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Efficient generation of synthetic gas (syngas) through the electrochemical reduction of CO, and H,O is a
promising route to realize the conversion and storage of electricity. The production of syngas with a con-
trolled CO/H, ratio is significant for the subsequent preparation of value-added chemicals. Herein, a
guest—host pyrolysis strategy is employed to synthesize Co—C/N,-based single-site catalytic materials.
The as-prepared materials possess a high graphitic degree of carbon, which supports the rapid electron
transport and promotes efficient electrochemical reduction reactions. As a result, these materials can
serve as excellent electrocatalysts for the production of syngas by the electrochemical reduction of CO,
and H,O, which exhibits high production rates and steady CO/H, ratio (v:v = 1:2) at wide-range electro-

Received 17th November 2020,
Accepted 5th January 2021

DOI: 10.1039/d0qi01351) chemical windows. The faradaic efficiency reaches nearly 100%, and the formation rate reaches as high as

Published on 06 2021. Downloaded on 12.06.2026 05:04:33.

rsc.li/frontiers-inorganic 1.08 molg~*h™tat 1.0 V vs. RHE.

1. Introduction

Synthetic gas (syngas), a mixture of carbon monoxide (CO) and
hydrogen (H,), is one of the most important types of raw
materials for producing synthetic fuels and value-added indus-
trial chemicals.'® Owing to the increase in the energy con-
sumption and environmental concerns induced by the exces-
sive usage of fossil fuels, syngas may become an important
alternative  carbon resource replacing fossil  fuels.
Conventionally, syngas is generated by reforming non-renew-
able fossil fuels under a high temperature.””® The pathway
requires substantial separation and refinement operation
steps, which increase the consumption of fossil fuel and aggra-
vate the energy crisis. The electrochemical reduction of CO,
and H,O is a promising route to produce syngas because of its
high energy-conversion efficiency and production rates.”™*
The key to this technology was to develop suitable electrocata-
lysts that could finely balance the CO, reduction reaction
(CO,RR) and the hydrogen evolution reaction (HER) to pre-

“Institute for New Energy Materials and Low Carbon Technologies, School of
Materials Science and Engineering, Tianjin University of Technology, Tianjin

300384, China. E-mail: dczhong@email.tjut.edu.cn

bShanghai Synchrotron Radiation Facility, Shanghai Institute of Applied Physics,
Chinese Academy of Sciences, Shanghai 201204, China

tElectronic supplementary information (ESI) available: Experimental section
and supplementary figures. See DOI: 10.1039/D0QI01351]

{These authors contributed equally to this work.

This journal is © the Partner Organisations 2021

cisely control the CO/H, ratios. Several electrocatalysts with
high catalytic activities for syngas production have been
reported. For example, Kang et al. built a three-component
catalytic system by combining Co;0,, CDots and C3;N,, with
which the CO/H, ratio could be tuned from 1:4 to 1:0.07 by
controlling the applied potential."® Zeng et al. developed a
series of CdS,Se;_, catalysts for the production of syngas. They
observed that with an increase in Se content in CdS,Se;_,, the
FE for H, production increased. At —1.2 V vs. RHE, the ratio of
CO/H, in the products varied from 4:1 to 1:4 in CdS,Se;_,
nanorods (x is from 1 to 0)."® We found that a Ni(m) tripodal
complex could be utilized as an electrocatalyst for the pro-
duction of syngas in a water-containing medium. The compo-
sition of the evolved syngas could be well tuned by varying the
applied potential."”

