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Coupled metal-nitrogen—carbon (M-N,—C) materials show great promise as platinum-group-metal (PGM)
free catalysts for the oxygen reduction reaction (ORR). Herein, we report a facile strategy to construct
atomically dispersed Co—-Fe dual sites enriched on the surface of nitrogen doped microporous carbon
(NC) as an efficient electrocatalyst for ORR. Synchrotron X-ray techniques indicate that the Co and Fe
atoms are strongly correlated while further revealing that the longer-range lattice structure of NC is
highly tunable. Density functional theory calculations reveal that the Co—-Fe dimers are incorporated in

the slightly disordered NC substrate, providing a lower adsorption free energy for O,. The as-prepared
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Accepted 10th May 2021 CoFe—-NC catalyst exhibited excellent ORR activities, while a CoFe—NC based zinc—air battery exhibited

a power density of 115 mW cm™2 and a specific capacity of 791 mA h g~% This work showcases
a straightforward methodology for creating atomically dispersed catalysts and illustrates the importance
of understanding how dual metal sites impact electrocatalytic activity.
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Introduction

To mitigate the global energy reliance on fossil fuels and to help
alleviate worldwide environmental pollution issues, it is
imperative to develop renewable and sustainable energy devices
such as proton exchange membrane fuel cells (PEMFCs) and
metal air batteries."” The oxygen reduction reaction (ORR) is
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a key process which significantly influences the energy conver-
sion efficiency of the aforementioned devices, but is impeded
partially by the reduction of strong O=0 bonds (498 kJ mol ),
resulting in sluggish reaction kinetics that necessitate electro-
catalytic materials.® Platinum-based catalysts, especially Pt/C,
have been the benchmark catalysts for desirable ORR reac-
tivity, yet are commercially prohibited by the high cost and
scarcity of Pt.* Additionally, Pt-based catalysts suffer from other
ineluctable problems, such as poor durability for prolonged
operation, susceptibility to methanol crossover and so on.>®
In an effort to move away from Pt and similarly problematic
Pt group metal (PGM) catalysts, first-row transition metal
nitrogen-doped porous carbon (M-N,-C) materials have gained
serious attention as promising alternatives for ORR. Previous
reports have demonstrated that M-N,-C catalysts show excel-
lent catalytic performances, which are coupled with their
inherently low cost and potential ability to tune the chemistry/
structure of the well-defined active sites, which has led to
a surge in research activities.”” In regards to ORR, the bonding
energies of M-N, sites with oxygen molecules and oxygenated
intermediates are dependent on the nature of the transition
metal and the local structure, which result in significantly
different activities and stabilities.’® With the high utilization of
the metal centers and strong anchoring interactions between
the nitrogen and metal atoms, atomically dispersed M-N,-C
catalysts (also often called single-atom catalysts, SACs) have

This journal is © The Royal Society of Chemistry 2021
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demonstrated excellent activities and robust stabilities, which
are even superior to those of the state-of-the-art Pt/C catalyst for
ORR.*""** For example, Wan et al. fabricated a concave-shaped
Fe-N-C single atom catalyst with enhanced external surface
area and dense Fe-N, moieties, which demonstrated an
extremely high PEMFC activity that surpassed the 2018 US DOE
targets.”® Other atomically dispersed transition metal based M-
N,~C catalysts including Co-N,-C,** Mn-N,-C," Ni-N,~-C,"® Zn-
N,-C,"” Cu-N,-C," Ir-N,-C,"” Cr-N,-C,”® and Ru-N,-C*' have
also been explored for ORR electrocatalysis. The use of dual
transition metal active sites in M-N,~C has been increasingly
studied as well, mainly due to the synergistic effects between the
two metallic atoms that result in charge redistribution and d-
band center shifts.>»*® For example, Wu and colleagues con-
structed atomically dispersed Co-Fe dual sites embedded on N-
doped porous carbon, which had an onset potential of 1.06 V
and a half wave potential of 0.86 V in an acidic electrolyte.* The
same group also reported a novel electrocatalyst with Co-Fe
dual sites embedded in N-doped carbon nanotubes, which
showed an onset potential of 1.15 V and a half wave potential of
0.954 V in alkaline solution.”® Density functional theory (DFT)
calculation results revealed that the Fe-Co dual sites could
reduce the cleavage barrier energy of the O=0 bond to achieve
high activity and the preferential selectivity of the 4-electron
transfer pathway in ORR.>** In addition, Xiao et al. discovered
that the anchoring of OH™ on the Co-Fe dual-atom centered
FeCoNj site could enable an optimal eg-orbital energy level for
Fe and a favorable geometric configuration for the desirable
O=0 bridge adsorption, which significantly boosted the ORR
performance.”*® Furthermore, other studies on binary M-N,-C
systems also show that the bimetallic architecture can elongate
the O-O bond length to facilitate the bond cleavage, and the
adjacent two metals can modulate the electronic interaction to
eventually promote ORR activity.””*®

Herein, we report a facile strategy to synthesize atomically
dispersed CoFe-N,-C catalysts, using inexpensive phenol
formaldehyde resin (PFR) spheres and NH,ClI as co-anchors to
maximize the reactive surface sites. Metal ions are adsorbed
into the PFR spheres and initially anchored by surface N atoms
and NH,CI. This complex is then pyrolyzed to form atomically
dispersed CoFe-NC, in which NH,Cl plays an additional role of
forming pores in the carbon matrix. As a result, the CoFe-N,
sites are uniformly distributed on the surface of the nitrogen
doped microporous carbon (NC) and the inner walls of the
pores, which ensures the accessibility of the active sites. The
atomically dispersed CoFe-N, sites were characterized with
atomic resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), X-ray
absorption spectroscopy (XAS) and atomic pair distribution
function (PDF) analysis. XAS studies show that the coordination
motif of nitrogen with Co and Fe resembles N;Co-FeNj;, with
the Co atoms likely being responsible for the formation of this
catalytic motif. The PDF analysis further indicates the longer
range structural organization of Co and Fe atoms while modu-
lating the overall structural coherence within the disordered
carbon. DFT calculations reveal that the N;Co-FeNj; active motif
acts as an excellent active center toward ORR on the slightly
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disordered carbon substrate. The as-prepared CoFe-NC catalyst
exhibited a superior ORR performance compared to the Pt/C
catalyst in alkaline media, thanks to the appropriate adsorp-
tion energies of the oxygenated species and the strong molec-
ular orbital interactions from the atomic Co-Fe dimers, as
revealed by the computational models. As an air cathode, CoFe-
NC also demonstrated properties which outperformed Pt/C in
our zinc-air battery experiments. While desirable properties
were obtained using Co and Fe dual site catalysts, we envision
that this synthetic route and subsequent characterization
strategies are readily adaptable to a range of atomically
dispersed M-N,—C catalysts to enhance reactivities in a series of
possible reactions.

