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Abstract: A competitive complexation strategy has been
developed to construct a novel electrocatalyst with Zn-Co
atomic pairs coordinated on N doped carbon support (Zn/
CoN-C). Such architecture offers enhanced binding ability of
0,, significantly elongates the O—O length (from 1.23 A to
1.42 A), and thus facilitates the cleavage of O—O bond,
showing a theoretical overpotential of 0.335V during ORR
process. As a result, the Zn/CoN-C catalyst exhibits outstand-
ing ORR performance in both alkaline and acid conditions
with a half-wave potential of 0.861 and 0.796 V respectively.
The in situ XANES analysis suggests Co as the active center
during the ORR. The assembled zinc—air battery with Zn/CoN-
C as cathode catalyst presents a maximum power density of
230 mWem™? along with excellent operation durability. The
excellent catalytic activity in acid is also verified by HyO, fuel
cell tests (peak power density of 705 mWcm ™).

The electrochemical oxygen reduction reaction (ORR) has
gained widespread attention owing to its significance in
electrochemical energy storage and conversion including
proton-conducting membrane fuel cells or metal-air batter-
ies!! Platinum-based catalysts are generally efficient for
ORR, but their wider applicabilities are restricted by its high
price, and limited stability.’! Replacement of noble metal
materials with less expensive, highly active and durable
electrocatalys for ORR is thereby increasingly attractive but
arduous with great challenges ahead.

Nonprecious metal catalysts with M-Nx-C (M stands for
nonprecious metal elements) coordination, are a new type of
effective catalysts as possible alternatives to Pt.’] Recent
study found that achieving atomic-level regulation of metal
atoms is critical to designing highly catalytic active catalysts."!
Isolated single-atom iron or cobalt catalysts supported on
carbon materials have demonstrated unexpected ORR reac-
tivity than commercial Pt/C.”! Follow-up study revealed that,
catalysts with bimetallic or multimetallic active sites can
further enhance the catalytic activity and selectivity in
numerous catalytic conversion reactions.” A recently
reported Pt-free catalyst with N-coordinated Fe-Co dual
sites delivers outstanding activity for ORR 1in acidic electro-
lyte.! Compared to the single metallic site, the structure
formed by the coordination of dual-metal-atom with nitrogen
atoms is more favorable for cracking O, bond.®! Nevertheless,
the current research efforts about M-Nx-C catalysts mainly
focused on Ni, Co, or Fe/N-doped carbon materials cata-
lysts.*1% Exploring new metal components and new catalytic
site may be an effective way to increase catalytic activity
under the premise of ensuring high dispersion. In nature,
besides Fe and Co porphyrin, Zn porphyrin structure can also
be found in carbonic anhydrase with four-coordinated struc-
ture."" In view of that, Zn has a smaller electronegativity (y =
1.65) compared to Fe (y=1.83) and Co (y=1.88), which
makes it easier to donate its outer electron. When atomic
pairs formed between Zn and Co or Fe, the interactions
between the electronic structures might result in a more
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optimized structure, which makes it possible for the adsorp-
tion and desorption of the reaction intermediate to reach
a suitable state, so that the diatomic pair has a higher catalytic
activity. Therefore, introducing more metal species to con-
struct bimetallic or multimetallic active sites are challenging
yet of great significance to achieve best performing catalysts.

Herein, we report a new design of discrete Zn/Co
bimetallic sites supported on N doped carbon through
a competitive complexation strategy, whereby chitosan was
used as C and N sources and zinc chloride and cobalt acetate
are selected as metal precursors (Figure 1a). The 4s and 4p
electrons of Co’* or Zn”>* can be coordinated with the -NH,
and —OH group on chitosan chains through a simultaneous
competitive complexation process, thus allowing the homo-
geneous dispersion of Zn/Co. Owing to their similar coordi-
nation abilities,'” a bimetallic Zn/CoN,-C nanostructure with
atomic dispersion is finally achieved after pyrolysis at 750°C,
which is denoted as Zn/CoN-C. The weight percentage of Zn,
Co is determined as 0.33 wt % and 0.14 wt % respectively, by
inductively coupled plasma mass spectrometry (ICP-MS).
This synthetic method allows scalable synthesis of catalysts
with good reproducibility.

