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ABSTRACT: Hydrogen fuel cells have drawn increasing attention as one of the most
promising next-generation power sources for future automotive transportation.
Developing efficient, durable, and low-cost electrocatalysts, to accelerate the sluggish
oxygen reduction reaction (ORR) kinetics, is urgently needed to advance fuel cell
technologies. Herein, we report on metal—organic frameworks-derived nonprecious
dual metal single-atom catalysts (SACs) (Zn/Co—N—C), consisting of Co—N, and
Zn—N, local structures. These catalysts exhibited superior ORR activity with a half-
wave potential (E;/,) of 0.938 V versus RHE (reversible hydrogen electrode) and
robust stability (AE,,, = —8.5 mV) after S0k electrochemical cycles. Moreover, this
remarkable performance was validated under realistic fuel cell working conditions,
achieving a record-high peak power density of ~1 W cm™* among the reported SACs
for alkaline fuel cells. Operando X-ray absorption spectroscopy was conducted to identify the active sites and reveal catalytic
mechanistic insights. The results indicated that the Co atom in the Co—N, structure was the main catalytically active center, where
one axial oxygenated species binds to form an O,4—Co—N, moiety during the ORR. In addition, theoretical studies, based on a
potential-dependent microkinetic model and core-level shift calculations, showed good agreement with the experimental results and
provided insights into the bonding of oxygen species on Co—N, centers during the ORR. This work provides a comprehensive
mechanistic understanding of the active sites in the Zn/Co—N—C catalysts and will pave the way for the future design and
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advancement of high-performance single-site electrocatalysts for fuel cells and other energy applications.

B INTRODUCTION

Hydrogen fuel cells have been recognized as one of the most
promising high-efliciency regenerative energy-conversion
devices for electric vehicles, portable electronic devices, and
stationary applications.' > However, in order to accelerate the
sluggish kinetics of the oxygen reduction reaction (ORR) at
the cathode, significant amounts of expensive Pt-based metal
catalysts are required in proton exchange membrane fuel cells
(PEMFCs), operating at low pH, for high power density
applications (>1 W cm ™). The high catalyst cost, up to 40%
of the total cost, has hindered the large-scale application and
deployment of PEMFCs.® Anion exchange membrane fuel cells
(AEMFCs) have emerged as an alternative because they enable
the use of nonprecious metal electrocatalysts, which exhibit
improved stability in alkaline media compared to acidic
electrolytes.”® To facilitate the ORR in alkaline media,
tremendous efforts have been expended to investigate and
develop various cost-effective nonprecious metal catalysts,
including perovskites,g_11 transition metal oxides,">™'* tran-
sition metal nitrides,"*™"” and metal-containing nitrogen-
doped carbons (M—N—C)."*7*°

Recently, single-atom catalysts (SACs), ultimately downsiz-
ing the metal active centers to isolated single metal atoms, have
attracted increased attention for electrocatalysis.”' ™ With
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atomic metal dispersity, SACs offer distinct advantages such as
maximized atom-utilization efficiency, well-defined active
centers, and remarkable intrinsic activity.”*** Importantly,
the well-defined single-atom site can serve as an ideal model to
provide atomic-level insights into active centers and thus foster
an in-depth understanding of catalytic reaction mechanisms.
Typically, single-metal atoms need to be anchored on a
supporting substrate through a strong interaction to stabilize
these single atoms with high surface free energies and avoid
metal aggregation.”®”” Metal—organic frameworks (MOFs), a
class of porous materials assembled by metal nodes and
versatile organic linkers, have emerged as one of the most
promising scaffolds and precursors for porous carbon-
supported SACs. The spatial separation of metal nodes in
the periodic structures of MOFs prevents metal agglomeration
during pyrolysis, enabling the formation of single-atom
sites.”””” The high surface areas and porous structures of
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Figure 1. Synthesis and structural characterization of BMOF-derived Zn,Co, materials. (a) Schematic synthesis procedure of BMOF-derived
Zn,Co,. (b) HAADF-STEM image of pyrolyzed Zny,Co. (c) EELS elemental mapping of Co (red), Zn(green), N(yellow), and their composite
mapping of Co+Zn+N. (d) Magnified atomic-scale HAADF-STEM image of pyrolyzed Zn,;Co. The bright spots, corresponding to Co or Zn

atoms, are marked by red circles.

MOF-derived substrates facilitate mass transport and expose
more active sites for the catalytic proces.s."’o_‘?’2 Moreover, the
nitrogen species from N-containing organic linkers (such as
imidazole groups) can bind to metal centers to form single-
atom M—N—C structures, which are believed to be responsible
for the accelerated kinetics of the ORR.>>™° The rational
design of bimetallic MOFs holds great promise for developing
dual-site single-atom materials, such as atomically dispersed
Zn/Co or Zn/Cu in N-doped carbon.’*~** The incorporation
of Zn centers in the precursors emerges as a promising strategy
for synthesizing M—N—C structures because the evaporation
of Zn centers at high-temperature pyrolysis facilitates the
formation of hierarchical pore structures and the generation of
sparsely distributed single-atom metal sites. In addition, Zn—
N—C can serve as a template for the synthesis of other M—N—
C materials. For instance, Fellinger’s group utilized Zn—N,
sites in Zn—N-—C as an active site imprint to prepare
atomically dispersed Fe—N—C with a high Fe loading (3.12
wt %) via a transmetalation reaction.””*’