Experimental

Materials

Cobalt chloride hexahydrate (CoCl,-6H,0, AR) and ferric chlo-
ride hexahydrate (AR, FeCl;-6H,0), 4-aminophenol (AR) and
ammonium chloride (AR, NH,Cl) were purchased from the
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Formaldehyde (AR, 37%), pluronic F-127 (AR), ammonium
hydroxide (AR, 28%), ethanol (AR) and potassium hydroxide
(95% KOH) were acquired from Energy Chemicals (Shanghai,
China). Nitric acid (AR, 65% HNO;) and perchloric acid (AR,
70% HClO,) were procured from the Guangzhou Chemical
Reagent Factory (Guangzhou, China). Commercial 20% Pt/C
was obtained from Alfa Aesar. Nafion™ was acquired from
Dupont (USA). All aqueous solutions were prepared using
deionized (DI) water with a resistivity of 18.3 MQ cm.

Synthesis of the phenol formaldehyde resin (PFR)
nanospheres

1.5 g F-127 was first dissolved in 20 mL DI H,O, then 0.5 g 4-
aminophenol was added to the above solution, then the mixed
solution was ultrasonically dispersed for 5 min. Secondly,
0.35 mL of formaldehyde and 0.3 mL NH; H,O were diluted
using 10 mL DI H,O and added into the above mixed solution at
room temperature, then heated to 80 °C and stirred for 18 h.
Finally, the sample was washed with DI H,O and dried at 35 °C
for 12 h in the vacuum oven. NH; H,O was used as a catalyst for
phenolic resin condensation. The final sample was marked as
PFR.

Preparation of atomically dispersed CoFe-NC, Co-NC, and
Fe-NC

The typical preparation process of CoFe-NC was as follows;
0.5 mmol CoCl,-6H,0O and 0.5 mmol FeCl;-6H,0 were dis-
solved in 10 mL DI H,O0, then 100 mg PFR was added into the
mixed solution and ultrasonically dispersed for 5 min. To
promote the Co**, Fe** ions being uniformly and fully adsor-
bed by the PFR, the mixed solution needed to be slowly stirred
at room temperature for 4 h. Subsequently, the above solution
was freeze dried at —50 °C for 12 h, and the sample was
marked as CoFe/PFR. CoFe/PFR and 4.0 g NH,CI were ground
in an agate mortar for 10 min, and then carbonized at 900 °C
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for 2 h with a heating rate of 2 °C min~". Finally, those CoFe
particles that did not form a stable structure with NC were
etched using 2 M HNO;, and the sample was marked as CoFe—
NC (the same sample of CoFe-NC-900 in Fig. S1,7 and CoFe-35
in Fig. S2,f where 35 is the initial total metal loading
percentage of Co and Fe). Samples with carbonization
temperatures of 800 °C and 1000 °C were also prepared (CoFe—
NC-800 and CoFe-NC-1000 in Fig. S1t). In addition, the
method for preparing CoFe-25, CoFe-30, CoFe-40 and CoFe-45
(Fig. S2) was similar to that of CoFe-NC (CoFe-35), with the
amounts of CoCl,-6H,0 being 0.3 mmol, 0.4 mmol, 0.6 mmol
and 0.7 mmol, and the amounts of FeCl;-6H,0 being
0.3 mmol, 0.4 mmol, 0.6 mmol and 0.7 mmol for CoFe-25,
CoFe-30, CoFe-40 and CoFe-45, respectively. By setting the
molar amount of total metal ions was = as 1.0 mmol and then
adjusting the ratio of Coto Fe to 1 : 3 and 3 : 1, Co;Fe-NC and
CoFe;-NC (Fig. S3t1) was synthesized according to the prepa-
ration method of CoFe-NC (Co : Fe = 1:1). The method for
preparing Co-NC and Fe-NC was the same as that of CoFe-NC;
the difference is that for Co-NC the amount of CoCl,-6H,0
was increased to 1 mmol and it was without FeCl;-6H,0, and
for Fe-NC the amount of FeCl;-6H,0 was increased to 1 mmol
and it was without CoCl,-6H,O0.

Preparation of OMC, NC and atomically dispersed CoFe-C

OMC was prepared by carbonizing the PFR at 900 °C with
a heating rate of 2 °C min~ ' for 2 h. NC was prepared by
carbonizing the mixture of PFR (100 mg) and NH,CI (4.0 g) at
900 °C with a heating rate of 2 °C min~" for 2 h. CoFe-C was
synthesized according to the CoFe-NC method and the only
difference was direct carbonization without NH,CI after freeze
drying.