In mature syngas conversion technologies, the syngas used
for the synthesis of downstream products was usually in
certain ratios of CO/H,. For instance, a ratio of CO/H, of 1: 0.6
was often used to produce hydrocarbons by Fischer-Tropsch
process,'®*>* and a ratio of CO/H, of 1:2 was often used for
methanol production.”® Therefore, an efficient production of
syngas with a desired CO/H, ratio was significant and much in
demand. In this case, the syngas could be directly used, and
no purification cost was involved. Among the downstream pro-
ducts of syngas, methanol is an important substance in the
current chemical industry. Thus, a controlled synthesis of
syngas with a 1:2 ratio of CO/H, is much desired. Although
several electrocatalysts can produce syngas with a 1:2 ratio of
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Fig.1 (a) Cage structure of Co,L@ZIF-8. (b) PXRD patterns of
x-Co,L@ZIF-8. (c) FT-IR spectra of Co,L, ZIF-8, physically mixed Co,L +
ZIF-8, and host—guest Co,L@ZIF-8. (d) N, adsorption isotherms of ZIF-8
and 10-Co,L@ZIF-8 at 77 K.

CO/H,,>>*" those with low onset overpotential, high current
density, and wide electrochemical window are still highly
desired.

Herein, we proposed a guest-host pyrolysis strategy to
prepare Co single-site catalysts for an efficient electrocatalytic
reduction of CO, and H,O to steadily produce syngas with a
1:2 ratio of CO/H, at a wide electrochemical window. First, we
encapsulated a dinuclear Co(u) cryptate molecular complex
([Co,(OH)L](Cl0,); (Co,L; L = N[(CH,),NHCH,(m-C¢H,)CH,NH
(CH,),]sN)*** into a structurally caged ZIF-8 (Fig. 1a). The
resultant Co,L@ZIF-8 with different amounts of Co,L were pyr-
olyzed at different temperatures to obtain a series of Co-
carbon/nitrogen (Co-C/Nx)-based catalysts. As the cages in
ZIF-8 could serve as molecular fences to spatially separate the
Co,L precursors, the generated cobalt atoms would not aggre-
gate during the pyrolysis process. Consequently, single-site
Co-carbon/nitrogen (Co-C/Ny)-based catalysts were success-
fully prepared by a guest-host pyrolysis strategy. More impor-
tantly, the as-obtained Co-C/Ny catalysts demonstrated excel-
lent catalytic performances for the production of syngas by the
simultaneous electrochemical reduction of CO, and H,O. The
optimal catalyst exhibited an exceptionally high production
rate of 1.08 mol g¢~' h™" at 1.0 V vs. RHE. Moreover, the ratio of
CO/H, could be maintained as 1:2 at a wide electrochemical
window of —1.0 to —0.5 V.

25-30

2. Experimental
2.1. Materials

All of the chemicals and materials were commercially obtained
and used without further purification. Nafion solution (5 wt%)
was purchased from Alfa Aesar. All of the solutions used in the
electrochemical experiments were prepared with Millipore
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water (18.2 MQ). The purity of both argon and CO, was
99.999%. Co,L** and ZIF-8*” were synthesized according to the
literature methods.

2.2. Preparation

2.2.1. x-Co,L@ZIF-8. 25 mL methanol containing Zn(NOj),-
6H,0 (950 mg, 5 mmol) and 5 mL CH;CN containing x mg
Co,L (x = 5, 10, 20 and 40 mg) were homogeneously mixed,
and then the mixture was slowly added to 25 mL methanol
solution containing 2-methylimidazole (2 g, 24.4 mmol). The
obtained mixture was further stirred for 1 h and then main-
tained at room temperature for 24 h. x-Co,L@ZIF-8 composites
with different contents of Co,L were obtained as precipitates.
They were centrifuged and washed with DMF and MeOH 3
times, respectively, and dried at 70 °C overnight (yield: ca.
850 mg).

2.2.2. x-Co,L@ZIF-8-T. 100 mg x-Co,L@ZIF-8 precursor
prepared above was placed in a tube furnace and heated to a
specified temperature (T = 650, 750, 850, and 950 °C) at a
heating rate of 5 °C min~"'. After maintaining at this tempera-
ture for 2 h under a flow of Ar atmosphere, the furnace was
cooled naturally to room temperature. x-Co,L@ZIF-8-T with a
yield of ca. 250 mg was obtained and used for the structural
characterization and catalytic performance estimation. The
contents of Co in x-Co,L@ZIF-8-T were tested by ICP-MS, and
the results are listed in Table S1.}