Despite the significant progress made in designing and
developing SACs for ORR, insights into the evolution of
catalytic sites and underlying catalytic mechanisms are still rare
due to the challenges of directly probing atomic-level active
sites. High sensitivity and sufficient spatiotemporal resolution
are critical for characterizing SACs under catalytic conditions
to gain a fundamental understanding of their behavior. Over
the past few decades, intense efforts have been made to
develop in situ/operando techniques that enable tracking the
dynamic evolution of single atoms in real time, such as in situ
transmission electron microscopy (TEM),*"** in situ Fourier-
transform infrared spectroscopy (FTIR),* in situ/operando X-
ray absorption spectroscopy (XAS), and others.** ~** Among
these techniques, in situ/operando XAS represents one of the
most powerful methods for capturing dynamic changes of
single-atom sites, providing real-time information on both
electronic structure and local geometry via X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS), respectively. For example, Zitolo et

al.”’ performed operando XAS to study the electronic state
evolution of Co—N—C(Coys) and Fe—N—C(Fe,s) under
ORR conditions. They found that a Fe—O bond formed in
both the O,-saturated and N,-saturated electrolytes, while Co
sites were less oxophilic so that a Co—O bond was formed only
in the O,-saturated electrolytes. Via operando XAS, Du and co-
workers™ revealed that a geometric structural distortion of
CuN,C, single-atom sites was induced by O-containing species
under ORR conditions. An optimized distortion can facilitate
electron transfer from Cu to adsorbed O, thus enhancing the
ORR activity.

In this work, we report on a group of bimetallic MOF
(BMOF)-derived Zn,Co, (x/y = 1, S, 10, 15, 20, 25) materials.
Among them, BMOF-derived Zn,;,Co features atomically
dispersed Co and Zn sites coordinated with N atoms, forming
Zn—N, and Co—N; local structural configurations (denoted as
Zn/Co—N-—C). The structure and composition of the
electrocatalysts were comprehensively characterized via a
range of techniques, including X-ray diffraction (XRD),
inductively coupled plasma optical emission spectroscopy
(ICP-OES), scanning transmission electron microscopy
(STEM) imaging, electron energy loss spectroscopy (EELS)
elemental mapping, X-ray photoelectron spectroscopy (XPS),
and XAS. Through electrochemical measurements in alkaline
electrolytes, we demonstrated that BMOF-derived Zn,,Co
displayed superior activity and long-term stability toward the
ORR. In H,—-0, fuel cell testing, using a BMOF-derived
ZnyCo as a cathode catalyst, we were able to achieve a high
peak power density (PPD) of ~1 W cm™ at an ultralow Co
loading of 8 ugc, cm™ representing one of the highest
performances among reported single-atom cathode catalysts in
AEMFCs.**~>! To further unveil the nature of the catalytic
sites in the Zn/Co—N-—C materials, operando XAS was
performed to track the dynamic electronic and structural
changes under the ORR conditions. The real-time observations
suggested that Co—N, structures served as the main active
centers for the ORR, where an oxygenated species can be
adsorbed on the Co center in an axial direction during the

https://doi.org/10.1021/jacs.3c11355
J. Am. Chem. Soc. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a__. b g
5 " [cok-ed 3 -
] g a 154 Zn K-edge
> 1.59 >
2 210
5} g Y]
E 1.04 E
3 B 05 <
N 0.51 o N ~
= —— Co foil Co,0, = ——2Zn0 S
g ——Co0 ——CoPc g ZnPc T
S 0.04 —— Co(OH),—— Zn/Co-N-C g 0.0 ——2Zn/Co-N-C x
7710 7725 7740 7755 7770 9645 9660 9675 9690 9705 9720
C Photon Energy (eV) d Photon Energy (eV)
3:
CoK-edge iCo-Co o i ZnK-edge N g
251 _goo 154 N 70
- — Co(OH), — ———ZnPc
= Clo-Co ——Co,0, = Zn-0 Zn/Co-N-C
i:; 211 —— CoPc i:; 10 A Zn-Zn
_ A f
< o) Zn/Co-N-C < A h
= T 5] 20N/ 5
=, " \ w 1 ? Zn foil
/ ) 3
o bt 2N L WANAYEY o bl P
0 1 2 3 4 5 6 0 1 3 4 5 6
f R(A)
: —
Zn K-edge %
6] Zn-N, R
eC
= 34
<
=
% 0
[
L .34
> Zn/Co-N-C Zn/Co-N-C
-44 / ——Fitting 64 —— Fitting
o 1 2 3 4 5 6 0o 1 3 4 5 6 6 8
R(A) R(A) k(A7)

Figure 2. Spectroscopic characterization of Zn,,Co-BMOF-derived Zn/Co—N—C_ (a) Normalized Co K-edge XANES and (c) k*-weighted FT-
EXAFS spectra (without phase correction) of Zn,,Co-BMOF-derived Zn/Co—N—C and Co references: Co foil, CoO, Co(OH),, Co;0, and
cobalt phthalocynine (CoPc). (b) Normalized Zn K-edge XANES and (d) k*-weighted FT-EXAFS spectra of Zn,,Co-BMOF-derived Zn/Co—N—
C and Zn references: Zn foil, ZnO and zinc phthalocynine (ZnPc). (e) Corresponding Co K-edge k*-weighted FT-EXAFS fitting curves of Zn,,Co-
BMOF-derived Zn/Co—N—C at R space (R magnitude and R imaginary). (f) Corresponding Zn K-edge k*-weighted FT-EXAFS fitting curves of
Zn,,Co-BMOF-derived Zn/Co—N—C at R space (R magnitude and R imaginary). (g) Co K-edge WT-EXAFS contour plots of Co foil, CoO,
CoPc, and Zn/Co—N—C. (h) Zn K-edge WT-EXAFS contour plots of Zn foil, ZnO, ZnPc, and Zn/Co—N—-C.

