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Abstract: Single-atom catalysts (SACs) have attracted tremen-
dous interests due to their ultrahigh activity and selectivity.
However, the rational control over coordination microenviron-
ment of SACs remains a grand challenge. Herein, a post-
synthetic metal substitution (PSMS) strategy has been devel-
oped to fabricate single-atom Ni catalysts with different N
coordination numbers (denoted Ni-N,-C) on pre-designed N-
doped carbon derived from metal-organic frameworks. When
served for CO, electroreduction, the obtained Ni-N;-C catalyst
achieves CO Faradaic efficiency (FE) up to 95.6 %, much
superior to that of Ni-N C. Theoretical calculations reveal that
the lower Ni coordination number in Ni-N;-C can significantly
enhance COOH* formation, thereby accelerating CO; reduc-
tion. In addition, Ni-N;-C shows excellent performance in Zn—
CO, battery with ultrahigh CO FE and excellent stability. This
work opens up a new and general avenue to coordination
microenvironment modulation (MEM) of SACs for CO,
utilization.

Single-atom catalysts (SACs) with maximized utilization of
metal atoms have captured widespread interest in heteroge-
neous catalysis.!! Given that single metal atoms are stabilized
by the supports based on coordination interaction, the
catalytic performance of SACs is highly sensitive to their
local coordination environment from the viewpoint of
coordination chemistry.'?! On account of this, great efforts
have been devoted to the coordination environment regu-
lation of SACs.'*? The coordination number of SACs, an
important parameter of coordination microenvironment
modulation (MEM), would greatly influence the electronic
and geometric structure of metal centers in SACs, playing
significant roles in catalytic activity and selectivity.?>?
Specifically, in single metal atoms incorporated N-doped
carbon materials (M;-N-C), the number variation of coordi-
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nated N atoms in SACs can induce differentiated local
electronic densities of central metal atoms, which greatly
affects the adsorption of reaction intermediates and modu-
lates the catalytic activity of SACs. Although significant
progress has been achieved in the construction of SACs, there
is lack of effective strategy to precisely regulate coordination
number without disturbing the single-atom dispersion of
metal centers, 234!

Metal-organic frameworks (MOFs),[°! as a class of crys-
talline porous materials featuring tailorable composition and
structure, have demonstrated particular advantages on the
accurate construction of efficient catalysts.” Moreover,
MOFs have been recognized to be one of the most promising
candidates toward precise regulation on the coordination
environment of SACs.*® While great efforts have been
devoted, the currently adopted strategies to the modulation of
coordination number are almost limited to the one-step
pyrolysis of targeted metal-doped MOF precursors, where the
higher temperature leads to lower N coordination num-
ber.l*> However, the doped metal species possibly disturbs
the MOF formation. Accordingly, the synthesis of metal
doped MOF must be modified according to doped metal
species.[**% Meanwhile, given the synchronous MOF car-
bonization and single atom formation, complex synthetic
parameters, such as pyrolysis temperature, metal loading, etc.,
interplay each other in the one-step pyrolysis, seriously
restricting the flexibility and universality of this strategy.[**<*
On account of the dilemma above, the development of more
general approaches is highly desired to achieve the accurate
control over coordination environment in MOF-based SACs.
The decoupling of MOF carbonization and single atom
decoration, which can avert complex variates in the previous
one-step pyrolysis method, might be a promising and easy-to-
handle solution to coordination microenvironment modula-
tion of SACs.