2.3. Characterization

Fourier transform infrared (FT-IR) spectra were recorded on a
PerkinElmer Frontier Mid-IR FT-IR spectrometer in the
400-4000 cm ™" region with KBr pellets. Powder X-ray diffrac-
tion (XRD) patterns were recorded on a Smart X-ray diffract-
ometer (SmartLab 9 kW, Rigaku, Japan) equipped with graph-
ite monochromatized with a Cu Ka source (radiation) (4 =
1.54178 A). Nitrogen sorption tests were performed on a
multi-station specific surface micropore and vapor adsorp-
tion analyzer (BELSORP-Max, MicrotracBEL, Japan) at 77 K.
X-ray photoelectron spectra (XPS) were measured on an
ESCALAB 250 Xi. Scanning electron microscopy (SEM) images
were recorded on a Verios 460 L Ultrahigh Resolution
Scanning Electron Microscope. Transmission electron
microscopy (TEM) measurements were carried out by using a
Tecnai G2 Spirit TWIN at an acceleration voltage of 120 kV.
HAADF-STEM images were obtained using a Transmission
Electron Microscope with a probe corrector (Titan Themis
Cubed G2 60-300, FEI). X-ray absorption fine structure (XAFS)
spectra were obtained from BL14W1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF). The metal (Co and Zn)
contents in the prepared catalysts were measured by induc-
tively coupled plasma-atomic emission spectroscopy
(ICP-AES, SPECTROBLUE). Raman spectra were acquired with
a Horiba Jobin-Yvon LabRAM HR800 spectrometer using a
514.5 nm laser for excitation. Electrochemical measurements
were carried out on a CHI 670E electrochemical workstation.
The evolved CO and H, were monitored by using an Agilent
7820A gas chromatograph or a Shimadzu GC-2014 gas chro-
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matograph. The liquid product was characterized by 'H
NMR on a Bruker AVANCE III HD using a pre-saturation
sequence.

2.4. Electrochemical measurements

All of the electrochemical measurements were conducted in an
airtight H-type cell using a CHI 670E electrochemical station
with a three-electrode configuration. The H-type cell was separ-
ated by a Nafion membrane (Nafion 117, DuPont) and filled
with 40 mL 0.1 M KHCO; aqueous solution in each side. A
platinum foil and an Ag/AgCl (3 M KCl) electrode were used as
the counter and reference electrodes, respectively. The working
electrode was prepared as follows: 5 mg catalyst was dispersed
in an ethanol solvent (1 mL) with 50 pL Nafion solution
(5 wt% in water). The suspension was ultrasonicated for
30 min to generate a homogeneous ink. The ink was then
drop-casted onto a piece of carbon cloth with a size of 0.5 cm
x 2.0 cm with 0.5 mg cm ™2 loading for catalysts.

0.1 M KHCO; aqueous solution was used as the electrolyte
(pH - 7.8). Prior to the tests, the electrolyte was purged with Ar
or CO, for at least 20 min. The gas product was detected by gas
chromatography (GC), and the liquid product was character-
ized by "H NMR spectroscopy. The liquid product concen-
tration was quantified by using dimethyl sulfoxide (DMSO) as
the internal standard. Cyclic voltammetry (CV) measurements
at 100 mV s~ were performed for 20 cycles prior to recording
a linear scan voltammetry (LSV) at 10 mV s~ " for each sample.
Each sample on the same substrate was measured for at
least three independent times. Electrochemical Impedance
Spectroscopy (EIS) measurements were conducted in
static solution at —1.2 V (vs. Ag/AgCl). The amplitude of the
sinusoidal wave was 10 mV, and the frequency scan range was
from 100 kHz to 100 Hz. EIS spectra were analyzed using the
Nova software package. Unless otherwise stated, all experi-
ments were performed at ambient temperature, and the
electrode potentials were converted to the RHE scale using
the equation E (RHE) = E (Ag/AgCl) + 0.197 V + 0.059 x pH.
The mole number for a given gas product was calculated as
below:

ni = Xj X E
where x; is the volume fraction of the product by online GC, v,
is the volume of airtight H-type cell by excluding 40 mL 0.1 M
KHCO;j; electrolyte, P = 101.3 kPa, R is the gas constant, and T
is the room temperature (298.15 K).
The faradaic efficiencies (FE%) for CO and H, production
were calculated at a given potential as follows:

i ni Xx N X F
Ji o 100% = ————
.]total Z]l

where J; is the partial current density for product formation,
Jiotal is the total current density, N is the number of electrons
transferred for product formation, where N is 2 for CO and H,,
n; is the production rate of CO or H, (measured by GC) and F
is the faradaic constant (96 485 C mol ™).

