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The conversion of CO, into value-added chemicals through the electrocatalytic CO, reduction reaction
(CO,RR) is considered as an up-and-coming way to facilitate the renewable closed carbon cycle and
energy storage. Therefore, the development of robust and low-cost CO,RR electrocatalysts is essential
but challenging. Herein, a Ni single-atom catalyst (Ni-SAs—NC) was successfully prepared via a precursor
assembly strategy and a subsequent one-step pyrolysis process. Characterization studies demonstrate
that abundant Ni single-atom active sites with the coordination structure of Ni—N4 are uniformly dis-
persed in Ni-SAs—NC, which consequently endow it with outstanding electrocatalytic CO,RR perform-
ance. Strikingly, the as-prepared Ni—SAs—NC can selectively convert CO, into CO with a high faradaic
efficiency of up to 98%, and can maintain the high values exceeding 90% in a wide potential range from
—0.6 to —1.0 V. This work provides a new protocol to prepare high-efficiency but low-cost single-atom
electrocatalysts toward the CO,RR and other electrochemical reactions.
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1. Introduction

The rapid increase of the concentration of CO, in the atmo-
sphere caused by the excessive emission of CO, makes the
greenhouse effect a more serious concern.' Recently, electro-
chemical reduction of CO, into value-added chemicals and
fuels using clean and renewable electricity has represented a
feasible and promising method to achieve closing of the
anthropogenic carbon cycle and energy storage simul-
taneously.” However, multiple proton-electron transfer pro-
cesses, as well as the concomitant competitive hydrogen evol-
ution reaction, always occur during the electrochemical CO,
reduction reaction (CO,RR).*"® Therefore, it is essential to
develop highly efficient CO,RR electrocatalysts to achieve the
exclusive production of the desired products with low energy
inputs. Among various reduction products, CO is suggested as
one of the most economically profitable products.”® Ag and Au
based electrocatalysts can achieve the conversion of CO, into
CO with high faradaic efficiency (FE) at a low overpotential.” ™"
However, the high cost and low stability severely hinder their
wide applications.'>**
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Very recently, due to the ~100% atomic availability and extra-
ordinary physical and catalytic properties in comparison with
those of their bulk counterparts, single-atom catalysts (SACs)
have quickly sparked interest in electrocatalytic fields.">™’
Numerous efforts have been devoted to explore the preparation
of SACs. Remarkably, anchoring metal single atoms on nitro-
gen-doped carbon substrates to form the porphyrin-like (M-N,)
coordination structure is one of the most efficacious strategies
to prepare high-efficiency SACs, especially the non-noble tran-
sition metal-based SACs, with satisfactory CO,RR performance
for CO production.'®* Jiang et al. demonstrated that Ni single
atoms dispersed into graphene nanosheets could present a
high FE of 95% for CO generation in water.>* Daasbjerg et al.
developed a general method to synthesize transition metal-
based SACs from cheap carbon precursors. Meanwhile, they
also found that the kind of metal could significantly affect the
selectivity for the conversion of CO, to CO.>* Moreover, due to
their well-defined chemical structures, uniform heteroatom
doping, and tunable morphologies, Metal-Organic Frameworks
(MOFs) are usually employed as precursors or templates to syn-
thesize SACs for the CO,RR.**® Zhang et al. facilely synthesized
a bismuth single-atom catalyst by thermal decomposition of a
Bi-MOF with dicyandiamide, which can exclusively convert CO,
into CO with a high FE of up to 97%.>” Although intensive
efforts have been devoted to the preparation of SACs toward the
CO,RR, complicated processes and posttreatments such as acid
washing are still needed. Meanwhile, it is still challenging to
synthesize transition metal based SACs that can simultaneously
achieve high activity and selectivity in a wide potential window
for CO generation.
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Herein, we successfully fabricated a single-atom Ni catalyst
(Ni-SAs-NC) by a simple precursor assembly strategy and a
subsequent one-step pyrolysis process. Aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and the Fourier transformed
extended X-ray absorption fine structure (FT-EXAFS) spectrum
revealed that highly dense Ni active sites with the coordination
structure of Ni-N, were atomically dispersed in Ni-SAs-NC.
Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) indicated that high Ni loadings up to 2.0 wt% could
be achieved. Consequently, the as-prepared Ni-SAs-NC
showed excellent electrochemical performance toward the con-
version of CO, to CO during the CO,RR process. Specifically,
the FE for CO generation can be up to 98% without any degra-
dation in 30 h long-term electrocatalysis at —0.65 V. Moreover,
the FEs for Ni-SAs-NC could be maintained exceeding 90% in
a wide potential range from —0.6 to —1.0 V.