Herein, a facile post-synthetic metal substitution (PSMS)
strategy has been developed to achieve controlled synthesis of
single-atom Ni catalyst with low coordination number on
a pre-designed N-doped carbon support derived from a Zn-
based MOF (Scheme 1). During the pyrolysis of the Zn-MOF
at 900°C, the Zn nanoparticles (NPs), once formed, can
vaporize readily due to their low boiling point and the N-
doped carbon loaded with abundant Zn-Nj sites (Zn-N;-C)
can be obtained. Taking advantage of the fragile Zn—N
coordination bonds in acidic media, the single Zn atoms from
Zn-N;-C can be easily removed, leaving N-doped carbon (N-
C) with abundant Zn vacancies surrounded by 3 N atoms.
Upon refilling Ni atoms into Zn vacancies, the Ni-N;-C, with
single Ni atoms coordinated by 3 N atoms on the N-doped
carbon, is elaborately fabricated. The Ni-N;-C catalyst
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Scheme 1. Fabrication of low-coordination single-atom Ni electrocata-
lysts via a PSMS strategy.

presents an ultrahigh CO Faradic efficiency (FE) up to 95.6 %
with a turnover frequency (TOF) of 1425 h~! at —0.65 V in the
electrocatalytic CO, reduction reaction (CO,RR), much
better than that of pure N-C and Ni-N,-C involving Ni-N,
sites. Theoretical calculations manifest that the low-coordi-
nated Ni atoms in Ni-N;-C greatly facilitate the formation of
COOH¥* intermediate, thereby accelerating CO, reduction.
More importantly, as a cathode in Zn—CO, battery, the Ni-N;-
C exhibits excellent CO selectivity (over 90%) in the
discharge process with excellent stability, paving the way to
the direct utilization of SACs in energy conversion systems.

The Zn-MOF, named ZIF-8 or MAF-4,” in a dodecahe-
dral morphology with a size of ~200 nm, presents a large
surface area (1203 m?g ') (Figure 1a and S1, S2). Upon
pyrolysis at 900°C, the obtained Zn-N;-C with high Zn
loading of 6.64 wt % shows well retained morphology as the
parent ZIF-8 (Figure 1b and c). No obvious Zn or ZnO
nanoparticle is observable, indicating the possible atomic
dispersion of Zn species on the carbon skeleton of Zn-N;-C
(Figure 1c and S3). X-ray photoelectron spectroscopy (XPS)
indicates the existence of Zn—N species in Zn-N;-C without
metallic Zn (Figure S4). After the removal of Zn atoms in Zn-
N;-C via HCl etching, followed by refilling extrinsic Ni atoms,
the Ni-N;-C catalyst with 0.85wt% Ni loading can be
obtained. Both SEM and TEM results show that the particle

Figure 1. a) Transmission electron microscopy (TEM) image of ZIF-8,
b) scanning electronic microscopy (SEM) and c) TEM images of Zn-
N;-C. d) SEM and e) TEM images of Ni-N;-C. f) The aberration-
corrected HAADF-STEM image of Ni-N;-C.
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size and polyhedral morphology of Ni-N;-C are almost
identical to Zn-N;-C (Figure 1d and e). No metallic Ni can
be identified in the TEM image of Ni-N;-C, implying the
possible atomic dispersion of Ni species (Figure 1¢). Nitrogen
sorption measurements reveal a high surface area (821 m*g ™)
of Ni-N;-C with similar pore size to that of Zn-N,-C,
manifesting the retained pore structure after the PSMS
process (Figure S5).

Powder X-ray diffraction (XRD) pattern of Ni-N;-C
presents two broaden peaks corresponding to the (002) and
(101) planes of carbon and no Ni-containing crystalline
phases can be observed (Figure S6), in accordance with the
above TEM results. Raman spectrum of Ni-N;-C shows a low
intensity ratio of D band to G band, which is similar to Zn-Nj5-
C, indicating the high graphitization degree of Ni-N;-C
(Figure S7). In addition to the characterizations on the
microstructure, the chemical composition and electronic
state of Ni-N;-C have been further investigated by X-ray
photoelectron spectroscopy (XPS). The Ni2p spectrum of Ni-
N;-C indicates the Ni oxidation state locating between Ni’
(853.0eV) and Ni** (855.7 eV), suggesting the existence of
partially oxidized Ni species (Figure S8).! The N 1s spec-
trum can be fitted into five typical peaks corresponding to
pyridinic N (398.3 V), metal-N species (399.1 eV), pyrrolic N
(400.2 eV), graphitic N (401.2 eV) and oxidized N (402.9 eV),
respectively (Figure 2a)."% The presence of oxidized Ni and
metal-N species in Ni-N;-C supports the atomic dispersion of
Ni in the form of Ni-N coordination (Figure 2a and S8).
Furthermore, the bright dots in the aberration-corrected high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of Ni-N;-C clearly
display the atomic dispersion of Ni atoms (Figure 1f). The
results above clearly confirm the successful construction of
single-atom Ni sites in Ni-N;-C after post-synthetic substitu-
tion of Zn by Ni atoms.

