
above, the Pt/C catalyst shows severe activity loss after only
10,000 cycles (Figures S4e and SSe). In contrast, the Pt@
Mng,-NC catalyst exhibited significantly enhanced stability,
with only 4 mV loss in E, /, and a high ECSA retention of 87.5
m* gp, " after 30,000 cycles (Figures 4d,f and S19a).

The stability improvement is likely due to the anchoring
effect of the Mng,-NC support that hinders the aggregation of
Pt NPs during the AST, as suggested by DFT calculations. In
addition, the LI1,-Pt;Co@Mng,-NC catalyst also showed
encouraging durability, retaining 92% ECSA and losing only
10 mV in E,;, after 30,000 AST cycles (Figures 4ef, and
S19b).

2.4. MEA Performance and Stability under LDV
Conditions. We further investigated various cathode catalysts,
including commercial Pt/C, Pt@Mng,-NC, and L1,-Pt;Co@
Mng,-NC catalysts in MEAs with a loading of 0.1 mgp, cm™
and back pressure of 150 kPa (air) at the cathode (Figures
4g,4h and $20—522). The commercial Pt/C cathode generated
0.65 A cm™ at 0.7 V at BOL and lost 66% performance at
EOL (Figure S20 and Table S2). In contrast, the Pt@Mng,-
NC cathode achieved an impressive mass activity of 0.63 A
mgp ' (0,) at 0.9 Vg g, significantly higher than those of the
commercial Pt/C catalysts with an identical Pt loading (Figure
4i). After 30,000 AST cycles, the performance loss in the
kinetic range (above 0.7 V) was insignificant (Figure 4g). The
MA of the Pt@Mng,-NC catalyst at EOL was 0.49 A mgp, /,
corresponding to a 22% loss (Figure 4i). The current density at
0.7 V (air) was slightly decreased from 1.05 to 0.96 A cm™?,
indicating excellent stability in MEAs (Table S3), in good
agreement with RDE tests in acidic electrolytes. The AST
induced a slight loss in the peak power density, possibly caused
by structural changes in the electrodes (Figure S22).

Similar to RDE results, the introduction of Co species
improved the MEA performance significantly. The MA of the
L1,-Pt;Co@Mng,-NC catalyst reached 0.91 A mgp, ' (O,) at
0.9 Vigee (Figure 4i) and 1.63 A cm™ at 0.7 V (air) under
75% relative humidity (RH) and back pressure of 150 kPa,
conditions (Figure 4h and Table S4). The impact of RH% on
the studied MEA performance is further illustrated in Figures
S21 and S24. The L1,-Pt;Co@Mng,-NC-based MEA showed
less dependence on RH% above 0.7 V. The cathode
thicknesses of the Pt@Mng,-NC- and L1,-Pt;Co@Mng,-NC-
based cathodes were reduced slightly after the AST. The
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Figure S. (a, b) Secondary electron (SE) images of aged Pt@Mng,-NC (a) and L1,-Pt;Co@Mng,-NC (b) after the AST. (c, d) Corresponding
HAADF-STEM images of aged Pt@Mng,-NC (c) and L1,-Pt;Co@Mng,-NC (d). (e, f) HAADF-STEM images of aged L1,-Pt;Co@Mng,-NC. (g-
i) STEM-EDS elemental distribution mapping of aged L1,-Pt;Co@Mng,-NC.
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and Pt/C before and after 90,000 cycles of the corresponding ASTs.

hydrophilicity of both cathodes was increased (Figures S22
and S23). The corresponding MA at 0.9 V and the current
density at 0.7 V of the L1,-Pt;Co@Mng,-NC cathode declined
to 0.45 A mgp ' and 1.19 A cm™? respectively (Figure 4i).
The MA at EOL is still higher than that at the DOE target
(0.44 A mgp,"). The voltage loss (40 mV, 6%) at 0.8 A cm™>
was still larger than the challenging DOE target of 30 mV
(Table S4).">*" The slightly inferior stability compared to
RDE results is likely due to the contamination or damage of
the ionomer caused by dissolved Co ions,>**
discussed in the following section.

2.5. Catalyst Degradation Mechanisms in an MEA.
Cathode catalysts in the MEA after the AST were characterized
with advanced electron microscopy and elemental analysis
techniques. As shown in Figure Sa,b, the Mng,-NC support
retained intact morphology, indicating its good electrochemical
and mechanical stability. Statistical results indicate that the Pt-
based NP sizes of both Pt@Mng,-NC and L1,-Pt;Co@Mng,-
NC were increased slightly (Figures Sc,d and S25). In
particular, the L1,-Pt;Co NPs increased to 4.0 + 1.4 nm
(Figure S26), slightly larger than the initial size (3.3 + 1.1
nm). Yet, a large proportion of the NPs (85% for Pt and 72%
for L1,-Pt;Co) still retained a size smaller than 4 nm rather
than undergoing severe particle agglomeration often observed
with commercial Pt/C catalysts (Figures S26 and §27).59°¢
This further highlights the advantages of the Mng,-NC support
in preserving Pt-based NPs during AST cycling. According to
atomic-resolution HAADF-STEM images, the ordered L1,-
Pt;Co intermetallic structure was partially retained (Figure Se).
Meanwhile, Pt and Co elements are still apparent in the NPs
(Figure Sf), but the atomic ratio of Pt to Co was increased
from 73:27 to 93:7 due to Co dissolution (Table SS).