2. Experimental
2.1. Synthesis of the Ni-based polymer precursor

The Ni-based polymer precursor was prepared based on the
coordination of Ni** and an organic ligand TIPA ({tris(4-(1H-
imidazol-1-yl)phenyl)amine}), in which TIPA was synthesized
according to a previous work.”®

2.2. Synthesis of Ni-SAs-NC

A mixture of Ni-TIPA (0.20 g), TIPA (0.50 g) and commercial
carbon black (CB, 0.50 g) was dispersed in 20.0 mL ethanol
with stirring for 2 h. Then, the solvent was removed through
rotary evaporation. Afterward, the mixture was put in a tube
furnace and subjected to pyrolysis at 400 and 800 °C for 2 h in
a sequential process under N, flow. After cooling to ambient
temperature, a black powder named Ni-SAs-NC was obtained
without any post-treatments.

2.3. Synthesis of NC and Ni-NPs-NC

NC was prepared similar to Ni-SAs-NC, except that Ni-TIPA
was not added in the precursor. TIPA (0.50 g) and commercial
carbon black (CB, 0.50 g) were dispersed in 20.0 mL ethanol
with stirring for 2 h. Then, the black powder was calcined in
the same way as Ni-SAs-NC. Ni-NPs-NC was prepared similar
to Ni-SAs-NC, except that the precursor was prepared via the
dispersion of NiSO,-6H,0 (0.16 g), imidazole (0.54 g), tris(4-
bromophenyl)amine (TBA, 0.96 g) and commercial carbon
black (0.50 g) in 20.0 mL ethanol.

2.4. Physical characterization

Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku Dmax2500 diffractometer with Cu Ka radiation (4 =
1.54056 A). X-ray photoelectron spectra (XPS) were obtained
using an ESCALAB 250Xi X-ray photoelectron spectrometer
(Thermo Fisher, ESCALAB 250Xi, Al Ka source (15 kV, 10 mA)).
Ni K-edge X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra were col-
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lected on the beamline 1W1B of the Beijing Synchrotron
Radiation Facility (BSRF). CO, adsorption analysis was carried
out using a Micromeritics ASAP 2020 instrument at 298 K. The
content of Ni was measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Agilent 7700s). Scanning
electron microscopy (SEM) images were obtained using a field
emission  scanning  electron  microscope  (JSM6700-F).
Transmission electron microscopy (TEM), including high-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM), images and elemental mapping images of the
samples were obtained on a FEI Titan Themis spherical aberra-
tion corrected transmission electron microscope at 300 kv.

2.5. Electrochemical characterization

All electrochemical measurements were carried out in a proton
membrane (Nafion 117) separated gas-tight H-type electro-
chemical cell, which was connected to an electrochemical work-
station (CHI760E). A catalyst coated rotating disc electrode
(RDE, 0.196 cm?) or a glassy carbon electrode (GCE, 1.0 cm?)
was used as the working electrode, while a platinum net (1.0 x
1.0 cm?) and Ag/AgCl (3 M KCI) were employed as the counter
and reference electrodes, respectively. To prepare the working
electrode, the catalyst ink was obtained by dispersing 5.0 mg
catalyst into a solution containing 360 pL of isopropanol,
120 pL of water and 20 pL of 5 wt% Nafion solution with soni-
cation. Then, the ink was dropped onto the surface of the RDE
or GCE, and dried at ambient temperature, leading to a catalyst
loading of 0.25 mg cm™>. CO,-saturated 0.5 M KHCO; (pH ~
7.4) was used as the electrolyte. CO, with a flow rate of 10.0
scem (standard cubic centimeter per minute) was continuously
fed into the electrolyte during the CO,RR process. All measured
potentials in this work were calibrated to the reversible hydro-
gen electrode (RHE) scale through the following formula: Egyg
= Eagiagal + 0.197 + 0.059 x pH (V). All electrochemical data in
this work are based on the electrode geometric area.