To further investigate the controlled formation process
from Zn-N;-C to Ni-N;-C at atomic scale, the synchrotron-
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Figure 2. a) The N 1s XPS spectrum of Ni-N;-C. b) Ni K-edge XANES
spectra and c) FT-EXAFS spectra of Ni-N;-C, Ni foil and Ni,O;.

d) EXAFS fitting of Ni-N;-C and (inset) optimized coordination envi-
ronment of Ni atoms.
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based X-ray absorption spectroscopy (XAS) measurements
have been performed on Zn-N;-C and Ni-N;-C. The Zn K-
edge X-ray absorption near-edge structure (XANES) spec-
trum of Zn-N;-C shows a higher near-edge absorption energy
than Zn foil, manifesting that Zn is in an oxidized state in Zn-
N;-C, in line with the XPS results (Figure S9a). In addition,
the Zn K-edge Fourier transforms (FT) extended X-ray
absorption fine structure (EXAFS) shows the atomic dis-
persion of Zn atoms without Zn—Zn bonding (Figure S9b).
Further EXAFS fitting reveals that each Zn atom is
coordinated by 3N atoms, confirming that Zn-N; is the
dominant coordination mode in Zn-N;-C (Figure S10,
Table S1). After HCI treatment, ~85% Zn atoms can be
removed from Zn-N;-C, leading to N-C with abundant Zn
vacancy (Figure S11). By virtue of the vacancy sites in the N-
C, Ni atoms are introduced to afford Ni-N;-C. As expected,
the Ni atoms in the resulting Ni-N;-C present similar
oxidation state and coordination environment to those of
Zn in Zn-N;-C. Specifically, in the Ni K-edge XANES
spectrum, the near-edge absorption energy of Ni-N;-C locates
between Ni foil and Ni,O;, indicating the oxidized Ni species
in Ni-N;-C (Figure 2b). In addition, the Ni K-edge FT-
EXAFS of Ni-N;-C displays a dominated peak centered at
1.43 A corresponding to the Ni-N scattering path, and no
peaks for Ni-Ni path can be observed (Figure 2c), which
clearly suggests the formation of single-atom Ni species.
Furthermore, the EXAFS fitting for Ni-N;-C indicates that
each Ni atom is 3-coordinated by three nitrogen atoms,
similar to that of Zn in Zn-N;-C (Figure2d and S12,
Table S2). The high degree of consistency of the oxidation
state and coordination number between the single Zn (Zn-N3-
C) and Ni (Ni-N;-C) atoms perfectly demonstrates the
reliability of the PSMS strategy for the rational control of
coordination environment.