To confirm the existential form of Zn and Co dual atoms,
we carried out aberration-corrected atomic-resolution high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) measurements (Figure 1b).
Small bright spots are evenly distributed in carbon substrate,
which are attributed to the relatively high atomic numbers of
Zn and Co. Further enhancing the magnification, small bright
dual dots can be observed more clearly (Figure 1c¢), in which
Zn/Co atomic pair can be recognized by bright spots marked
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Figure 1. a) lllustration of the formation of Zn/CoN-C. b) Aberration-
corrected HAADF-STEM image and c) enlarged images of the Zn/CoN-
C. In (c), some of bimetallic Zn/Co sites are highlighted by larger red
circles, and some of single Co/Zn atoms highlighted by smaller orange
circles. d) Statistical Zn-Co distance in the observed diatomic pairs, in
which the two insets are intensity profiles obtained on two bimetallic
Co/Zn sites. e) HAADF-STEM image and f) corresponding element
maps, showing the distribution of N, Zn, and Co. g) HR-TEM of Zn/
CoN-C, in which some lattice distortions are highlighted by orange
circles.
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with red circles. Some individual Zn or Co atoms can be
distinguished and marked with orange circles. Statistical
analysis of more than 40 pairs of dual atoms showed a Zn—
Co distance of 0.22 + 0.04 nm (Figure 1d). The well-dispersed
Zn—Co dual-sites can be clearly identified in accessional
intensity profiles (Figure 1d insets). HAADF-STEM (Fig-
ure 1e) and elemental mapping (Figure 1 f; Supporting Infor-
mation, Figure S1) reveal that N, Zn, and Co are homoge-
neously distributed in the Zn/CoN-C. The (HR) TEM image
(Figure 1g) demonstrates lattice distortion defects character-
istic, which might be attributed to the coordination of single
or dual zinc/cobalt atoms with nitrogen. For comparison,
single-metal atom Co or Zn doped catalysts, denoted as CoN-
C and ZnN-C were also synthesized through similar
approaches.

X-ray diffraction (XRD) patterns of the samples (Sup-
porting Information, Figure S2) confirm the non-formation of
metallic and oxide crystals on carbon supports. Nitrogen
adsorption measurement illustrates the high BET (Brunauer—
Emmet-Teller) specific surface area (1343 m*g ") of Zn/CoN-
C with an average pore width of 2.46 nm (Supporting
Information, Figure S3). Raman spectra (Supporting Infor-
mation, Figure S4) and XPS spectrum of C1s (Supporting
Information, Figure S5) suggest that more defects are pro-
duced due to the co-coordination between Co and Zn and the
N doped carbon support, which plays an important role in the
electronic properties of carbon matrix. As shown in the
Supporting Information, Figure S6, N 1s spectrum for Zn/
CoN-C can be deconvoluted into four peaks, pyridinic N
(398.3 eV), N-Zn/Co (399.7 eV), pyrrolic N (400.6 eV), and
graphitic N (401.4 eV), respectively. The existence of N-Zn/
Co can also be confirmed at Zn2p spectrum (Supporting
Information, Figure S7b). and Co 2p,, signals at 778.7 eV.
(Supporting Information, Figure S7c).”"!