FE% = x 100%
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3. Results and discussion

3.1. Structure and morphology

3.1.1. x-Co,L@ZIF-8. The powder X-ray diffraction (PXRD)
patterns demonstrated that the diffraction peaks of
x-Co,L@ZIF-8 completely matched with those obtained for
ZIF-8, which indicated that the encapsulation of Co,L did not
destroy the framework of ZIF-8 (Fig. 1b). Fourier transform
infrared (FT-IR) spectroscopy showed that the characteristic
absorbance peaks of 10-Co,L@ZIF-8 were slightly different
from the peaks of the physically mixed Co,L + ZIF-8, indicating
the inherent interactions between Co,L and ZIF-8 in
Co,L@ZIF-8 (Fig. 1c). N, sorption measurements revealed that
the Brunauer-Emmett-Teller (BET) surface area of
10-Co,L@ZIF-8 (1583 m* g~') was slightly smaller in contrast
to ZIF-8 (1824 m* g '), which illustrated that the encapsulation
of Co,L occupied some pore volume of ZIF-8 and the success-
ful encapsulation of Co,L by ZIF-8 (Fig. 1d).

3.1.2. x-Co,L@ZIF-8-T. x-Co,L@ZIF-8 composites were
further pyrolyzed at different temperatures, affording a series
of Co-C/Nx-based catalysts (x-Co,L@ZIF-8-T). For comparison,
ZIF-8 was also pyrolyzed to form an N-doped nanoporous
carbon (ZIF-8-T). Fig. 2a shows that the PXRD pattern of
10-Co,L@ZIF-8-850 is similar to that of ZIF-8-850, and no extra
diffraction peaks except broad diffraction peaks at ~25.3°
corresponding to graphitic carbon were observed, indicating
the absence of Co species aggregation. High resolution scan-
ning electron microscopy (HRSEM) and transmission electron
microscopy (TEM) measurements of the as-prepared
10-Co,L@ZIF-8-850 exhibited an average diameter of ~100 nm
and a regular polyhedral bulk morphology with a rugged
surface (Fig. 2b-d), similar to that of ZIF-8-850 (Fig. S27).

10-Co,L@ZIF-8-850

ZIF-8-850

20 nm

Fig. 2 (a) PXRD patterns of 10-Co,L@ZIF-8 and ZIF-8-850. (b) SEM and
(c, d) TEM images of 10-Co,L@ZIF-8-850. (e) HRTEM images and the
corresponding elemental mapping of 10-Co,L@ZIF-8-850. (f)
HAADF-STEM images of 10-Co,L@ZIF-8-850.
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Consistent with the PXRD result, no Co species aggregation
was observed in the TEM image (Fig. 2d), which indicated the
presence of a single-site cobalt within 10-Co,L@ZIF-8-850. The
energy-dispersive X-ray spectroscopy (EDS) exhibited the
uniform distributions of Zn, Co, C, and N, indicating that the
Co atoms were highly-dispersed in 10-Co,L@ZIF-8-850
(Fig. 2e). High-angle annular dark field STEM further demon-
strated the single-site cobalt in 10-Co,L@ZIF-8-850, where
high density bright dots could be observed, which corre-
sponded to the isolated Co atoms (Fig. 2f).