In light of the characterization results above, the forma-
tion process of Ni-N;-C by PSMS approach can be well
understood. Due to the low boiling point (1180 K) of metallic
Zn, the generated Zn NPs at high temperature could readily
evaporate away in the pyrolysis process of ZIF-8, leaving
behind single-atom Zn species coordinated by N atoms in the
porous carbon matrix."!! Such unique “self-clean” mechanism
of Zn element makes it much easier to obtain single-atom Zn
at elevated temperature without Zn particles. Meanwhile, the
N coordination number of Zn atoms can be finely regulated
by controlling pyrolysis temperatures. When the pyrolysis
temperature of ZIF-8 reaches 900°C, the N coordination
number of single Zn atoms can be controlled at 3, affording
Zn-N;-C featuring Zn-Nj sites (Figure S9 and S10). Once the
single Zn atoms are removed, abundant Zn vacancies with
relatively high energy, which, surrounding by N atoms with
lone-pair electrons, are readily occupied by extrinsic metal
atoms with empty d orbital by coordination bonding, lowering
the energy of the system. In this situation, when Ni atoms are
introduced, they are prone to refill into the Zn vacancies
spontaneously, thereby producing Ni-N,-C with abundant Ni-
N; sites (Figure 2b-d). To further manifest the universality of
such PSMS strategy, Zn-N,-C, with similar physicochemical
properties to Zn-N;-C, has also been constructed at a slightly
lower pyrolysis temperature (800°C), guaranteeing sufficient
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N content for the formation of Zn-N; sites (Figure S6, S7, S13
and S14, Table S1). Upon acid etching and subsequent Ni
decoration, the Ni-N,-C involving Ni-N, sites is constructed
(Figure S15, Table S2). To our delight, Ni-N,-C exhibits
similar Ni loading (1.06 wt %) and physicochemical proper-
ties to Ni-N;-C (Figure S5, S6 and S14). Furthermore, Fe-N;-C
and Co-N;-C, with the central atoms coordinated by 3N
atoms, are also successfully fabricated by PSMS process
similar to Ni-N;-C (Figure S16 and S17, Table S3). These
results unambiguously manifest the inheritance of both
coordination number and microstructure from Zn-N,-C to
Fe-, Co-, and Ni-N,-C, highlighting the promising universality
of PSMS strategy toward the fabrication of SACs with well-
controlled coordination number. It can be seen that the core
idea of PSMS strategy is the predesign of single-atom Zn
catalysts with well-controlled coordination number followed
by the exterior metal substitution to inherit the coordination
number of single Zn atoms; this provides a new way to the
accurate coordination number modulation of SACs.
Encouraged by the results above, electrocatalytic CO,
reduction over Ni-N,-C has been examined. As indicated by
linear sweep voltammetry (LSV) profiles, Ni-N3-C presents
much larger current response for CO, reduction than that of
Ni-N,-C and N-C, suggesting the higher activity of Ni-N;-C
(Figure 3a, S18-S20). Significantly, Ni-N5-C shows a maxi-
mum CO FE up to 95.6% at —0.65V, far surpassing that of
Ni-N,-C (89.2% at —0.65 V), N-C (76.1% at —0.55 V), Zn-
N;-C (59.5% at —0.60 V) and Zn-N,-C (56.7% at —0.65 V)
(Figure 3b and S21). Meanwhile, the CO FE of Ni-N;-C can
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Figure 3. a) LSV curves, b) Faradaic efficiencies, c) CO partial current
densities and d) Tafel plots of Ni-N;-C, Ni-N,-C and N-C in CO,-
saturated 0.5 M KHCO;. e) Durability test of Ni-N;-C at a constant
potential of —0.65 V in CO,-saturated 0.5 M KHCO;. f) Reaction paths
and free energy diagrams of CO, reduction to CO for Ni-N,-C and Ni-
N,-C.
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be maintained above 90 % in a wide potential window from
—0.55V to —0.9 V with H, as the only byproduct (Figure 3b,
S22 and S23). Furthermore, Ni-N;-C shows a CO partial
current density (/o) of 6.64 mA cm 2 at —0.65 V with a TOF
of 1425 h™, much higher than those of Ni-N,-C and N-C
(Figure 3¢ and S24). The Tafel slope of Ni-N;-C is determined
to be 99 mV/decade, smaller than that of Ni-N,-C and N-C,
indicating the much favorable kinetics of Ni-N;-C for CO,RR
(Figure 3d). Meanwhile, Ni-N;-C also shows smaller charge
transfer resistance than Ni-N,-C, further supporting its much
higher catalytic activity (Figure S25). In addition, the best-
performed Ni-N;-C also shows ultrahigh stability with nearly
unchanged current density and CO FE under —0.65 V for 10 h
(Figure 3¢). These results unambiguously manifest that Ni-
N;-C, with lower coordination number of N, exhibits superior
catalytic performance for CO,RR, highlighting the critical
role of coordination microenvironment of single-atom Ni sites
toward electrocatalysis.