which is

17651

The size change of the Pt NPs within these MEAs after the
AST was further investigated using small-angle X-ray scattering
(SAXS). Figure 6a shows the SAXS scattered intensity (I(q))
versus the scattering vector (q) for the entire region. The
marked regions in Figure 6a show scattering from Pt, L1,-
Pt;Co NPs (q ~ 0.01-0.3 A1), and Mng,-NC aggregates (q ~
0.001—0.01 A™") to large agglomerates (g < 0.001 A™", likely
carbon). Particle size distributions (PSDs) for Pt and PtCo
NPs shown in Figures 6b and 6¢, respectively, are obtained by
fitting the scattering data in the g region between 0.01 and 0.3
A™! using the maximum entropy (MaxEnt) method (Table
S6). The Pt@Mng,-NC and L1,-Pt;Co@Mng,-NC catalysts at
BOL show mean particle diameters of 2.3 and 2.2 nm,
respectively. After the AST, their mean particle diameters were
slightly increased to 3.0 & 1.1 and 3.0 & 1.2 nm, respectively,
consistent with HAADF-STEM analysis. The largely preserved
particle size is likely ascribed to the strong chemical binding
between the Mng,-NC support and Pt-based NPs and the
physical hosting effect of the Mng,-NC support with a curved
surface and porous architecture.

The crystal structures of the catalysts before and after the
AST were also investigated using wide-angle X-ray scattering
(WAXS). The WAXS profiles were acquired over a 26 range
from S to 35°, displaying peaks for the Pt(111), (200), (220),
and (311) face-centered cubic (fcc) reflections (Figure 6d).
Superlattice peaks around 12.5 and 19° can be observed in
L1,-Pt;Co@Mngy-NC before the AST, verifying ordered
intermetallic structures. The first two reflections (111 and
200) are presented in Figure 6e,6f, in which the reflections
from Pt and Co are included as references. The WAXS
patterns for the Pt@Mng,-NC and L1,-Pt;Co@Mngy-NC
catalysts at BOL display broad and asymmetrical peaks due to
the small grain sizes of Pt and L1,-Pt;Co NPs. After the AST,
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the peaks of both samples become narrower and symmetrical,
indicating an increase in the particle size. As for the LI,-
Pt;Co@Mng,-NC catalyst, the peak positions decrease to
lower 26, approaching pure Pt reference, and the superlattice
peaks are barely identified due to Co dissolution, suggesting
that the remaining ordering degree is less than 10%. The
dissolved Co** ion may contaminate the ionomer or the
membrane, causing loss of O, and proton transports and the
observed MEA performance degradation.

Possible degradation mechanisms of the catalysts in MEAs
are discussed here based on the changes in morphologies,
structures, and chemical compositions of the catalysts after the
AST. Due to the unique Mng,-NC support that can chemically
or physically anchor the NPs against aggregation, many fine
NPs are well preserved, contributing to the extraordinary
stability of the Pt@Mng,-NC catalyst in MEAs. However, the
inferior stability of L1,-Pt;Co@Mngy-NC to the Pt@Mngy-NC
catalyst is due to the insufficient ordering degree of the
intermetallic structures and the consequent Co dissolution.
Innovative strategies to increase the ordering degree of PtCo
catalysts are essential for continuously improving the long-term
durability of PtCo-based catalysts.

2.6. MEA Performance and Stability under HDV
Conditions. Considering the good initial activity and
promising stability of L1,-Pt;Co@Mng,-NC catalyst under
the LDV conditions (retaining 1.19 A cm™ at 0.7 V after the
AST), we further evaluated its MEA performance under HDV
conditions (a higher Pt loading of 0.2 mgp, cm™ and back
pressure of 250 kPa,,). A commercial Pt/C catalyst was used
as a reference. Figure 7a shows the H,—air MEA performance
of the Pt/C and L1,-Pt;Co@Mng,-NC catalysts at RH of 75%.
The L1,-Pt;Co@Mng,-NC MEA generated an impressive
current density of 1.71 A cm™> at 0.7 V and a high peak power
density of 1.58 W cm™?, significantly higher than those of the
Pt/C MEA (1.13 A cm™ and 1.24 W cm™2). Meanwhile, the
L1,-Pt;Co@Mngy-NC catalyst in the HDV MEA achieved an
MA of 0.49 A mgp, " at 0.9 Vg s.. Generally, the MA of PGM
catalysts in MEAs is greatly dependent on catalyst loading,
catalyst/ionomer interfaces, mass and charge transfer, and
electrode structures (e.g., porosity). Therefore, the relatively
low MA observed with L1,-Pt;Co@Mng,-NC in an HDV
MEA is due to the high Pt loading, thicker electrode, higher
oxygen/proton transport resistance, different ionomers (Aqui-
vion D72-25BS for LDV vs. Nafion D520 for HDV), and
reduced Pt utilization.””*