Details of the electrochemical measurements, characteriza-
tion and simulation methods can be found in the ESI.{

Results and discussion
Synthesis, SEM and TEM characterization

CoFe-NC (Co-Fe dual sites on nitrogen doped microporous
carbon) was first synthesized by following the route shown in
Fig. 1a (see the ESI} for details). Briefly, the phenol formalde-
hyde resin (PFR) spheres were first prepared through the poly-
condensation of 4-aminophenol and formaldehyde with F-127,
which served as the surfactant to control the size and as
a structural direct agent for forming PFR.>® Subsequently, Co>*
and Fe’" ions were absorbed into the pores of the PFR by van der
Waals forces, and initially anchored with nitrogen by coordi-
nation (termed as CoFe/PFR). CoFe/PFR and NH,Cl were then
mixed by grinding and carbonized under Ar atmosphere, fol-
lowed by chemical etching in nitric acid to remove the inactive
and unstable species. The catalyst (denoted as CoFe-NC) was
then washed and dried for further catalytic testing and
characterization.

The morphological changes during each step of the
synthesis were monitored using scanning electron microscopy
(SEM). As shown in Fig. 1b, PFR holds a well-defined pore
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structure with the diameter of the spheres being about 134 +
27 nm. This carbon skeleton is mostly well preserved in the final
product of CoFe-NC upon calcination at 900 °C, as depicted in
Fig. 1c. However, there are some amorphous carbon layers
formed on the surfaces of the carbon spheres. The N, adsorp-
tion-desorption isotherm of CoFe-NC can be found in Fig. 1d,
where CoFe-NC possesses a large specific surface area of ~830
m” g7, a total pore volume of ~3.49 cm® g~" and uniform
micropores with pore diameters of ~1.86 nm. Transmission
electron microscopy (TEM) was performed to investigate the
bulk or nanoscale metals/metal oxides in CoFe-NC. As shown in
Fig. 1e-g, nanoscale CoFe particles are not detected in CoFe-
NC. Moreover, the X-ray diffraction (XRD) patterns (Fig. 1h) also
do not show any diffraction peaks for Co, Fe or CoFe alloyed
particles, nor their associated metal oxides, only two broad
peaks at 260 = 24.3° and 43.2° associated with the microporous
C.

It is important to note that F-127 is critical as the
morphology control agent for forming the ordered pore
structure of PFR. In the presence of F-127, formaldehyde and
4-aminophenol forms micelles that then solidified to yield
a resols/F-127 composite by the cross-linking between 4-ami-
nophenol and formaldehyde.”* When F127 is partially
removed with excess ethanol and deionized water, the ordered
pore structure will be formed on the surface of PFR by the
accumulation and rearrangement of small spherical
micelles.*® Previously it has been demonstrated that F-127 has
a strong confinement effect which suppresses the agglomera-
tion of Co atomic sites during thermal activation when form-
ing Co-N,.** Here, we are using F-127 to suppress metal
agglomeration. Moreover, the introduction of NH,CI in the
calcination process also plays a crucial role in the formation of
the CoFe-NC. Typical SEM images of the OMC (PFR pyrolyzed
at 900 °C without NH,Cl), NC (PFR pyrolyzed at 900 °C with
NH,CI) and CoFe-C (CoFe/PFR pyrolyzed at 900 °C without
NH,Cl) samples can be found in Fig. S4.f Without adding
NH,CI, “naked” carbon spheres are obtained (OMC in Fig. S4a
and CoFe-C in Fig. S4ct), but with the presence of NH,CI,
amorphous carbon layers are formed on the surface of the
carbon spheres (NC in Fig. S4bt). Fig. S4dt presents the N,
adsorption-desorption isotherms of OMC-900, NC and CoFe-
C. The specific surface areas, total pore volumes and pore
diameters of OMC-900, NC, CoFe-C and CoFe-NC are
summarized in Table S1.f Compared with OMC-900 and
CoFe-C, NC and CoFe-NC possess higher specific surface
areas and larger pore volumes. Such a phenomenon indicates
that the introduction of NH,CI can etch the carbon matrix
during pyrolysis to form micropores, which leads to the
enhanced specific surface area. Therefore, NH,Cl can not only
provide an additional nitrogen source to anchor the Co and Fe
atoms, but is also able to promote the formation of amorphous
carbon layers on the surface of CoFe-NC and enhance the
surface area and the pore volume as well. As a note, the
abundant uniform micropores and large specific surface area
in CoFe-NC are expected to maximize the density of the active
sites and promote mass transport for electrocatalytic
reactions.*”

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Schematic illustration of the synthesis of CoFe—NC; (b) and (c) typical SEM images of PFR and CoFe—-NC, respectively; (d) the N,
adsorption—desorption isotherms (inset is the pore size distribution) of CoFe—NC; (e—g) the typical TEM images of CoFe—NC with different

maghnifications; (h) the XRD patterns of Fe—NC, Co—NC and CoFe—-NC.

HAADF-STEM, XANES, XEAFS analysis and PDF modeling

To further probe the atomic dispersity in CoFe-NC, high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) was performed (Fig. 2a). A large number of Co
and Fe atoms are present as bright spots and are well dispersed
on the C support. The inset highlights that the majority of metal
atoms in the HAADF-STEM are coupled together, indicating the
formation of Co-Fe dual sites. This result was further verified by
using electron energy-loss spectroscopy (EELS). As shown in
Fig. S5, when the electron beam was sputtered on the area of
Fig. 2a in the white rectangle, both Fe and Co are present in the
spectrum, indicating that the Fe and Co atoms coexist in the
CoFe-NC catalyst. Note that a small amount of isolated Co or Fe
sites are also observed in the HAADF-STEM image. The coor-
dination between Co, Fe and N atoms can be examined by
HAADF-STEM measurements in conjunction with EELS
mapping. The corresponding EELS mapping (Fig. 2b) further
shows that the Co and Fe atoms are dispersed as single atoms
and diatoms in CoFe-NC, rather than as clusters or nano-
particles. In addition, Fig. S6a and bt reveal that Co and Fe
single atoms are atomically dispersed in the Co-NC and Fe-NC
samples, respectively, suggesting that this method can be
applied to synthesize atomically dispersed monometallic cata-
lysts as well. The surface composition and electronic structure

This journal is © The Royal Society of Chemistry 2021

of the CoFe-NC sample were then probed by XPS measure-
ments. The XPS survey scan spectrum shows the coexistence of
C (92.03 at%), N (6.74 at%), Co (0.73 at%) and Fe (0.50 at%)
species in CoFe-NC (Fig. S7t). The corresponding weight
percentages of the Co and Fe elements in CoFe-NC, estimated
from XPS, are 3.39% and 2.15%, and to further confirm such
values, inductively coupled plasmon-atomic emission spec-
troscopy (ICP-AES) was conducted and the results are summa-
rized in Table S2.t It is worth noting that the actual Co and Fe
content in Co-NC, Fe-NC and CoFe-NC determined from ICP-
AES are lower than the values from XPS. This is mainly due to
XPS being a surface sensitive detection technique, and in the
above samples the metal atoms are enriched on the surface of
the carbon substrate, resulting in the contents of the metal
atoms detected by XPS being higher than those from ICP-AES.