ORR process. To further investigate the metal centers of the
Co—N, and Zn—N, sites under reaction conditions, a
potential-dependent microkinetic model (MKM) was devel-
oped using density functional theory (DFT)-derived ener-
getics. The model showed good agreement with the
experimental results, which indicated that Co—N, was the
active site for the ORR. It also provided insights into the
adsorption of oxygen species on the Co—N, centers at elevated
potentials. Core-level shift (CLS) calculations revealed distinct
shifts of the 1s core—electron of the Co centers for each ORR
reaction intermediate. Adsorption of oxygen-related species on
the Co—N, centers led to a shift toward higher binding energy
(BE), consistent with the positive edge shifts observed in
operando XANES. The combined experimental and theoretical
investigation in this work provides a fundamental under-
standing of the underlying catalytic mechanism of single-atom
electrocatalysts toward the ORR and offers valuable insights
into the design and development of high-performance
electrocatalysts for fuel cells.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. BMOF-
derived Zn,Co, materials with different ratios of Zn to Co (x/
y) were prepared via a facile method, as indicated in Figure la

(details in the Experimental Section). By variation of the x/y

ratio, BMOF-Zn,Co, precursors can form Co metal nano-
particles or dispersed Zn/Co atoms supported on nitrogen-
doped carbon materials after high-temperature pyrolysis. The
powder XRD patterns of the as-synthesized Zn,Co,-BMOFs
are shown in Figure Sla, which are consistent with the
simulated ZIF-67 and ZIF-8 references. After high-temperature
pyrolysis at 800 °C, most Zn centers in BMOFs evaporate
away, and the resulting metal loadings are summarized in
Table S1 based on ICP results. The Co loading decreased from
15.28 to 1.38 wt % when the ratio of Zn/Co (x/y) increased
from 1/1 to 25/1. The XRD patterns of pyrolyzed Zn,Co, are
presented in Figure S1b. For samples with relatively high Co
content, such as ZnCo, ZnsCo and Zn,,Co, the diffraction
peaks near 45°, 52°, and 76° were ascribed to (111), (200),
and (220) planes, respectively, from face-centered cubic (fcc)
metallic Co (ICSD#44989). For low-Co-content samples such
as Zn;sCo, Zn,;Co, and Zn,;Co, no sharp characteristic
diffraction peaks were observed, ruling out the formation of
large metal particles/clusters. Here, the increasing fraction of
Zn in the MOF precursors plays a significant role in “diluting”
the Co nodes and expanding the adjacent distances of Co
centers, which avoid the aggregation of Co atoms in the heat
treatment and help form atomically dispersed metal sites.
The morphologies of pyrolyzed Zn,Co, were characterized
via TEM, as shown in Figure S2. All of the pyrolyzed Zn,Co,

https://doi.org/10.1021/jacs.3c11355
J. Am. Chem. Soc. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11355/suppl_file/ja3c11355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11355/suppl_file/ja3c11355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11355/suppl_file/ja3c11355_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11355/suppl_file/ja3c11355_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11355?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a

—

'E 04 20% Pt/C

o ZnCo

< Zn.Co

E Zn,Co™*

2 Zn,Co-16

2 -2 Zn,Co ¥

8 Zn,Co 0.88 092 096,

T -3

e

S

O 4 T T T T
0.2 0.4 0.6 0.8 1.0 1.2

c Potential (V vs RHE)

< Initial
0 nitia

g — 10k

< —30k

\E, 4] —s0k

a -16] « -

% 21 18 ,

[a] 092 094

T -3

[]

=

=]

O 4 T T T T
0.2 0.4 0.6 0.8 1.0 1.2

Potential (V vs RHE)

0.95 g

-, 251

o 0.941 I Mass Activity 2
L2.0

T 093 E

2 15 ;;

s 102

o

LIJ‘: P

Lo5 @

©

=

o

Cell Voltage (V)

0.0
PYC ZnCo ZnsCo ZnyCo ZnssCo ZnyCo ZnysCo

12
H,-0, g
80°C, 100% RH — 10 §
0.8 %
2
r0.6 ‘@
=
o
0.4 O
o]
Anode: JM-PtRu/C 0.2 %
Cathode: BMOF-derived Zn,,Co o

okttt Mo 0.0
0.0 05 1.0 15 2.0 25 3.0 3.5 4.0
Current Density (A cm?)

Figure 3. Electrochemical evaluation of BMOF-derived Zn,Co, as ORR catalysts in alkaline media. (a) ORR polarization curves of BMOF-derived
Zn,Co, in O,- saturated 1.0 M KOH at a scan rate of S mV/s and a rotation rate of 1600 rpm. Zn,Co, catalyst loading: 8 ugc, cm™2 20% Pt/C

loadmg 25.5 pigp, cm™

2, Inset is the magnified E, , region. (b) Comparison of the mass activity (MA) at 0.915 V vs RHE and half-wave potentials

(Ey/2)- (c) ORR polarization curves of BMOF-derived Zn,(Co in O,-saturated 1 M KOH at 1600 rpm and S mV/s after 10k, 30k, and 50k potential
cycles from 0.6 to 1 V at 100 mV/s. Inset is the magnified E, ,, region. (d) AEMFC tests with H, and O, at 80 °C and 100%RH. Anode catalyst: 60
wt % Pt—Ru/C (Johnson Matthey, 0.4 mgp, cm™>). Cathode catalyst: BMOF-derived Zny,Co (0.5 mg cm™).