2.6. Faradaic efficiency calculation

The gaseous (CO and H,) and liquid products during the
CO,RR process were quantitatively analyzed by gas chromato-
graphy (GC-2014C, Shimadzu) and ion chromatography
(CIC-D100, SHINE), respectively. The faradaic efficiency (FE) of
each product was calculated as follows:*’

_Vi><N><F

FE; -
Jtotal

where V; represents the production rate of i; N represents the
number of electrons transferred for product formation (N = 2
for CO and H,); F represents the faradaic constant (96 485 C
mol™"); jiota Tepresents the total current density; and i rep-
resents CO or H,.

3. Results and discussion

Fig. 1a schematically shows the synthesis procedure of Ni-SAs-
NC. Initially, the Ni-based polymer precursor, named Ni-TIPA,
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Fig. 1 (a) The schematic illustration of the preparation of Ni-SAs—NC.
(b) PXRD patterns of Ni—SAs—NC, Ni—-NPs—NC and NC. (c) TEM and (d)
EDX elemental mapping images of Ni, C and N elements of Ni—-SAs—NC
(scale bar = 5 nm). (e) HAADF-STEM image of Ni—SAs—NC.

was prepared via the assembly of Ni** and the N-containing
ligand (TIPA).>® As shown in Fig. S1,1 the prepared Ni-TIPA
features a cauliflower-like morphology. Then, the mixture of
Ni-TIPA, TIPA and commercial carbon black underwent one-
step high-temperature pyrolysis. Finally, a black powder was
obtained without any post-treatments and named Ni-SAs-NC.
For comparison, the non-assembled sample Ni-NPs-NC and
non-metal catalyst NC were synthesized in the same way as Ni-
SAs-NC.

The powder X-ray diffraction (PXRD) pattern of Ni-SAs-NC
only displays two broad diffraction peaks in ranges of 20-30°
and 40-47.5° (Fig. 1b), corresponding to the C (002) and (101)
planes, respectively, indicating that metallic Ni or Ni-based
compounds were not generated in the as-prepared Ni-SAs-NC.
In contrast, two sharp diffraction peaks at 41.6° and 52.0° were
observed in Ni-NPs-NC, which are indexed well with metallic
Ni (PDF#70-0989), indicating the vital role of Ni-TIPA to
achieve the atomic dispersion of Ni atoms. Moreover, trans-
mission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images (Fig. 1c and S2at) confirm that no Ni clusters
or nanoparticles were present in Ni-SAs-NC, which is in agree-
ment with the PXRD pattern result. However, energy dispersive
X-ray spectroscopy (EDX) elemental mapping images (Fig. 1d)
illustrate that the signal of the Ni element was distributed uni-
formly in Ni-SAs-NC, implying that Ni might exist in Ni-SAs—
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NC in an atomically dispersed state. High-angle annular dark
field-scanning transmission electron microscopy
(HAADF-STEM) was performed to further identify the dis-
persion of Ni atoms in Ni-SAs-NC. As shown in Fig. 1le and
S2b, c,t high-density bright dots were observed, disclosing
that the single Ni atoms were dispersed on the carbon matrix
uniformly. Inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) indicates that a Ni loading of 2.0 wt% can
be obtained in Ni-SAs-NC. Ni-Nps and NC substrates as its
counterparts show a similar morphology (Fig. S31). Raman
spectra show two characteristic peaks located at 1344 and
1582 em™" (Fig. S47), which correspond to the D-band and
G-band of the carbon materials, respectively. However, the rela-
tive intensity ratios of the D-band and G-band (Ip/I;) for Ni-
SAs-NC, Ni-NPs-NC and NC are about 1.0, implying that the
samples possess similar degrees of graphitization and dis-
order. Fig. S5at shows the nitrogen adsorption-desorption iso-
therms of NC, Ni-SAs-NC and Ni-NPs-NC. The calculated
Brunauer-Emmett-Teller (BET) surface area of Ni-SAs-NC is
210 m?® g~', which is similar to that of NC (204 m* g~') and
higher than that of Ni-NPs-NC (156.6 m* g~ '), demonstrating
that Ni-SAs-NC may expose more active sites. Furthermore,
Ni-SAs-NC presents much higher CO, adsorption ability than
Ni-NPs-NC (Fig. S5bt), which is beneficial for improving its
CO,RR performance.®®