The high resolution XPS N 1s spectra of CoFe-NC, OMC-900
and NC are illustrated in Fig. S8a.T For all of the samples, four
sub-peaks corresponding to pyridinic N, pyrrolic N, graphitic N
and oxidized N can be deconvoluted.*® It is of particular note
that the pyridinic N in OMC-900 and NC possessed identical
binding energies (398.1 eV), while this peak in CoFe-NC shifts
to 398.5 eV. The peak positions of the other N species in CoFe-
NC are the same as those for OMC-900 and NC, indicating that
the Co and Fe atoms are bonded by pyridinic N to form the

J. Mater. Chem. A, 2021, 9, 13044-13055 | 13047
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Fig. 2 (a) Atomic-resolution high-angle annular dark-field (AR-HAADF) scanning TEM image of CoFe—NC; (b) corresponding EELS mapping of
Co, Fe, N and the composite image; (c) C K-edge and (d) N K-edge NEXAFS spectra of NC, Co—NC, Fe—~NC and CoFe-NC; (e) Co K-edge and (f)
Fe K-edge XANES spectra, (g) Co K-edge and (h) Fe K-edge EXAFS spectra of Co—-NC, Fe—NC and CoFe—NC.

CoFe-N moieties. Fig. S8bf gives the concentrations of the
four N species for the samples. This indicates that the
concentration of pyridinic N in CoFe-NC (2.42 at%) is higher
than those in OMC-900 (0.82 at%) and NC (1.63 at%), suggest-
ing that CoFe-NC contains a large number of edge structure,
which could generate plentiful edge nitrogen contained CoFe-
N, moieties. Moreover, the binding energies of the Co 2p
(Fig. S9at) and Fe 2p (Fig. S9bt) electrons in CoFe-NC are
slightly shifted to higher values compared to those in Co-NC
and Fe-NC, indicating that they have higher oxidation states.
To further probe the electronic structures of the catalysts,
XAS measurements were performed at the K-edge of each
element in our catalysts. The near edge X-ray absorption fine
structure (NEXAFS) measurements at the C K-edge (Fig. 2c)
exhibit peaks labeled C1 and C3 at 285.3 and 292.5 eV which are
mainly derived from the aromatic C-C w* and C-C ¢* transi-
tions, respectively.*® Compared to NC, Co-NC, Fe-NC and
CoFe-NC exhibited obvious intensity increases of the C1 peaks
and decreases of the C3 peaks, suggesting increases of the -
network electron densities in the catalyst atoms.** Noticeably,
a sharp peak at 288.5 eV (C2) was detected for NC, Co-NC, Fe-

13048 | J Mater. Chem. A, 2021, 9, 13044-13055

NC and CoFe-NC, which is attributed to C-N bonding.*> By
contrast, the C2 peak intensity of NC was stronger than those of
the Co-NC, Fe-NC and CoFe-NC catalysts, which is likely due to
the partial removal of C-N-C moieties with the inclusion of the
M-NyC sites.* The N K-edge NEXAFS spectra (Fig. 2d) exhibi-
ted five sharp peaks labeled N1, N2, N3, N4 and N5, which can
be assigned to the pyridinic N 7*, graphitic N, N-N, N-O and
C=N o* transitions, respectively.”” Compared to NC, the
intensities of the N1, N2 and N5 peaks decrease in Co-NC, Fe-
NC, and CoFe-NC, while the N3 and N4 peaks show marked
increases in intensity, implying the removal of C=N bonds and
the formation of metal-N coordination after pyrolysis.*

The electronic structures and the local coordination envi-
ronments of the metal atoms within CoFe-NC, Co-NC and Fe-
NC were then examined at the K-edges of the respective metals.
Fig. 2e shows the Co K-edge XANES spectra of CoFe-NC and Co-
NC compared with a Co foil reference. It can be noted that CoFe-
NC and Co-NC possessed higher intensity white lines compared
to Co foil, indicating that non-metallic Co exists in the atomi-
cally dispersed samples.** In addition, the white line intensity of
CoFe-NC is slightly higher than that of Co-NC, likely due to Co-

This journal is © The Royal Society of Chemistry 2021
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Fe intermetallic electron transfer between the Co and Fe atoms
in the coupled metal system and/or through interactions with
neighboring N atoms. Similarly, the Fe K-edge XANES of CoFe-
NC and Fe-NC indicate that non-metallic iron or bulk oxidized
Fe is obtained, exhibiting similar features of previously reported
atomically dispersed Fe (Fig. 2f).*° The white line intensity of the
Co-Fe system again is higher overall while coupled with
a decrease in the pre-edge feature, indicating that the Co-Fe
dual site catalyst is losing electron density when paired
together. Bader charge analysis of the different catalyst config-
urations (Table S31) indicates an increased removal of charge
from both the Fe and Co atoms in the dual site CoFe, as
compared to the single metal sites. This decrease in the charge
of the metal atoms is coupled with an increase in electron
accumulation on the N atoms, which is consistent with our
XANES findings. Additional discussion on the DFT calculations
of these materials can be found below.