X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure measurements
(EXAFS) were conducted to investigate the chemical state
and coordination environment of Co and Zn atoms in the
catalysts. As shown in the XANES spectra (Figure 2a), the
absorption edge of Co K-edge of CoN-C shifted 3.0eV
towards lower energy relative to CoQO, indicating that the
valence state of CoN-C is situated between that of Co” and
Co". Furthermore, from the EXAFS spectra of different
samples (Figure 2b), a main peak at about 1.5 A can be
observed for both cobalt phthalocyanine (CoPc) and CoN-C,
which is typically assigned to the Co-N coordination, dem-
onstrating the confined Co—N4 coordination environment in
CoN-C. The Co K-edge EXAFS spectrum of Zn/CoN-C is
characterized by three peaks at 1.4 A, 21 A, and 24 A,
corresponding to the nearest Co—N, next-nearest Co—metal
and long-range Co—C coordination, respectively (Figure 2b).
From its corresponding Zn K-edge XANES spectrum (Fig-
ure 2¢), we can see that both the edge position and the peak
intensity of Zn/CoN-C located between Zn foil and ZnO,
which suggests the electronic state of the Zn species is
between Zn” and Zn". On the other hand, Zn K-edge EXAFS
(Figure 2d) analysis clearly indicates that Zn/CoN-C and zinc
phthalocyanine show a similar main peak at 1.44 A, which
could be attributed to Zn—N scattering paths. The two peaks
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acidic conditions (Figure 2 g). Five pos-
sible reaction pathways were evaluated
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in acidic condition. And the reaction
mechanism under acidic conditions is

g o @ ha i6
) ' 0,44H* € u=oaov]
% . < *“OOH+3(H +e") S
> 1,0 H'+e W
3 /s.< i 3 o QsHOs2(H +e) .2
OH™+OH" 0% - ' >
o’ 0o 32 : \ S,
o S A 2
A s o2
O"+OH" L o q 70N (1 ®
e 3 N ‘[OHsHOwH e | © 4
g e CoN, N e
AN [ 3 2HO
N OOH'(1) - ZnCoN,(OH) 0
1 -1

0,+2H,044e”

U=-083V

also considered (Figure 2h), the ORR
process at U=0.4 V in different struc-
tures with O,—*0,—*OOH—-*0O—
*OH—H,0, reaction path. All reac-
tions are exothermic in view of the fact
that all the elementary reaction steps

"foor«vn:o-:owow

S 204H,0+20H 126"

ZnN,
CoN,
ZnCoN,(OH)

{OH+30H"+e"
=

4
\40H

Ho e Reaction corrdinate

Figure 2. a) Co K-edge XANES and b) Fourier-transform EXAFS spectra of Zn/CoN-C and
reference samples. c) Zn K-edge XANES and d) Fourier-transform EXAFS spectra of Zn/CoN-C
and reference samples. e) Relative position of Zn, Co, and N for the Zn/CoN-C considered in the
calculations. f) Optimized geometry of O, adsorption configuration on the ZnN,, CoN,, and
ZnCoNg(OH) systems. Brown, blue, yellow, green, purple, and red balls are C, N, O, Zn, Co, and
H atoms, respectively. g) Free-energy profiles for the ORR pathway in acidic conditions. h),i) Free
energy diagram for the ZnN,, CoN,, and ZnCoN4(OH) systems during the ORR under acidic and

alkaline conditions at U=0.40 and U= —0.83 V, respectively.

at2.1 A and 2.4 A should be due to the next nearest Zn-metal
and long-range Zn—C coordinations, respectively.

The fitting results of Zn/CoN-C can better reveal the
structural information of the material (Supporting Informa-
tion, Figure S8). The Co—N coordination number is 3.5 for
Zn/CoN-C suggest that the catalyst was dominated by the
Co—N interaction with a mixed Co—N3 and Co—N4 environ-
ment. The second shell coordination number of Co—M is
given by CN¢,=0.5+0.1, suggesting a weak Co—M inter-
action in the form of the ZnCoNG6 structure. Similarly for Zn
of the Zn/CoN-C, it is dominated by the Zn—N coordination
(N =3.5) in the first shell, together with a weak second shell
due to Zn—M (CNg,,=0.5+0.1), further demonstrating the
existence of ZnCoNG6 structure in Zn/CoN-C. This result is
also consistent with the DFT calculations that Zn and Co are
bonded, the system has the lowest energy, therefore Zn and
Co tend to form Co—Zn diatomic pairs (Supporting Informa-
tion, Figure S9).