N, adsorption measurements were performed to evaluate
the porosity of 10-Co,L@ZIF-8-850 (Fig. S3f). The result
showed that the Brunauer-Emmett-Teller (BET) surface area
of 10-Co,L@ZIF-8-850 is around 410 m* g~*, which was signifi-
cantly larger than those obtained for the carbon materials
derived from the non-MOF based precursors,* thereby indicat-
ing that the porous precursors were useful to obtain the
carbon materials with a high surface area and abundant poro-
sity, which were conducive to the electrolyte diffusion and
mass transfer in the electrocatalytic reactions.>® Further gas
sorption tests demonstrated that the large porosity of
10-Co,L@ZIF-8-850 also endowed it with a remarkable CO,
uptake capacity. As shown in Fig. S4,T at 298.15 K, the CO,
capture capacity of Co,L@ZIF-8-850 reaches as high as 53 cm®
g~'. The good CO, uptake might be ascribed to the suitable
pore structure and the rich Co sites on the pore surface.
Raman spectroscopy measurements were further carried out
for 10-Co,L@ZIF-8-850 and ZIF-8-850. As shown in Fig. S5,1
the Raman spectrum of 10-Co,L@ZIF-8-850 is similar to that
of ZIF-8-850, with two peaks at 1335 and 1598 cm™', corres-
ponding to the well-defined D band and G band, respectively.
The ratio of the band intensity (Ip/I;) for both the samples was
approximately equal to 1 (Fig. S6t), which indicated a similar
defect and graphitic degree of carbon in 10-Co,L@ZIF-8-850
and ZIF-8-850.

XPS analyses were carried out to explore the elemental com-
position and the valence state in 10-Co,L@ZIF-8-850 and
ZIF-8-850. As shown in Fig. 3a and b, the survey spectrum only
represents the elemental peaks of Zn, Co, C, N and O, consist-
ent with the EDS analysis results (Fig. S1}). Two peaks at 796.6
and 781.1 eV as well as the two satellite peaks (Fig. 3c) could
be attributed to Co 2p;/, and Co 2ps),, respectively. The broad
peaks centered at 781.1 eV originated from the chemical
bonding between Co and N, which confirmed the existence of
Co-N, species in 10-Co,L@ZIF-8-850. The broad and weak
peaks might possibly be due to the very low Co contents.

The N atoms with different chemical states in both
Co,L@ZIF-8-850 and ZIF-8-850 could be demonstrated by
deconvoluting N 1s signals. The five peaks at 398.3, 399.0,
400.2, 401.2 and 403.7 eV (Fig. S7b and S7et) corresponded to
the pyridinic N, Co-N,, pyrrolic N, graphitic N, and oxide N,
respectively.>® The atomic contents of the pyridinic N, Co-Nj,
pyrrolic N, graphitic N and N-O were determined to be 4.743,
2.981, 1.355, 1.704, 0.737% for 10-Co,L@ZIF-8-850 and 4.757,
2.576, 0.846, 2.391 and 0.460% for ZIF-8-850, respectively
(Fig. 3d).
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Fig.3 (a) XPS spectra and (b) elemental composition of
10-Co,L@ZIF-8-850 and ZIF-8-850, (c) high-resolution XPS spectrum
of Co 2p in 10-Co,L@ZIF-8-850, (d) atomic contents of the five different
N species in 10-Co,L@ZIF-8-850 and ZIF-8-850, (¢) Co K-edge XANES
profiles of 10-Co,L@ZIF-8-850, Co30,4, CoO and Co foil and (f) Co
K-edge k*-weighted FT-EXAFS spectra of 10-Co,L@ZIF-8-850, CozO.,,
CoO and Co foil.

X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) analysis were
carried out to further characterize the coordination environ-
ment and the electronic structure of 10-Co,L@ZIF-8-850. As
shown in Fig. 3e, the spectroscopic features of the Co K-edge
in 10-Co,L@ZIF-8-850 shifted towards the high energy relative
to the Co foil. The oxidation state of Co in 10-Co,L@ZIF-8-850
was close to +2, because the energy of the main absorption
edge coincided with that of Co(2+)O. The peak at around
2.43 A observed in the Fourier transform (FT) k*-weighted
EXAFS curve of Co foil (Fig. 3f) could be attributed to the Co-
Co bond. The absence of the Co-Co bond confirmed the iso-
lated dispersion of Co atoms in 10-Co,L@ZIF-8-850. For CoO
and Coz0y, the first major peak at ~1.92 A could be assigned
to the dominant Co-O coordination bonds. In contrast, the
10-Co,L@ZIF-8-850 spectrum exhibited distinctive peak posi-
tion at around 1.73 A, which could be attributed to the Co-
N,C, bonds. The result was well consistent with the FT-EXAFS
fitting one (Fig. S8 and Table S2+).