The Fourier-transformed (FT) k>-extended X-ray absorption
fine structure (EXAFS) spectra for the Fe and Co K-edges are
shown in Fig. 2g and h, along with those of the reference metal
foils (not corrected for phase shift). Corresponding k*-space
data is provided in Fig. S10.1 At the Co K-edge, the dominant
peaks are positioned at 1.32 A and 1.26 A for Co-NC and CoFe-
NC, respectively, and arise from the local Co-N coordination
environment. Lower magnitude features at higher radial
distances can be observed for both Co-NC and CoFe-NC, which
likely reflect the nearest neighbor distances (NNDs) to the
carbon-based coordination spheres around the Co atoms and
binary metallic pairs in CoFe-NC. The Fe K-edge EXAFS spectra
provide similar information, with Fe-N coordination distances
positioned at 1.56 A and 1.38 A for Fe-NC and CoFe-NC,
respectively. The main EXAFS feature in Fe-NC is notably
broader with a likely additional EXAFS contribution at 1.87 A.
Note that, as shown in the EXAFS data for both metals, the
binary metal system produces a shorter M-N NND, indicating
that the secondary metal is directly influencing the immediate
coordination environment.

The EXAFS data was then modeled using backscattering
contributions from known metal coordination complexes, as
described in the experimental section. The modelling results
are summarized in Table S4 and shown in Fig. S11.1 For Co-NC,
a Co-N coordination number (CN) of 2.74 + 0.46 was calculated,
indicating a near Co-Nj; local coordination environment. An
average Co-N NND of 1.93 £ 0.01 A was obtained through
modeling, which is consistent with similar previously reported
catalytic sites.* To obtain a satisfactory EXAFS fit, 2" and 3™
coordination spheres with C were modeled with the respective
CNs of 4.66 + 1.73 and 5.04 + 2.16 at distances of 2.63 & 0.04 A
and 2.84 + 0.04 A. Fe-NC was modelled in a similar fashion and
exhibits higher CNs for Fe-N and the first Fe-C coordination
sphere. The results are summarized in Table S5 and shown in
Fig. S11.7 This outcome indicates that the presence of metal
species influences the formation and structure of the catalyst,
which could have implications for the overall catalytic activity
and catalyst design.

The binary CoFe-NC was also modeled using information
from both the Fe and Co K-edges simultaneously (Table S4 and
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S5t). As shown in Fig. S11,} the CN corresponding to the metal-
metal is found to be 1.02 + 0.21 at a NND of 2.07 = 0.02 A. This
result indicates that the majority of metal atoms form dimers
during synthesis, albeit with a moderate uncertainty that arises
from the low amounts of non-dimerized metals. The corre-
sponding Fe-N and Co-N CNs are similar, with a Fe-N CN of
3.24 + 0.48 and a Co-N CN of 3.23 £ 0.46 at respective NNDs of
1.94 £ 0.01 A and 1.85 + 0.01 A. The positions of the M-N bonds
are similar in the binary catalyst as compared to their mono-
metallic counterparts with a MN;-type geometry. The C lattice
in NC is significantly disordered here as well, as low Co-C CNs
are again obtained, while this distance could not be modeled
from the Fe K-edge. Overall, these results showcase that the
largely coupled binary catalyst obtained through the templating
methodology used here provides a means to create unique and
tunable catalytic active sites.

While EXAFS can provide localized structural information
around the desired element, the longer-range structure is
difficult to ascertain. This missing structural information may
be critically important, as the dispersion of metal atoms and its
associated effect on the matrix structure likely plays a major role
in determining the material’s catalytic properties. Given the
known influence of structural defects on the electronic struc-
ture of nanoscale carbon materials, understanding the
structure of both the local catalyst environment and the host
may prove useful in understanding the catalytic properties of
M-N,-C materials. To this end, we probed the atomically
dispersed catalysts using high-energy X-ray diffraction (HE-
XRD) coupled to atomic pair distribution function (PDF) anal-
ysis. HE-XRD/PDF analysis is an ideal structural characteriza-
tion method for nanoscale materials,** as atomic pair distances
of >30 A can be determined through diffraction experiments
without the need for long range order.* If an appropriate
background is available, a differential PDF (dPDF) can be ob-
tained to probe the structure of minority species within a large
lattice.*® Here, we use dPDF to better understand the influence
of the catalyst structure by subtracting out all non-metal atomic
pairs using the NC PDF.

As shown in Fig. 3a, the longer range ordering, resulting
from the metal-derived atomic pairs, differs across all three
atomically dispersed materials. Both Co-N, and CoFe-N,
exhibit a feature at 1.92 A, which arises from M-N and agrees
with our EXAFS results. The first dPDF peak in Fe-N, occurs at
2.14 A, which is also present in CoFe-N,. This feature again
agrees well with the Fe-N NNDs from the EXAFS modeling of
the Fe K-edge for Fe-N, and Co-Fe in CoFe-N,. At longer
atomic-pair distances, structural changes can be clearly
observed from the dPDF. Most notably are the dPDF peaks
found within Fe-N, from ~2.5-3.5 A, which are pronouncedly
different from those observed in Co-N, and CoFe-N,. This
finding suggests that interactions within the carbon lattice
between Co and Fe are quite different, and that Co has
a stronger influence in forming the eventual final structure of
the catalysts. In addition, Co-N, and CoFe-N, exhibit peaks that
align more closely with NC, which is essentially a graphite-like
lattice, while Fe-N, tends to shift away from this lattice.
Observations from the longer range dPDFs (Fig. 3b) show the
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relatively increased overall atomic order in Fe-N,, further
showcasing the differences of the NC host structure with the
inclusion of Fe and/or Co. Overall, the dPDF analysis provides
the necessary expanded insights into the structure of the
atomically dispersed catalysts beyond the local coordination of
the metal atoms to help better understand the structure/
function relationships for these materials.