To further understand the excellent performance of Ni-
N;-C for CO,RR, density functional theory (DFT) calcula-
tions have been further conducted (Figure 3 f, S26 and S27).
Generally, the CO production by CO,RR is a two-electron
and two-proton transfer process in which the formation of
COOH* is always the rate-limiting step.'”! The free-energy
change for the formation of COOH* in Ni-Nj;-C is determined
to be 0.66 eV, far smaller than that of Ni-N,-C (1.52 eV),
displaying the surprisingly lower energy barrier of Ni-N;-C for
CO,RR, in accordance with the results in above experiments
(Figure 3 f).

In view of the excellent catalytic performance of Ni-N;-C
toward CO,RR, the Zn-CO, battery, as a promising energy
conversion technique for CO, utilization," has been inves-
tigated by employing Ni-N;-C as a cathode catalyst (Fig-
ure 4a). In the discharge and charge voltages under different
current densities, Ni-N;-C shows a discharge potential of
041V at 0.5mA during discharge process (Figure 4b).
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Figure 4. The measurements of Zn-CO, battery using Ni-N;-C as
cathode catalyst. a) Schematic illustration for Zn—CO, battery. b) Dis-
charge and charge voltage profiles for Zn—CO, battery. c) FE of Ni-N,-C
for CO and H, during the discharge process under different current
densities. d) Galvanostatic discharge-charge cycling curves at 2 mA for
100 cycles.
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Encouragingly, when the discharge current reaches 2.5 mA,
the discharge potential can be maintained at 0.2V (Fig-
ure 4b). Meanwhile, as an anode in the battery, Ni-N;-C
displays a charge potential of 2.4 V at 0.5 mA, which reaches
arelatively stable state after 1 mA (Figure 4b). Moreover, the
FE of CO in the discharge process reaches a maximum value
of 93 % at 2 mA, which can be maintained in a wide discharge
current range, manifesting the excellent selectivity to CO of
Ni-N;-C in Zn-CO, battery (Figure 4c). In addition, the
consecutive discharge-charge cycles at 2mA present the
stable voltage of Ni-N;-C after 100 cycles, underscoring the
excellent durability of the cell (Figure 4d).

In conclusion, a facile and rational PSMS strategy has
been developed to fabricate single-atom Ni catalysts by
replacing the atomically dispersed Zn sites with Ni atoms in
Zn-N,-C derived from ZIF-8. With this PSMS strategy, the
synthesis of SACs from MOF is divided into multi steps yet
simplifies the parameters in each step, making the synthesis
much more general, controllable and straightforward. Thanks
to the unique “self-clean” behavior of the low-boiling metallic
Zn during pyrolysis, the single-atom Zn can be readily
produced in the absence of concomitant Zn particle. Strik-
ingly, the coordination number of single Zn atoms in Zn-N,-C
can be easily regulated by simply varying the pyrolysis
temperature. Once extrinsic Ni atoms are introduced to
substitute the single-atom Zn, not only their atomic disper-
sion but also coordination configuration can be inherited in
a well-controlled manner. Remarkably, the optimal Ni-N;-C,
with single-atom Ni coordinated by 3N atoms, displays
excellent performance for CO, electroreduction with ultra-
high CO FE (95.6%) and TOF value (1425h™') at —0.65V,
much higher than those of Ni-N,-C with Ni-N, sites. Theo-
retical calculations unveil that the lower Ni coordination
number in Ni-N;-C greatly reduces the formation energy of
the rate determining step, thereby promoting the CO,
reduction process. In addition, the assembled Zn—CO, battery
with Ni-N;-C as a cathode catalyst offers ultrahigh FE of CO
in the discharge process with excellent stability. This work not
only demonstrates a facile, novel, general and rationally
controlled strategy to manipulate the coordination micro-
environment of SACs but also lays a foundation for the
promising application of SACs in rechargeable Zn-CO,
batteries.
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