3.2. Electrocatalytic property

The electrocatalytic tests for the prepared catalysts were
assessed by using an H-type cell in a standard three-electrode
system. Linear sweep voltammograms (LSVs) were measured
from 0 to —1.1 V vs. RHE (reversible hydrogen electrode; all

This journal is © the Partner Organisations 2021
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potentials mentioned are vs. RHE hereafter) under Ar-bubbled
and CO,-bubbled 0.1 M KHCO; electrolyte, respectively. As
shown in Fig. S9a,f the catalytic current density of
10-Co,L@ZIF-8-850 under the CO, atmosphere increased
slightly compared to that under Ar, indicating the strong com-
petition reaction of the HER in aqueous electrolytes, and the
syngas would be produced by the simultaneous reduction of
CO, and H,O. It should be noted that the electrocatalytic
activity of x-Co,L@ZIF-8-850 was closely related to the amount
of Co,L (x) in x-Co,L@ZIF-8 composites. As shown in
Fig. S9b,t ZIF-8-850 displays negligible electrocatalytic activity
for CO, reduction, whereas x-Co,L@ZIF-8-850 shows remark-
ably enhanced catalytic activity from —0.3 to —1.2 V, which
underlines the crucial role of Co center in the activation of
CO,. Furthermore, with an increase in Co,L, the catalytic per-
formance of x-Co,L@ZIF-8-850 evidently improved in terms of
the onset potential, overpotential (i), and catalytic current,
which further dominated the effect of Co amount on the
catalytic activity. Among the tested x-Co,L@ZIF-8-850,
10-Co,L@ZIF-8-850 exhibited the best electrocatalytic activity.
At —1.2 V, the current density of 10-Co,L@ZIF-8-850 for syngas
reached 46.3 mA cm™?, about 7.7 times as high as that of
ZIF-8-850 (Fig. S9bt). Gas chromatography (GC) and '"H NMR
spectroscopy confirmed the presence of two gaseous products
of CO and H, for all of the tested catalysts, and no liquid
product was observed (Fig. S10T). Fig. 4a shows the current
densities of CO (jco, red trace), H, (ju,, black trace), and the
total current density under different potentials applied in a
CO,-saturated 0.1 M KHCO; (pH = 6.8) solution. It could be
seen that at a certain potential, ji;, markedly increased than
Jco, which might be attributed to the low solubility and
limited mass transfer for the CO, reduction reaction, whereas
these factors would not influence the HER. At a potential of

a., b J100
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s = {80
10 o mmco
i S 800 ., 603
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Fig. 4 (a) LSV polarization curves of 10-Co,L@ZIF-8-850 at 5 mV st in
CO,-saturated 0.1 M KHCOs3 solution (pH = 6.8). (b) The productivity
(left Y-axis) and FE (right Y-axis) of 10-Co,L@ZIF-8-850 under different
applied potentials, where the red and dark columns represent CO and
H,, respectively. (c) Stability tests of 10-Co,L@ZIF-8-850 at applied
potentials of —0.4 and —0.8 V. (d) Nyquist plots of 10-Co,L@ZIF-8-850
and ZIF-8-850.
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1.0 V, the total current density of 10-Co,L@ZIF-8-850 for CO,
reduction and HER reached as high as 31.7 mA cm™>. The
value was significantly higher than those of the reported
noble-metal or noble metal-free electrocatalysts (Table S27).