To further confirm the structural findings, DFT calculations
were then conducted. The optimized structures of the single-
atomic metals on the NC substrates are shown in Fig. 3c-f. It
can be observed in Fig. 3c and d that the center single Fe (Co)
atom is coordinated to the 4 nearest N atoms, and the average
Fe-N (Co-N) distance is measured to be 1.89 A (1.87 A). These
values are consistent with the fitting of the EXAFS data (2.00 A
for Fe-N and 1.93 A for Co-N), suggesting the suitability of the
models built here. We further evaluated the structure of the Co-
Fe dimer on the NC substrate. For the highly ordered structure,
the average Fe-N, Co-N and Co-Fe distances were computed to
be 1.95 A, 1.92 A and 2.17 A, respectively, as seen in Fig. 3e. For
the slightly distorted structure shown in Fig. 3f, the above
values are predicted to be 1.93 A, 1.93 A and 2.12 A, respectively.
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These values are consistent with those from the experimental
EXAFS and PDF measurements (1.94 A for Fe-N, 1.85 A for Co-N
and 2.07 A for Co-Fe). To further test the validity of the DFT
simulations, XANES calculations we performed using the DFT
structures as the input (see the ESI for more details). The
calculated XANES spectra (Fig. S127) are in good agreement
with the experimental XANES reported in Fig. 2 and are
consistent with previously reported materials.***”

Electrocatalytic ORR activity and zinc-air battery test

The ORR performances of the catalysts were evaluated using
a rotating ring-disk electrode (RRDE) in O,-saturated 0.1 M KOH
solution. It is well known that the carbonization temperature
also has a great influence on the catalytic performance. The
catalysts were pyrolyzed at 800 °C (CoFe-NC-800), 900 °C (CoFe-
NC-900) and 1000 °C (CoFe-NC-1000) and the ORR perfor-
mances are illustrated in Fig. S1.} It can be noted that CoFe-NC-
900 possesses the most outstanding half wave potential of
0.94 V, compared with 0.87 V for CoFe-NC-800 and 0.88 V for
CoFe-NC-1000. Based on the above results, the calcination
temperature of 900 °C was chosen as the optimal temperature
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for preparing the CoFe-NC catalyst. To achieve the optimal
performance of the atomically dispersed catalyst with Co-Fe
dual sites, we investigated the effects of the weight percentages
of Co and Fe on the catalytic activity. By setting the Co-to-Fe
molar ratio as 1:1, the half wave potential of the catalysts
first increased then decreased with the increasing of the metal
amount (Fig. S21). When the weight percentage of Co and Fe
increased to 25%, 30% and 35%, the half-wave potential grad-
ually increased to 0.78 V, 0.82 V and 0.94 V, respectively, indi-
cating that the effective active sites were gradually enriched, but
when continuously increasing the weight percentage to 40%
and 45%, the half wave potential dropped to 0.86 V and 0.82 V,
respectively, indicating that an excessive metal amount might
led to aggregation of the single atom sites. Subsequently, we
further explored the relationship between the Co-to-Fe molar
ratio and the electrocatalytic activity. As shown in Fig. S3,T the
catalytic performance of the samples first increased then
declined with the decrease of the Co content, and the best
performance can be obtained when the molar ratio of Co-to-Fe
is 1:1 (CoFe-NC, Ey;, = 0.94 V). This suggests that the catalyst
probably has the most appropriate adsorption energy for oxygen
molecules when the ratio of Co-to-Fe is 1 : 1.

The polarization curves of Co-NC, Fe-NC, CoFe-NC, and Pt/
C are shown in Fig. 4a. The half wave potential of CoFe-NC (0.94
V) is higher than those of Co-NC (0.80 V) and Fe-NC (0.83 V)
and, more intriguingly, is 90 mV higher than that of Pt/C (0.85
V). The ORR performance of CoFe-NC was further evaluated
and compared with Pt/C. Fig. S131 shows the RDE voltammo-
grams recorded with different rotation rates for CoFe-NC and
Pt/C. Note that the current densities increased with the increase
of the rotation rate for both samples, where in the mixed
kinetics/diffusion controlled region, excellent linearities with
rather consistent slopes were acquired in the Koutecky-Levich
(K-L) plots for both samples. These results indicate a first order
reaction kinetics for ORR with respect to the oxygen concen-
tration in the solution. Fig. 4b shows the Tafel plots for CoFe-
NC and Pt/C, where CoFe-NC exhibits a smaller Tafel slope
value of 68 mV dec ™" than that of Pt/C (76 mV dec™ ) in alkaline
solution, implying that CoFe-NC possesses faster reaction
kinetics. In addition, the electron transfer number and yield of
H,O0, for both CoFe-NC and Pt/C in the potential range of 0.2—
0.8 Vwere calculated by eqn (1) and (2).1 As illustrated in Fig. 4c,
CoFe-NC has an electron transfer number of 3.90-3.92,
comparable to Pt/C (3.88-3.92). In addition, the H,O, yield of
CoFe-NC (3.81-3.92%) is slightly lower than that of Pt/C (4.22-
9.23%), suggesting improved ORR selectivity in alkaline solu-
tion. Finally, the durability of CoFe-NC was evaluated and
compared with Pt/C by amperometric i-¢ curves at 0.85 V with
a rotation speed of 900 rpm. As shown in Fig. 4d, after 16 hours
of continuous operation, CoFe-NC maintains 92% of the initial
current, which is much higher than that of Pt/C (86%), indi-
cating the improved long-term stability of CoFe-NC over this
period of time.