materials maintained the polyhedral morphology of the BMOF
precursors after heat treatment. There were evident metal
nanoparticles distributed on the carbon substrate for pyrolyzed
ZnCo and Zn;Co, and a few small nanoparticles were observed
in pyrolyzed Zn,Co. In contrast, no metal nanoparticles were
detected in the pyrolyzed Zn,;sCo, Zn,,Co, and Zn,;Co
samples, which are consistent with the XRD results. The
atomic-scale microstructures and chemical compositions of
pyrolyzed Zn,,Co were further investigated by aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) along with elemental
EELS (Figure 1b—d). As observed in the EELS elemental
mapping (Figure 1c), Co, Zn, and N elements were uniformly
distributed throughout the MOF-derived structure. Since the
HAADF image intensity is proportional to the atomic number
(I « Z'7),°* metal atoms are significantly brighter than the
MOF-derived carbon support containing nonmetal C and N.
Therefore, in Figure 1d, the bright spots marked by red circles
with a size of about 3 A correspond to atomically dispersed Co
or Zn single atoms.

XPS measurements, shown in Figure S3a, validated the
existence of Co, Zn, C, N and O elements in the pyrolyzed
Zny,Co. Accordingly, the high-resolution N 1s spectrum in
Figure S3b could be deconvolved into four peaks: pyridinic N
(398.4 eV, 64.17%), pyrrolic N (400.4 eV, 26.98%), graphitic
N (4024 eV, 6.38%), and N-oxide (404.3 eV, 2.47%)
respectively. The Co 2p spectrum in Figure S3c exhibited
two main peaks at 780.5 and 795.9 eV belon§1ng to Co**, with
two satellite peaks at 784.4 and 802.7 eV.*™° No metallic Co
peak was found in the down-shifted region around 778.5 eV,
further supporting the atomic dispersion of Co atoms.*® As
shown in Figure S3d, the Zn LMM auger peak was located at
988.3 eV, which indicated that the valence state of Zn was
around +2. There was no signal that could be ascribed to

metallic Zn.>” It can be inferred that pyridinic N as the
predominant configuration may enable coordination with Co
or Zn atoms to generate Co—N, or Zn—N, structures,
anch(g);‘igr;g and stabilizing the atomically dispersed metal
sites.””

XANES and EXAFS measurements were performed to
investigate the electronic structure and coordination environ-
ment of Co and Zn atoms in Zn,,Co-BMOF-derived Zn/Co—
N-—C (pyrolyzed Zn,,Co). Figure 2a shows the normalized Co
K-edge XANES spectra of Zn/Co—N—C, along with the data
for Co foil, CoO, Co(OH),, Co;0,, and Co(Il) phthalocya-
nine (CoPc) as references. Different from those of the
references, the Zn/Co—N-—C spectra presented relatively
smooth XANES profiles. The pre-edge feature of Zn/Co—
N—C at 7708 €V arises from the 1s to 3d transitions, and the
low intensity is due to the centrosymmetric planar D,y
symmetry of Co—N, structures.””**°*°" The main edge
absorption was assigned to the electronic transition from 1s
to 4p orbitals and can be more precisely determined from the
first derivative of XANES spectra as shown in Figure S4. The
position of the absorption edge for Zn/Co—N—C at 7720 eV
was near that for CoO and Co(OH), (7721 eV) and lower
than that for Co;0,, strongly suggesting a Co valence state of
Co®, consistent with the XPS results. As presented in Figure
2¢, the Fourier-transform (FT) for the k>-weighted EXAFS
profile (without phase correction) at the Co K-edge for Zn/
Co—N-—C only displayed one predominant peak at around
1.44 A, corresponding to the Co—N scattering path in the first
shell, which was slightly shorter than the Co—O path at 1.51 A
in Co;0,, 1.63 A in Co(OH), and 1.71 A in CoO. Moreover,
the absence of a Co—Co path at 2.18 A and other high-order
shell peaks in Zn/Co—N-C confirmed the atomically
dispersed nature of Co sites, in good agreement with the
atomic-scale HAADF-STEM observation (in Figure 1c). To
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more clearly distinguish the backscattering atoms, wavelet
transform (WT) analysis of the Co K-edge EXAFS was carried
out, which provided powerful resolution in both the radial
distance and k space. As shown in Figures 2g and S5, the WT
contour plots of Zn/Co—N—C presented only one intensity
maximum at around 6 A}, which was assigned to the Co—N
scattering path. In contrast to the WT plots of Co foil, CoO,
Co(OH),, and Co;0,, no intensity maximum related to Co—
Co scattering path was observed at around 7—8 A™" over the R
range from 1 to 3 A in Zn/Co—N—C. The coordination
configuration and quantitative structural parameters of Co
atoms in Zn/Co—N—C were further investigated by EXAFS
fitting. The fitting profiles for the first shell are shown in Figure
2e in R space and Figure S6a in k space, and the corresponding
fitting parameters are presented in Table S2. The best-fit
analyses matched the experimental data well in both R and k
space, following the Co—N scattering path. The fitted
coordination number (CN) of Co atoms in the first shell
was 3.99, and the mean bond length of Co—N was 1.91 A.
Based on the XANES and EXAFS analyses, the Co atoms in
Zn/Co—N—C are atomically distributed in the MOF-derived
N-doped porous carbon matrix, and one Co atom is
coordinated by four N atoms to form the Co—N, structure,
as shown in the inset of Figure 2e.