We also systematically investigated the RH dependence of
MEA performance because HDVs are desirable to operate at
relatively low RHs. As shown in Figure S28, with decreasing
RH, the peak power density of the L1,-Pt;Co@Mngy-NC
MEA gradually increased from 1.49 (100% RH) to 1.66 W
cm™ (50% RH). The sensitive MEA performance to RH is
likely attributed to the increased catalyst layer thickness due to
a high Pt loading (0.20 mgp, cm™2), which cannot efficiently
remove the produced water. The doubled Pt loading in the
cathode significantly improves stability (Figures 7b,d and S28).
After the initial 30,000 cycles, the current density at 0.7 V only
dropped to 1.52 A cm™ In contrast, the commercial Pt/C
MEA suffered from a 55% loss at 0.7 V (Figure 7c,d).

After extensive 90,000 AST cycles, the MA only declined
from 0.49 to 0.31 A mgp ', a 37% loss (Table S7).
Significantly, the L1,-Pt;Co@Mngy,-NC MEA maintained a
high current density of 1.43 A cm™2 at 0.7 V, corresponding to
an 18% loss after the extended AST (Figure 7d and Table S7).

It should be noted that a standard differential cell (Figure $29)
with an active area of 5 cm? was designed for all MEA tests,
which can fairly compare with the Performance and durability
reported in the recent literature.'”*” Therefore, the remarkable
activity and much-enhanced stability of the L1,-Pt;Co@Mng,-
NC catalyst under HDV conditions are promising to meet the
challenging DOE targets (1.07 Acm™> at 0.7 V after a 25,000 h
equivalent operation).

3. CONCLUSIONS

In summary, we theoretically and experimentally elucidate a
strong coupling effect between single-metal site-rich carbon
and Pt NPs. Among various single-metal-site-rich carbons,
Mngy-NC presented a great potential to boost ORR activity
and stability of Pt-based catalysts, likely due to its single-metal-
site dopants (i.e., MnN,) and unique morphologies (i.e., high
surface areas, dominant micropore, reasonable graphitization
degree, curved surface, and homogeneous polyhedron
particles). In particular, integrating Mng,-NC and Pt yields
strengthening interactions and weakening the Egy. Con-
sequently, well-dispersed Pt and ordered L1,-Pt;Co NPs on
the Mng,-NC support are designed as cathode ORR catalysts.

The Pt@Mng,-NC catalyst in an LDV MEA delivered an
MA of 0.63 A mgp ' (0.9 Viggee) and 1.05 A cm™ (0.7 V,
H,—air fuel cell) with a Pt loading of 0.1 mg cm™ and 150
kPa,,. After 30,000 AST cycles, the loss in MA and current
density at 0.7 V are insignificant, i.e., 22% and 9%, respectively.
The remarkable activity and stability further verified the
synergy derived from the Mng,-NC carbon support. Forming
ordered L1,-Pt;Co intermetallics further enhances ORR
activity. The resultant L1,-Pt;Co@Mng,-NC catalyst achieved
MA values of 0.91 A mgp, ™" (0.9 Vig ) and 1.63 A cm ™2 in an
MEA under identical conditions. However, the compromised
stability is likely due to insufficient ordering of the structure,
causing Co dissolution.

Importantly, the L1,-Pt;Co@Mng,-NC catalyst exhibited
promising performance and long-term durability under HDV
conditions (high Pt loading: 0.2 mgp, cm™> and high back
pressure: 250 kPa,,). The initial current density at 0.7 V was
1.75 A cm™* and the catalyst only lost 37% of its BOL MA and
18% current density at 0.7 V after long-term 90,000 AST
cycles, promising to meet the DOE targets for HDVs (>1.07 A
cm™? at 0.7 V after 25,000 h equivalent operations).

Electron microscopy and X-ray scattering studies indicate
that the Pt@Mngy-NC and L1,-Pt;Co@Mng,-NC catalysts
showed only mild particle coarsening after the AST, retaining
an average particle size of 3.6 and 4.0 nm, respectively, likely
due to the strong chemical coupling or physical confinement
between the Mngy,-NC support and PGM NPs. Hence,
leveraging the knowledge in developing PGM-free Mg,—N—
C catalysts as advanced carbon supports is an effective
approach to designing synergistic low-PGM fuel-cell catalysts
with enhanced performance and durability for newly emerging
HDV applications. Beyond single-metal site-rich carbon,
further exploring innovative carbon supports with dual-metal
sites may provide additional benefits to strengthen PGM NPs
and regulate their electronic structures for possible enhance-
ments of intrinsic activity and stability.*"”®*

Notably, although the unique coupling effect could minimize
the aggregation of Pt NPs under fuel-cell operating conditions
and enhance intrinsic activity, the evitable Co dissolution still
caused performance degradation, especially at a low Pt loading
(0.1 mgp, cm™), due to the relatively low ordering structures
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in the presenting PtCo alloy catalysts. Therefore, innovative
strategies are in high demand to regulate PtCo intermetallic
structures, aiming to mitigate Co dissolution and improve
intrinsic stability.
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