DFT calculations were conducted to understand the ORR
reactive nature of Zn/CoN-C. It reveals that, owing to the co-
coordination of bimetallic Zn and Co with N, the electronic
structure of the catalyst is modulated, whereby the O—O bond
is significantly elongated from 1.23 A to 1.43 A after the
adsorption of O, on ZnCoNy4(OH) sites (Figure 2f). This
would facilitate the cracking of O, and lead to the reduced
dissociation energy barrier,” ' thus efficiently enhancing the
ORR activity. As contrast, the O—O bond is only 1.29 A and
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are downhill for ZnCoNg(OH). Fur-
thermore, ZnCoN4(OH) shows similar
behavior under alkaline condition (Fig-
ure 2i). At U= —0.83 V, for Zn/CoN-C,
the free energy of all reaction steps also
shows strong exothermicities for all
elementary reaction steps. The over-
potential ()"l of ZnCoNy(OH) under
alkaline condition was 0.335 V, which is
superior to that of ZnN, (0.436V),
CoN, (0.391 V), and commercial Pt/C
(0.45 V), suggesting the high ORR catalytic activity of Zn/
CoN-C.

The ORR catalytic activity of Zn/CoN-C was investigated
in O,-saturated 0.Im KOH with rotating disk electrode
(RDE). At 750°C the Zn/CoN-C exhibit the optimal electro-
catalytic performance as shown in the Supporting Informa-
tion, Figure S10. Cyclic voltammetry (CV) reveals a signifi-
cant reduction peak at 0.84 V for Zn/CoN-C (Supporting
Information, Figure S11), suggesting a good ORR electro-
catalytic activity. The linear sweep voltammetry (LSV)
measurements (Figure 3a) show that Zn/CoN-C presents
the best oxygen reduction activity, with a much more positive
E e (1.004 V) than Pt/C (0.970 V) and a high E,, of 0.861 V,
which is 35 mV more positive than Pt/C. This E,, value also
surpasses those of CoN-C (0.793 V) and ZnN-C (0.706 V)
(Figure 3b). Furthermore, Zn/CoN-C exhibits a more active
J. of 6.1 mA cm 2, and this value is far better than those of Pt/
C (53mAcm?), CoN-C (47mAcm?) and ZnN-C
(4.4 mA cm?). The catalytic activities of Zn/CoN-C with the
optimal Zn—Co atomic ratio (Supporting Information, Fig-
ure S12) surpass those of most non-precious metal ORR
electrocatalysts (Supporting Information, Table S1). The
electron transfer number of Zn/CoN-C was also evaluated
from the LSVs (Figure 3 c) according to the Koutecky-Levich
(K-L) equation, giving the n value of 3.88. The n and H,0O,
yield were further evaluated through rotating ring-disk
electrode (RRDE, Figure 3d), whereby the direct four-
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Figure 3. a) ORR Linear scan voltammogram (LSV) curves for different
catalysts in O, saturated 0.1 M KOH solution. b) Limit current density
and half-wave potential for different catalysts. c) LSV curves for Zn/
CoN-C at different rotating rates from 400 to 2000 rpm and the inset is
K-L plots at various potentials. d) Electron transfer number and H,0O,
yield for different catalysts. e) Corresponding Tafel plots obtained from
the RDE polarization curves. f) The durability tests of Zn/CoN-C.