Moreover, the ORR performance of CoFe-NC was also
assessed and compared with Pt/C in 0.1 M HCIO,. Fig. S14af
shows the polarization curves, where CoFe-NC possesses a half
wave potential of 0.80 V, which is higher than those of Co-NC
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and Fe-NC, but slightly inferior to that of the Pt/C catalyst (0.85
V). The 50 mV difference is reasonable, as Pt/C possessed
incomparable performance in acid media. Fig. S151 depicts the
current density change with the change of rotation rate, with
highly linear responses observed in the K-L plots for both
samples, suggesting first-order reaction kinetics for both
samples. The subsequently extrapolated Tafel plots are pre-
sented in Fig. S14b,T where CoFe-NC exhibited a slightly lower
but comparable Tafel slope value to Pt/C, an indication of the
comparable intrinsic catalytic behaviors. In addition, CoFe-NC
also demonstrated close values of the numbers of electron
transferred and yields of H,O, with those of Pt/C (Fig. S14cft).
Lastly, in the i-¢ test (Fig. S14dt), CoFe-NC retained 88% of its
initial current, which is superior to that of Pt/C (76%). This
shows that CoFe-NC has improved long-term durability over Pt/
C in acidic media as well.

It is worth noting that the ORR performance of CoFe-NC in
alkaline media is markedly improved over recently reported M-
N,-C based atomically dispersed catalysts (see Table S6t). We
attribute the improved ORR performance in alkaline media to
the well-defined atomically dispersed structure of CoFe-NC,
with Co-Fe dual sites enriched onto the surface of the carbon
spheres. The uniform micropores in the carbon substrate are
beneficial for the adsorption of Fe*" and Co** ions, which can
increase the loading of the active sites (4.78 wt% from ICP-AES).
In addition, the large specific surface area of CoFe-NC (Fig. 1d,
830 m* g~') can not only enhance the accessibility of the O,
molecules, but also imparts Co-Fe dual sites which are homo-
geneously dispersed (shown by the HAADF-STEM image in
Fig. 2a), which improve the utilization of the active sites. The
addition of NH,CI in the synthesis as an additional nitrogen
source dramatically increased the content of pyridinic N (shown
in Fig. S5b71) in CoFe-NC, where pyridinic N can enhance the
surface wettability and boost the onset potential and half-wave
potential.*® Finally and most importantly, the unique coordi-
nation structure of the sample (N;Co-FeNj;, shown in Fig. S8t)
can lead to the charge redistribution of the neighboring atoms,
resulting in a synergistic effect between the dual active sites
(CoN; and FeNjs), which eventually promotes oxygen activation
by weakening the O=0 bond.****

To gain some insight into the mechanism, we first calculated
the adsorption of a single O, molecule on substrates decorated
with transition metals. The relaxed structures are shown in
Fig. S16.f The O, molecule preferentially adsorbs above the
transition metals through a side-on mode. Upon chemisorp-
tion, the 0=0 bond elongates from 1.21 A in the isolated gas
state to 1.39 A for the Fe SA, 1.35 A for the Co SA and 1.44 A for
the Co-Fe dimer. The adsorption free energies were calculated
to be —0.50 eV for the Fe SA and 0.29 eV for the Co SA. Signif-
icantly, the adsorption free energies for the O, molecule on the
Co-Fe sites were computed to be —1.02 eV and —1.70 eV for the
ordered and disordered substrates, respectively. The more
negative adsorption energies and the longer O=0 bond suggest
an increased interaction between the O, molecule and the Co-
Fe dimer sites, implying an improved ORR performance, which
is consistent with the findings of Shi et al.*
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0.1 M KOH with a rotation rate of 1600 rpm; (b) Tafel plots of CoFe—NC

and Pt/C; (d) the i—t curves of CoFe—NC and Pt/C at 0.85V and 900 rpm.

and Pt/C; (c) the H,O, yield and electron transfer numbers of CoFe—NC
Free energy diagram of ORR at each elementary step on the (e) Fe site of

Co-Fe dual atoms with adsorbed OH on the slightly disordered NC substrate and (f) Fe site of Co—Fe dual atoms with adsorbed OH on the
ordered NC substrate. The optimized structures are also shown as insets in the figures.

The plots of the charge density difference between the
adsorbed O, molecule and the substrates are shown in
Fig. S17,1 where the accumulation of electrons between the
metal and O suggests the formation of M-O ¢ bonds. From the
Bader charge analysis (see Table S3t for the values), one can
observe a stronger electron loss for the Co-Fe dimer sites
compared to SA Fe and SA Co. In agreement with the correlation
between a less positive metal center and enhanced ORR activity,
suggested by Li et al.,* the Co-Fe dimer sites on the slightly
disordered NC are expected to display a better ORR perfor-
mance compared to the other systems studied.

The ORR mechanism for the Co-Fe dimer was then investi-
gated following Nerskov’s work.” As shown in Fig. S18a,T each
reaction step for the Co-Fe sites on the highly ordered NC is
exothermic. However, the free energy of the OH* formation
reaction from O* is low, suggesting that it is rate-limiting. The
reaction free energy for the Co-Fe dimer sites on the slightly

13052 | J Mater. Chem. A, 2021, 9, 13044-13055

disordered NC is shown in Fig. S18b,T where the OH* removal
step is endothermic. As suggested by Li et al.,> OH* is anchored
at the Co-Fe bridge during ORR. We will denote the OH*
adsorbed on the Co-Fe dimer sites as CoFe—-OH, as seen in the
inset of Fig. S18b7. The ORR free energy diagram at the Fe site of
CoFe-OH on disordered NC is shown in Fig. 4e. Each ORR step
is exothermic and the limiting potential (the maximum external
potential at which the ORR processes are still exothermic) is
predicted to be 0.90 V, a value even higher than that of Pt (0.79
V).*® The free energy diagram at the Co site is displayed in
Fig. S19a,T showing a limiting potential of only 0.58 V. After
comparing the total energy of each intermediate adsorbed on
the substrate, we can conclude that the ORR steps are likely to
take place at the Fe site because of the lower computed energies.
As a comparison, we also explored the ORR mechanism at the
Fe site of CoFe-OH on highly ordered NC and show the results
in Fig. 4f. It can be noticed that the limiting potential is 0.82 V,
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lower than that of the disordered one. We must also observe
that the limiting potentials for the Co-Fe dimer sites on highly
ordered and slightly disordered NC are higher than those of SA
Fe (0.54 V) and SA Co (0.81 V) (shown in Fig. S19b and cf¥),
suggesting synergy between the Fe and Co in the Co-Fe dimer.
Furthermore, the disorder of the NC substrate appears to make
additional contributions to the ORR as an identical dimer on
a slightly disordered substrate shows better activity compared
to that on the highly ordered substrate.