Furthermore, the surface electronic states of the samples
were studied by X-ray photoelectron spectroscopy (XPS). The
XPS survey spectra of Ni-SAs-NC and Ni-NPs-NC reveal the
presence of Ni and N (Fig. S6at). The detected Ni content in
Ni-SAs-NC is about 2.4 wt%, which is consistent with the
ICP-AES result. Then, the high-resolution XPS N 1s spectra of
Ni-SAs-NC and Ni-NPs-NC were further analyzed. It can be
clearly observed in Fig. S6bt that both of them can be decon-
voluted into five individual peaks, corresponding to pyridinic-
type N, Ni-N,, pyrrolic-type N, graphitic-type N and oxidized-
type N.>" Table S11 shows the contents of different types of N
species in Ni-SAs-NC and Ni-NPs-NC. Compared with Ni-
NPs-NC, Ni-SAs-NC has a higher content of graphitic-type N
species, which is beneficial for improving its CO,RR
performance.?*** Meanwhile, we found that the content of the
Ni-N, species in Ni-SAs-NC is much higher than that in Ni-
NPs-NC, demonstrating that Ni-SAs-NC may possess more
active sites for the CO,RR. The high-resolution Ni 2p XPS spec-
trum of Ni-SAs-NC is shown in Fig. 2a. The peaks at around
855 and 873 eV can be attributed to the Ni 2ps/,, and Ni 2py,
peaks of Ni**, respectively.** However, the binding energies of
these two peaks are slightly lower than that of Ni** in nickel
phthalocyanine (NiPc), indicating that the valence state of Ni
in Ni-SAs-NC is higher than 0 but lower than 2. Moreover, the
X-ray absorption near-edge structure (XANES) spectrum was
further applied to explore the valence state of Ni atoms in Ni-
SAs-NC. As shown in Fig. 2b, the absorption edge of Ni-SAs-
NC locates between Ni foil (Ni’) and NiPc (Ni*), indicating
that the valence state of Ni in Ni-SAs-NC is between 0 and 2+,
which is well consistent with the XPS result.”® In the Fourier

transformed extended X-ray absorption fine structure
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Fig. 2 (a) Ni 2p XPS spectra of NiPc, Ni-SAs—NC and Ni-NPs—-NC. (b)
Ni K-edge XANES spectra of Ni-SAs—NC, NiPc and Ni foil. (c) Fourier-
transformed EXAFS spectra of Ni-SAs—NC, NiPc, and Ni foil. (d) Fourier-
transformed EXAFS fitting results of Ni—-SAs—NC (inset shows the pro-
posed structural model of Ni-SAs—NC).

(FT-EXAFS) spectrum (Fig. 2c), only one prominent peak at
2.16 A representing the Ni-Ni bond is observed in Ni foil. In
contrast, Ni-SAs-NC only displays the main peak at 1.40 A,
corresponding to the interaction of Ni-N, which is similar
to that of NiPc,*' revealing that the coordination environment
of Ni in Ni-SAs-NC is similar to that of Ni in NiPc. The Ni
EXAFS fitting curves shown in Fig. 2d and Table S2} confirm
that the Ni atom in Ni-SAs-NC is coordinated by four N atoms
to generate the possible Ni-N, structure, which is considered
as the active site for Ni single-atom-based CO,RR
electrocatalysts.>

The CO,RR performance of Ni-SAs-NC was evaluated in an
H-type electrocatalytic cell with a standard three-electrode
system, in which a platinum net and Ag/AgCl (3 M KCl) were
used as the counter and reference electrodes, respectively. CO,-
saturated 0.5 M KHCO; was used as the electrolyte. Linear
sweep voltammetry (LSV) curves of the samples were obtained
on a rotating disc electrode at a rotation speed of 1600 r.m.p.
As shown in Fig. 3a, unlike Ni-NPs-NC and NC, Ni-SAs-NC
delivers much higher current densities under a CO, atmo-
sphere in comparison with those under a N, atmosphere, indi-
cating the efficient occurrence of the CO,RR.*> Meanwhile, Ni-
SAs-NC can exhibit a much positive onset potential and a
higher current density than Ni-NPs-NC and NC, suggesting
that the Ni species, especially Ni-N, centers, are the more
favorable active sites for the CO,RR. Notably, NC, without Ni,
exhibited negligible current densities. Therefore, Ni particles
play an important role in electron transfer.