The normalized Zn K-edge XANES spectra of Zn/Co—N—
C and Zn references, containing Zn foil, ZnO, and Zn(II)
phthalocyanine (ZnPc), are presented in Figure 2b. There was
no 1s—3d transition in the pre-edge region since Zn has full 3d
orbitals. The absorption edge position of Zn/Co—N—C was
located near that of ZnO, suggesting that the valence state of
Zn was likely around +2 (Figure S4). As shown in Figure 2d,
the k*>-weighted FT-EXAFS profile (without phase correction)
at the Zn K-edge for Zn/Co—N—C exhibited a main peak at
only around 1.51 A, which is ascribed to the Zn—N scattering.
The Zn—Zn path at 2.30 A from Zn foil was negligible in Zn/
Co—N-C, excluding the presence of metallic Zn and
validating the atomic dispersion of Zn. Additionally, as
shown in the WT-EXAFS contour plots of Zn/Co—N—C in
Figure 2h, only one intensity maximum at 4.7 A™' belonging to
the Zn—N path was detected, and no intensity maximum
related to the Zn—Zn contribution at 6.7 A™' was observed.
The first shell EXAFS fitting curves of Zn/Co—N—C using the
Zn—N path in R space (Figure 2f) and k space (Figure S6b),
respectively, were well-matched with the experimental data. As
shown in Table S3, the fitted Zn—N first shell presents a CN of
4.14 at a distance of 2.02 A, revealing the local atomic
environment of Zn atoms, where one Zn atom is coordinated
by four N atoms (Zn—N,) and confined within the carbon
matrix (inset of Figure 2f).

Electrocatalytic Performance. The electrochemical
activities of the pyrolyzed Zn,Co, catalysts were evaluated in
alkaline electrolyte via rotating-disk electrode (RDE) voltam-
metry. The ORR polarization curves were collected in an O,-
saturated 1.0 M KOH electrolyte solution at a scan rate of S
mV/s and 1600 rpm, as shown in Figure 3a. It should be noted
that the limiting current density is less than 4 mA cm™, rather
than the commonly reported values in the range over 5—6 mA
cm ™2 in 0.1 M KOH, since the oxygen solubility in 1 M KOH
is ~70% of that in 0.1 M KOH.®” The values of the half-wave
potential (E,/,) and mass activity (MA) at 0.915 V vs RHE are
summarized in Figure 3b. The BMOEF-derived Zn,;Co, Zn,,Co
and Zn,;Co materials outperformed the other compositions of
Zn,Co, due to their atomically dispersed metal sites without

any large metal nanoparticles, according to XRD results
(Figure S1b) and TEM images (Figure S2). Among them, the
BMOF-derived Zn,,Co exhibited the highest MA of 2.5 mA
Ugc, ' and E, , of 0.938 V vs RHE, corresponding to a 12-fold
increase in MA and a ~20 mV positive shift in E;,,, when
compared to the benchmark Pt/C catalysts. It should be noted
that the Co loading (8 ugc, cm™>) employed here is even
lower than the Pt loading (25 ugp, cm™), suggesting the
promising intrinsic electrocatalytic activity of atomically
dispersed metal sites in BMOF-derived Zn,,Co.

The ORR selectivity of the BMOF-derived Zn,,Co was
assessed via the rotating ring-disk electrode technique, where a
Pt ring was held at a constant potential (1.3 V vs RHE) to
oxidize the H,O, electrogenerated at the center disk electrode.
As shown in Figure S8, over the potential region of 0.7—0.9 V
where fuel cells generally operate, the H,O, yield was below
10% and the electron transfer number was above 3.8,
suggesting a near 4e” transfer reaction.

The durability of the BMOF-derived Zn,,Co was assessed in
O,-saturated 1 M KOH by scanning the potential at a rate of
100 mV/s over the potential range of 0.6—1 V versus RHE
following an accelerated stress test protocol recommended by
the U.S. Department of Energy. The cyclic voltammogram
(CV) and ORR polarization profiles after 10k, 30k, and SOk
cycles are compared with the initial ones in Figures S9 and 3c,
respectively. The BMOF-derived Zn,,Co exhibited a remark-
able stability with an E,,, decay of only 3.2, 5.7, and 8.5 mV
after 10k, 30k, and 50k cycles, respectively, compared to the
initial one. The postdurability tested samples after 30k and 50k
cycles were characterized by XAS. As shown in Figure S10, the
positive shift in the normalized Co K-edge XANES indicated
an increase in the valence state of Co after durability test. The
corresponding k*>-weighted EXAFS in R space showed an
evident increase of the first shell peak (at 1.45 A) with a slight
positive shift to 1.48 A, indicating the addition of a Co—O
scattering path in the first shell. In addition, there was an
emergence and growth of a peak at around 2.5 A, which was
attributed to the Co—Co scattering path in cobalt oxide
structures. Both XANES and EXAFS results suggested the
possible oxidation of Co single atom sites to cobalt oxides after
long-term durability testing in O,-saturated electrolyte. Differ-
ent from the Co sites, the Zn single atom sites remained stable
without noticeable changes in either the XANES or EXAFS
spectra, as shown in Figure S11. This suggests that Zn atoms
may not actively participate in the ORR process as catalytic
centers, which will be further clarified in the following operando
XAS discussion.