The interaction between an adsorbed O, molecule and the
transition metal atoms can be better understood using the
molecular orbital theory, as shown in Fig. S20.1 The calcula-
tions show that a strong 7 bond (the in-phase combination of
the d,, orbital of Fe or Co and one 7* orbital of O,) and a weak
d bond (the in-phase combination of the d,, orbital of Fe or Co
and the other 7* orbital of O,)* form in the structure with only
one single metal atom catalyst, as seen in Fig. S20a.T However,
in the presence of the Co-Fe dimer, two strong 7 bonds are
formed. These two 7 bonds consist of the in-phase and out-of-
phase combinations of the d,: orbitals of Fe and Co interacting
with the 7* orbital of O,, as seen in Fig. S20b.T The distortion of
the O=0 bond matches the in-phase combination with the d,:
orbital to form the 7 bond. Detailed visualizations of the orbital
interactions using the principal interacting spin orbitals
(PISO)* are shown in Fig. S21-S26.1 As suggested by Lin et al.,>
the sum of all PISO-based bond indices can be regarded as the
bond order, which can be further used to compare the bonding
strengths of the adsorbate O, with different substrates. As
a result, the indices were calculated to be 2.15, 1.91 and 2.41 for
the SA Fe, SA Co, and the Co-Fe dimer, respectively, suggesting
the strong interactions of the CoFe dimer with the substrates.
These values are also consistent with the above analysis, sup-
porting the conclusion that the Co-Fe dimer has the best ORR
performance among the materials studied.

The excellent ORR performance of the CoFe-NC catalyst
inspired us to explore its practical application in zinc-air
batteries (ZABs). A primary ZAB was constructed by using zinc
foil as the anode, CoFe-NC as the air cathode and 0.2 M
Zn(OAc), in 6 M KOH as the electrolyte. The commercial Pt/C
catalyst was employed to compare the discharge capability of
the ZAB with CoFe-NC, while for the integrated charge and
discharge test, a ZAB performance comparison was made
between the CoFe-NC + IrO, catalyst and the Pt/C + IrO, cata-
lyst. Fig. 5a presents the discharge polarization curves and
power densities, where the CoFe-NC modified ZAB exhibits
a power density of 115 mW c¢m™?, which is much larger than
that of the Pt/C decorated ZAB (85 mW cm™>). Meanwhile, as
demonstrated in Fig. 5b, the specific capacity of the CoFe-NC
modified ZAB is 791 mA h g~ ', which is also higher than that of
the Pt/C decorated ZAB (707 mA h g *). Subsequently, the long-
term stability of the CoFe-NC + IrO, and Pt/C + IrO, air cathodes
were evaluated at 10 mA em™ > with each cycle of 10 min
(Fig. 5¢). For the CoFe-NC + IrO, based battery, the discharge
voltage remains almost constant at 1.2 V for about 80 h, and the
charge voltage is kept at 2.0 V for about 70 h but gradually
increases to 2.2 V at 80 h. In comparison, both the discharge
and charge voltages can only remain stable for 30 h and increase
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Fig. 5 (a) The discharge polarization curves and their corresponding
power density curves with CoFe—NC and Pt/C as the air cathodes; (b)
the discharge specific capacities of the CoFe—NC and Pt/C air cath-
odes at 10 mA cm™2; (c) the charge—discharge plots of the ZABs based
on the CoFe—NC + IrO, air cathode and Pt/C + IrO, air cathode; (d)
the photograph of blue LEDs (V = 3.0 V) powered by two liquid Zn—air
batteries with CoFe—NC air cathodes connected in series.

drastically at 40 h for the Pt/C + IrO, based battery. Lastly, two
ZAB cells with the CoFe-NC air cathode connected in series can
light up blue LED lamps (with a voltage of ~3.0 V, shown in
Fig. 5d), showing that this battery is a promising power device
for practical application. Moreover, the performance of the
CoFe-NC based battery has exceeded or at least is comparable
to those of recently documented M-N-C atomically dispersed
catalysts, and the detailed comparisons regarding the power
density, specific capacity and charge-discharge stability are
summarized in Table S7.1 The above results fully validate that
CoFe-NC could be a promising alternative for the Pt/C catalyst
in practical ZAB implementation as well.

Conclusion

In summary, we developed a facile strategy to prepare an
atomically dispersed catalyst with Co and Fe dual sites enriched
onto the surface of microporous carbon. Such a strategy can
impart the maximal exposure of Co and Fe dual sites and leads
to a high utilization of the active sites. As a result, the as-
prepared CoFe-NC catalyst exhibited a superior ORR perfor-
mance compared to the Pt/C catalyst in alkaline media. As an air
cathode, CoFe-NC also outperformed Pt/C in the primary zinc-
air battery test. More importantly, XAS measurements show that
the bimetallic atoms regulate each other’s electronic structure
and directly affect the coordination environment, while the PDF
analysis demonstrates that the metal atoms can tune the lattice
structure of the NC, likely modifying its electronic properties.
DFT calculations reveal that the atomic Co-Fe dimers lie on the
slightly disordered NC rather than a highly ordered substrate,
which agrees with our synchrotron structural analysis, and
indicates that such configurations can provide the appropriate
adsorption free energies of the oxygenated species, hence
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promoting the ORR process and the primary zinc-air battery
performance. This study not only provides a new facile strategy
for preparing atomically dispersed dual metal site catalysts, but
also clearly elucidates the metal-substrate interaction and
unravels its impact on the catalytic performance. We envision
that the findings here will be beneficial for the future rational
design of atomically dispersed catalysts toward ORR and
beyond.
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