During the CO,RR process, the gaseous and liquid products
were quantitatively analyzed by on-line gas chromatography (GC)
and ion chromatography, respectively. CO and H, are the only
detected products in the applied potential range from —0.5 to
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Fig. 3 (a) LSV curves of Ni-SAs—NC, Ni-NPs—NC and NC obtained on
a rotating disc electrode at a rotation speed of 1600 r.m.p. and a scan
rate of 5 mV s~ under a CO, (solid lines) or N, (dashed lines) atmo-
sphere. (b) Potential-dependent FEs of CO for Ni—SAs—NC, Ni-NPs—-NC
and NC. (c) Partial current density of CO and (d) the corresponding Tafel
plots for Ni-SAs—NC, Ni-NPs—NC and NC. (e) Long-term stability test
of Ni-SAs—NC at —0.65 V for 30 h. (f) Comparison of the CO,RR per-
formance of Ni—-SAs—-NC and some state-of-the-art Ni single atom
catalysts.

—1.2 V. As shown in Fig. 3b, NC exhibits negligible activity for the
conversion of CO, into CO. After anchoring Ni single atoms, the
as-prepared Ni-SAs-NC has a maximum faradaic efficiency of CO
(FEco) of up to 98% at —0.65 V, corresponding to an overpotential
of 540 mV, and can maintain the high FEc, exceeding 90% in an
extensive potential range from —0.6 to —1.0 V. In contrast, Ni-
NPs-NC only shows the highest FE, of 85% at —0.9 V, and main-
tains the high FEco in narrow potential points. Furthermore, Ni-
SAs-NC could deliver a CO partial current density (jco) of up to
31 mA cm™ at —0.96 V, which is much higher than those of Ni-
NPs-NC and NC. Tafel plots of the samples were obtained based
on their joo (Fig. 3c). As shown in Fig. 3d, Ni-SAs-NC exhibits a
lower Tafel slope (127.6 mV dec™") than Ni-NPs-NC (155.0 mV
dec™) and NC (306.5 mV dec™'), indicating favorable reaction
kinetics. Meanwhile, the values of the Tafel slopes for Ni-SAs-NC
and Ni-NPs-NC are close to 118 mV dec™, implying that the first
electron transfer process is the rate-determining step for CO gene-
ration.?® In addition, Ni-SAs-NC possesses a higher electrochemi-
cally active surface area than Ni-NPs-NC and NC (Fig. S7}), reveal-
ing that Ni-SAs-NC possesses more active sites.””*® The favorable
reaction kinetics and highly exposed active sites may promote the
CO,RR activity for Ni-SAs-NC. Besides the excellent CO,RR
activity, Ni-SAs-NC also exhibits conspicuous long-term stability.
As shown in Fig. 3e, Ni-SAs-NC can deliver a steady current
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density and a high FEqo at —0.65 V during 30 hour electrocataly-
sis. Moreover, HAADF-STEM was conducted to determine the
origin of the performance stability (Fig. S87). The Ni atoms in Ni-
SAs-NC can maintain their atomic dispersion state finely after the
stability test without obvious agglomeration, and can eventually
lead to good electrochemical stability.*>*® Consequently, the excel-
lent CO,RR performance makes Ni-SAs-NC one of the most
promising Ni single-atom based CO,RR electrocatalysts (Fig. 3f
and Table S37).

4. Conclusions

In summary, a Ni single-atom catalyst named Ni-SAs-NC was
prepared by a facile two-step process involving ingenious Ni-
based precursor assembly and a simple one-step pyrolysis
process. ICP-AES indicates that a high loading (2.0 wt%) of Ni
can be achieved in Ni-SAs-NC. HAADF-STEM images and XPS,
XANES and EXAFS spectra demonstrate that highly dense Ni
active sites with the coordination structure of Ni-N, were atom-
ically dispersed in Ni-SAs-NC, which consequently endow the
as-prepared Ni-SAs-NC with outstanding electrocatalytic CO,RR
properties. Notably, the faradaic efficiency for CO generation
can exceed 90% in a wide potential range from —0.6 to —1.0
V. Meanwhile, Ni-SAs-NC can also deliver a high CO partial
current density and outstanding long-term stability. This work
provides a cost-effective way to prepare a Ni-based single-atom
electrocatalyst with excellent CO,RR performance for CO pro-
duction and inspires the exploration of high-efficiency single-
atom catalysts for electrochemical applications.
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