The electrocatalytic effectiveness of BMOF-derived Zn,,Co
was further validated under realistic alkaline fuel cell working
conditions via membrane electrode assembly (MEA) testing.
The BMOEF-derived Zn,,Co was employed as the cathode
catalyst, while a commercial 60 wt % PtRu/C was used as the
anode catalyst in the H,—O, fuel cell testing. As shown in
Figure 3d, the BMOF-derived Zn,,Co cathode with a catalyst
loading of 0.5 mg cm ™2 achieved an impressive PPD of 1.02 W
cm™? at 2.70 A cm™?, representing the highest reported PPD
among reported SACs in alkaline fuel cells.***~3"%*%* The
reported performance metrics of SACs in alkaline fuel cells are
summarized in Table S4. More fuel cell testing results with
different cathode loadings and durability analyses are shown in
Figures S12 and S13, respectively. It should be noted that, even
though the PPD of BMOF-derived Zn,,Co is lower than that
of a commercial 60% Pt/C (1.5 W cm™ at the metal loading of
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Figure 4. Operando XAS spectra of Co K-edge under electrochemical conditions. (a) Operando normalized Co K-edge XANES spectra of Zn,,Co-
BMOF-derived Zn/Co—N—C under different applied potentials in O,-saturated 1.0 M KOH. Insets show the magnified pre-edge and white-line
regions. (b) Differential Ay XANES spectra obtained by subtracting the normalized spectrum at every potential to the spectrum recorded at 0.4 V
versus RHE. (c) Corresponding operando Co K-edge k*-weighted FT-EXAFS fitting curves of Zn,,Co-BMOF-derived Zn/Co—N—C under
different applied potentials at R space. The highlighted region in yellow was the fitting region. (d) Comparison of k>-weighted FT-EXAFS fitting
curves of Zn,,Co-BMOF-derived Zn/Co—N—C collected at 0.8 V versus RHE. Insets: schematic configuration model of Co centers with different

numbers of O,4. O(red), Co(green), N(yellow), and C(gray).

0.4 mgp, cm™?) (Figure S14), the 0.5 mg cm™ Zn,(Co cathode
catalyst contained an ultralow Co metal loading of 0.8 pgc,
cm™?, representing only 2% of the typical metal loading of 0.4
mg . cm’ in fuel cells.'”">® This points to the high
intrinsic activity and efficiency of this nonprecious Zn/Co—
N—C SAC and its potential for fuel cell applications.

Operando XAS of Zn/Co—N—C. In an effort to unveil the
nature of the electrocatalytic active sites in the Zn,,Co-BMOF-
derived Zn/Co—N-—C material under ORR conditions,
operando XAS was performed to capture the dynamic changes
of the electronic structure and local coordination environment
for both Co and Zn centers. The cell design and experimental
details can be found in the Supporting Information. The
operando normalized Co K-edge XANES spectra are shown in
Figure 4a, demonstrating a potential-dependent change in the
oxidation state of Co. As shown in the magnified insets of the
XANES spectra, when the applied potential was gradually
decreased, there was a slight shift in the edge to lower photon
energies, accompanied by a decrease in the white-line intensity.
As shown in the first derivative of u(E) (Figure S15), the
absorption edge energy (E,) was shifted negatively by ~1.2 eV
from 1.2 to 0.4 V vs RHE. This suggested that the oxidation
state of Co decreased with more reducing potentials, as would
be anticipated.

The differential Au-XANES profile represents a spectral
subtraction methodology that can be used to detect changes in
single-atom sites, such as weakly bound adsorbate inter-
actions.”””’” In the Zn/Co—N—C material, the pristine Co
single atom site should be adsorbate free (denoted as Co—N,).
However, the metal center will be oxidized to a higher valence
state with an oxygen species adsorbed (denoted as O,4,—Co—
N, where O, can be from different oxygen-related species,
such as O,, OH, OOH, ...) under higher applied potentials,
causing a change in the XANES features. The Au-XANES

profile can be obtained by subtracting the XANES regions
following the relationship:

Ap = pu(Oy, — Co — N,) — u(Co — N,) (1)

At 0.4 V vs RHE, the Co centers exist in a more reduced
state when compared with higher applied potentials. Thus, the
Co site at 0.4 V vs RHE was referred to the adsorbate-free state
and its immediate coordination environment was Co—N,.
Consequently, the Au-XANES signals in Figure 4b were
generated according to the equation:

Ap = p(V) — (0.4 V) ()

The positive peak feature in the pre-edge region (~7710 eV)
indicated a coordination transition from a centrosymmetric
environment (square planar Co—N,) at 0.4 V to a non-
centrosymmetric coordination geometry at higher applied
potentials, likely due to the mild disruption by the presence of
an axial oxygen atom via formation of 0,4—Co—N,.**% In
addition, the shape of the Au-XANES curves with the double
peak maximum (at ~7730 and ~774S eV) was consistent with
prior reported theoretical results, supporting that the O,4,
should be normal to the Co—N, plane; not in a planar mode.”
Further, the intensity of the negative peak at ~7720 eV
increased with increasing applied potentials, which was related
to the charge transfer from the Co atoms to the adsorbed
oxygen species.