electron process is confirmed, with n approaching 4 and H,O,
yield of about 5%. Tafel plots demonstrate a much smaller
slope of 67 mVdec™ of Zn/CoN-C, indicating the superior
reaction kinetics (Figure 3¢). The durability of Zn/CoN-C
was evaluated by CV at a sweep rate of 100 mV's™'. After 5000
continuous cycles (Figure 3 f), there was 5 mV change in E,,
and after 10000 cycles, there was only 9 mV change in E,),
demonstrating that the Zn/CoN-C had superb stability. The
Zn-Co atomic pairs of the Zn/CoN-C are still well preserved
after 10000 cycles of testing, which is verified by HAADF-
STEM (Supporting Information, Figure S13) and XANES
(Supporting Information, Figure S14). Furthermore, the
in situ XANES spectra of Zn/CoN-C (Supporting Informa-
tion, Figure S15) suggests that Co is more actively involved,
and function as active center during the ORR, which likely
undergoes a slight redox switch, in agreement with the FeN4
system."™ Upon closer inspection of the Co K-edge result, the
Co K-edge slowly shifts to higher energy as the potential
increases. After the oxygen reduction process, the structure of
the Zn/CoN-C has not changed substantially whether for Co
K-edge or Zn K-edge, during the whole ORR process which
guarantees the high oxygen reduction activity. The fuel
crossover effect evaluation of Zn/CoN-C demonstrates excel-
lent tolerance to methanol (Supporting Information, Fig-
ure S16) and SCN~ ions (Supporting Information, Fig-
ure $17).P%16:17
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Figure 4. a) Polarization and power density curves of primary Zn-air
batteries using Zn/CoN-C and Pt/C as ORR catalyst in 6m KOH
electrolyte. b) Galvanostatic discharge of the fabricated Zn-air batteries
and the inset is the photograph of a series of LED powered by two
liquid Zn-air batteries in series. ¢) ORR Linear scan voltammogram
(LSV) curves for different catalysts in 0.1 m HCIO, solution. d) H,/O,
fuel cell polarization plots.

A primary Zn-air battery was assembled to evaluate the
practical application of Zn/CoN-C. Significantly, a maximum
power of 230 mW cm 2 is achieved from the battery using Zn/
CoN-C catalyst (Figure 4a) outperforming the Pt/C-based
counterpart (201 mWcem™2) and most of previous works
(Supporting Information, Table S2, Figure S18).

Furthermore, no significant potential change was detected
at a current density of 5mAcm~ for 100000 s (Figure 4b),
indicating a stable practical application performance. As
shown in Figure 4b inset, two series-connected Zn-air
batteries based on the Zn/CoN-C as cathode can power
a series of red light-emitting diode (LED) in parallel (LED,
2.2 V) with an outstanding stability.

Promisingly, the Zn/CoN-C also presents outstanding
ORR activity in acidic conditions. In 0.1m HCIO,, Zn/CoN-C
shows a considerably high ORR catalytic activity with £, of
0.796 V and E, . of 0.97 V, which is comparable to that of Pt/
C (Figure 4c), and superior to most of non-precious metal
ORR electrocatalysts (Supporting Information, Table S3).
And after 10000 cycles of CV, there was no obvious change in
E,,, demonstrating the excellent stability of Zn/CoN-C
(Supporting Information, Figure S19). In the SCN™ poisoning
test (Supporting Information, Figure S20), the E, of Zn/
CoN-C negatively shifted by 30 mV and the E remained
unchanged after adding SCN™. This apparent resistance to
SCN™ poisoning can be attributed to the bimetallic coordi-
nation in the ZnCoNg structure that regulates the interfacial
electron structure, which is detrimental to the binding to
KSCN. These test results clearly show that dual-metal sites
ZnCoNg are the major active sites. A H,/O, fuel cell was
assembled to verify the practical application potential in
acidic solution. As a result, a kinetic current of 999 mA cm 2 is
achieved at 0.6 V and a peak power density of 705 mW cm at
0.5V, which is about 78 % of that based on commercial Pt/C
(Figure 4d). Furthermore, after eight hours of stability test-
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ing, there was no attenuation of activity (Supporting Infor-
mation, Figure S21).

In summary, this work demonstrates that the Zn/Co dual
atoms sites can serve as efficient ORR catalyst with out-
standing activity both experimentally and theoretically. The
Zn/Co dual atoms sites were confirmed by a combination of
aberration-corrected HAADF-STEM, XAFS, and DFT cal-
culations. DFT calculations show that ZnCoN site is the main
active site and the theoretical overpotential of oxygen
reduction can be as low as 0.335 V. Furthermore, the catalytic
activity can be maintained even under acidic environment.
Furthermore, the assembled Zn-air batteries and fuel cell
with Zn/CoN-C as catalyst show excellent power density and
stability, which demonstrates the practical application of the
as-prepared Zn/CoN-C catalyst. This work may represent
a new class of dual atoms sites catalysts for both fundamental
research and practical applications.
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