In addition to the operando XANES analysis, the operando
EXAFS spectra can provide not only qualitative but also
quantitative insights into the local coordination environment
of the metal centers under the reaction conditions. The
operando k*>-weighted FT-EXAFS spectra of the Co K-edge and
the corresponding first-shell fitting curves are presented in
Figure 4c. The fitting parameters are summarized in Table SS.
When polarized to 0.4 and 0.6 V versus RHE, the dominant
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Figure S. Potential-dependent microkinetic modeling predictions, showing (a) normalized electrochemical current density for Co—N, and Zn—N,
sites, (b) coverage of Co—N, centers, and (c) degree of rate control (DRC) for Co—N,. Gray and red vertical dashed lines in (a—c) denote the
microkinetic modeling derived halfwave potential (E}}s™) for Co—N, and Zn—N,, respectively. (d) Free energy diagram for the ORR over Co—N,
and Zn—N, active sites at the DFT-derived equilibrium potential (U]e)qf(PBE) = 1.08 V versus RHE). (e) Calculated Co 1s core level shifts (CLSs)
as a response to adsorbed ORR intermediates with respect to the undecorated Co—N, site.

peak at 1.44 A corresponds to a Co—N scattering path, with a
CN of 4 and bond length of 1.91 A. At higher applied
potentials (0.8—1.2 V vs RHE), the peak shifts to a larger radial
distance at around 1.47 A with slightly enhanced amplitude,
indicating the addition of a Co—O scattering path in the first
shell. The fitting results showed a CN of ~1 for the Co—O
path, implying that one oxygen-related species (O, or OH
from MKM predictions; vide infra) was adsorbed to the Co
center in the Co—N, structure during the ORR process. After
the adsorption of the oxygenated species, the CN of Co—N
bonds was maintained at 4, while the bond length increased
from 1.91 A to 1.95-1.96 A, representing a 2.1-2.6%
elongation compared to the original undecorated state. Based
on our electronic structure calculations, a similar increase in
Co—N bond length was also observed upon the introduction
of an adsorbed oxygen-containing species, resulting in a bond
elongation ranging from 0.5 to 6.6% (Table S6). Such
elongation of the Co—N bonds is due, at least in part, to
distortion of the square planar Co—N, configuration by the
oxygenated adsorbates, which is in accordance with the
differential Ay-XANES analysis. Moreover, to further inves-
tigate the local coordination environment of the O,y
decorated Co center, the EXAFS data collected at 0.8 V
versus RHE was fitted with different models by varying the
number of O,y from O to 2, as presented in Figure 4d and
Table S7. For the 4-coordinate model without O,4,, the fitting
curve was less well matched to the experimental data, and the
dominant peak of the fitting curve shifted to lower R radius
when compared with the experimental one. When a 6-
coordinate configuration with 2 O 4, was applied, as illustrated
in the inset of Figure 4d, the fitted CN of Co—N was 3.17.
This indicated that one Co—N bond would be broken during
the ORR process, destroying the stable Co—N, structure. In
contrast, the S5-coordinate model including 1 oxygenated
adsorbate gave rise to a much better fitting with more

reasonable fitting parameters, supporting that only one oxygen
species is adsorbed on the Co metal site to form the 10,4—
Co—N, local structure during the ORR process. In summary,
the operando XANES and EXAFS studies clearly indicate that
the Co atom in square planar Co—N, is the ORR active center
in the Zn/Co—N—C material, which can bind with one
oxygen-containing adsorbate in the axial position and transfer
charge to the adsorbed oxygen species.

The operando XAS spectra of the Zn K-edge are shown in
Figure S16. In contrast to Co, the XANES spectra of the Zn K-
edge exhibited no significant shift under different applied
potentials, implying no evident valence change in the Zn
atoms. In the Au-XANES profile (Figure S16c), there was no
peak in the pre-edge region. The weak negative peak at 1.2 V
versus RHE may be due to the slight degree of charge transfer
from the center Zn atom to neighboring N atoms at high
applied potentials. Moreover, the EXAFS spectra and fitting
results (Figure S16d and Table S8) revealed that Zn—N,
structures remained unchanged and no Zn—O coordination
bonds were formed during the ORR process.

Electronic Structure Calculations. To provide additional
insights into the nature of the active site in these Zn/Co—N—
C materials, DFT calculations were performed to model the
ORR over the Co—N, and Zn—N, sites. Within the
computational hydrogen electrode formalism,”” a lower ORR
overpotential (7org) was predicted for Zn—N, (§opg = 0.57
V) than Co—N, (17ogg = 0.80 V), indicating the Zn—N,, sites
should be more active. However, this contradicted our
experimental results (Figure S17). As previous works have
shown, purely thermodynamic assessments are insufficient to
accurately describe ORR activity trends for these Me—N,
materials (Me: metal).”””" Accordingly, we constructed a
potential-dependent MKM using our DFT-derived energetics
to simulate current responses for Co—N, and Zn—N, active
sites under the ORR conditions. Complete model details are
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included in the Supporting Information. As shown in Figure
Sa, our MKM results revealed that Co—N, (E,;, = 0.70 V
versus RHE) was much more active than Zn—N, (E,,, = 0.55
V vs RHE), in good agreement with the electrochemical
experimental results. The corresponding potential-dependent
coverage and degree of rate control (DRC) are shown in
Figure Sb,c, respectively. The origin of this change in the
relative activity between Co—N, and Zn—N, stems from the
relative reaction energetics of sequential elementary steps.
While purely thermochemical assessments of electrochemical
activity rely on identifying the single elementary step with the
least exergonic reaction energy, we find that this assessment is
not appropriate for comparing relative activities between the
Co—N, and Zn—N, sites. The source of the discrepancy
between the conventional thermochemical assessment and
microkinetic modeling results is most easily demonstrated by
looking at the free energy diagrams for Co—N, and Zn—N, at
the equilibrium potential (Ug,,, (PBE) = 1.08 V vs RHE), as
shown in Figure 5d. The protonation of O, to form the OOH*
over Co—N, was the single most difficult elementary step (O,*
+ (H* + e7) — the OOH*; AG = +0.80 eV). However, over
Zn—N,, the presence of two sequential endergonic steps at
elevated potentials relevant to the ORR resulted in a net
energy barrier (O,* + 2(H" + e7) = O* + H,0 (aq); AG =
+0.99 eV) higher than that of Co—N,. These findings highlight
the limitations of purely thermochemical assessments when
evaluating electrochemical activity and illustrate how micro-
kinetic modeling can be used to provide a more holistic
assessment of electrocatalysts. Additionally, our MKM
provides insight into the chemical decorations present on the
Co metal center under ORR conditions. As shown in Figure
Sb, the Co—N, metal center was undecorated at low potential,
consistent with our operando EXAFS measurements. However,
as the potential was increased toward active ORR conditions,
we predicted the formation of Co—O bonds through either
adsorbed O,* or OH*. As indicated by DRC analysis (Figure
Sc), the formation of OOH* from O,* was the rate-limiting
step over Co—Ny, leading to the accumulation of O,* on the
metal center. Similar microkinetic modeling results for Zn—N,
are included in Figure S24.

To further distinguish the identity of the experimentally
observed potential-dependent chemical decoration on the Co—
N, center (and the apparent lack of chemical decoration on the
Zn—N, center), we performed core level shift (CLS)
calculations and Bader charge analysis on the chemically
decorated systems. Calculations were performed on systems
decorated by relevant ORR intermediates (Figures S18 and
S21). Namely, we investigated the effect of adsorbed O,
OOH, OH, and O species on both Co—N, and Zn-N,
respectively. Additionally, we also considered coadsorbed
states involving OH and O as these have been reported to
facilitate the ORR over graphene-based SACs.”””" Thus, we
interrogated the effects of the different adsorbates on the
core—electron BE of the metal centers. Energetics for
additional decorated states over Co—N, and Zn—N, are
included in Table S9. The CLS calculation results showed that
the effects of the adsorbates on the Co-ion and Zn-ion were
dramatically different. For Co—N,, all adsorbates induced a
positive CLS. This positive shift indicated a shift toward higher
binding energies with respect to the undecorated metal center.
The calculated Co 1s CLSs were 1.33 (O,), 1.35 (OOH), 1.44
(OH), and 1.58 eV (O) (Figure Se). Coadsorbed states
involving OH/OH (i.e., two adsorbed OH species) and OH/

O, over Co—N,, induced a shift to even higher binding
energies of 1.81 and 1.86 eV, respectively, for the 1s core—
electron state. Similar trends were observed for the Co 2p state
for all adsorbates (Figure S19). The induced CLS for both Co
2p and Co Is states correlated well (R* > 0.89) with the initial
Bader charge on the decorated Co center for all adsorbates
(Figure S20). The CLS correlation with the initial charge on
the metal center indicated that the Co ion existed in slightly
different oxidation states upon different decorations. This
suggested that the shifts of the operando XANES spectra of the
Co K-edge as a function of applied potential reported in Figure
4 were likely in part related to the existence of ORR
intermediates adsorbed on the Co center. For the Zn—N,
system, the CLS results were strikingly different as the binding
energies shifted to lower energy values for most adsorbates
with respect to the undecorated metal center. Notably, for
adsorbed O on the Zn—N, site, the calculated shift was
indistinguishable from the undecorated metal center. Detailed
MKM and CLS analyses for Zn—N, sites are included in the
Supporting Information (Figures $22—S25).

B CONCLUSIONS

In summary, a class of Zn/Co—N—C SACs for alkaline ORR
has been successfully prepared from Zn,Co, BMOF precursors.
The single-atom states of both Co and Zn were thoroughly
examined via STEM, EELS, XPS, and XAS, which revealed the
square planar Co—N, and Zn—N, local configurations,
respectively. The Zn,yCo-BMOF-derived Zn/Co—N—-C dis-
played promising ORR performance not only in the RDE
system but also under realistic alkaline fuel cell working
conditions, reaching an impressive PPD of ~1 W cm™ at an
ultralow Co loading of 8 ugc, cm™ We conducted operando
XAS to investigate the dynamic changes of both Co and Zn
atoms during the ORR process to help reveal the underlying
catalytic mechanism. The results suggested that the Co centers
in the Co—Nj structures worked as the primary active sites for
the ORR, where one oxygenated species can be adsorbed in
the axial direction to the Co—N, plane during the ORR
process. The ORR activity of Co—N, and Zn—N, sites was
further studied via a first-principles informed MKM, which
validated that Co—N, metal centers served as the active sites
for the ORR and Co—O bonds can be formed at elevated
potentials (likely due to O,* or OH* intermediates). To
further elucidate the identity of the adsorbed oxygen species,
Co 1s and 2p CLSs were calculated for the metal centers
adsorbed with relevant ORR intermediates. The positive CLS
shifts for Co upon adsorption by ORR intermediates suggested
that the Co ion existed under slightly different oxidation states
when decorated with various oxygenated adsorbates. Our
findings provide constructive insights into the nature of the
active site in the Zn/Co—N—C single-atom materials and their
dynamic evolution under electrocatalytic conditions, which will
help to pave the way for developing high-performance
electrocatalysts for renewable energy applications.
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