The controlled potentiostatic electrolysis measurements of
10-Co,L@ZIF-8-850 were further carried out under CO, atmo-
sphere with potentials ranging from —-0.5 to —1.0 V. The
results showed that with a negative increase in the potentials,
the productivity of syngas (CO + H,) of 10-Co,L@ZIF-8-850
increased substantially (Fig. 4b). At 1.0 V, the production yield
reached as high as 1.08 mol g~* h™", significantly higher than
that of ZIF-8-850 (0.071 mol g~* h™", Fig. S111) and those of
the most reported electrocatalysts.’” It should be noted that
during the broad electrochemical window (from —0.6 to —1.0
V), the total FE of CO and H, combined was over 96%, and the
generated syngas (CO/H,) exhibited a steady molar ratio of ca.
1:2. Evidently, the electrocatalytic = performance of
10-Co,L@ZIF-8-850 was better than those derived from
Co,L@ZIF-8-850 with 5, 20, and 40 mg Co,L, respectively
(Fig. S11%), as well as those from 10-Co,L@ZIF-8 pyrolyzed at
750 and 950 °C, respectively (Fig. S127). The relatively lower
electrocatalytic performance could be attributed to the gene-
ration of CoO, nanoparticles during the preparation process.
As shown in Fig. S13,} the diffraction peaks at 44.2° and 51.5°
of 40-Co,L@ZIF-8-850 can be indexed to Co NPs (PDF#15-
0806), which confirm the formation of CoO, nanoparticles. In
addition, we observed that the FE (CO + H,) was lower than
100%. Besides the reason that small amounts of liquid pro-
ducts, such as formic acid and methanol, were generated
(Fig. S147), the reduction of CoO, might also be a non-negli-
gible reason. In all, the above results demonstrate that the
electrocatalytic performances of these catalysts were highly
related to the precursor composition of the catalyst and the
pyrolysis temperature.

The stability of 10-Co,L@ZIF-8-850 was tested by long-term
electrolysis at a constant potential of —0.4 and —0.8 V, respect-
ively. As shown in Fig. 4c, after a continuous electrolysis for
10 h, a negligible degradation of current density was observed,
which evidences that 10-Co,L@ZIF-8-850 possesses good
robustness. Evidently, the electrocatalytic features of
10-Co,L@ZIF-8-850 discussed above will make it outstanding
among the reported electrocatalysts for syngas production
(Table S37).

To reveal the excellent catalytic performance of
10-Co,L@ZIF-8-850, the electrochemical impedance spec-
troscopy (EIS) measurements and electrochemically active
surface areas (ECSAs) were investigated. The results showed
that the diameter of the capacitive loop in the Nyquist plot of
10-Co,L@ZIF-8-850 was smaller than those of x-Co,L@ZIF-8-
850 (x = 5, 20 and 40; Fig. S15af) and 10-Co,L@ZIF-8-T (T =
750 and 950 °C; Fig. S15bt), which indicated the smallest re-
sistance for electron transfer in 10-Co,L@ZIF-8-850 (Fig. 4d).
As revealed by Raman spectroscopy, 10-Co,L@ZIF-8-850 and
ZIF-8-850 exhibited similar graphitic degrees; thus the conduc-
tivity was not a limiting factor for differentiating the electro-
catalytic performance. ECSAs were then estimated from the
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electrochemical double-layer capacitance (Cq;). As shown in
Fig. S16,7 the 10-Co,L@ZIF-8-850 electrode exhibits a larger
Cai value (12.8 mF cm™?) in contrast to ZIF-8-850 (10.6 mF
em™?), indicating that 10-Co,L@ZIF-8-850 possesses larger
catalytic active surface areas. The higher ECSAs and rich active
sites might significantly contribute to the high electrocatalytic
efficiency of 10-Co,L@ZIF-8-850 for syngas production.

4. Conclusions

In this study, we successfully fabricated a series of Co single-
site C/N,-based catalysts by a guest-host pyrolysis strategy,
which could be used for the simultaneous electrocatalytic
reduction of CO, and H,O to produce syngas with a tunable
CO/H, molar ratio. This strategy proved to be facile, effective,
and efficient. As expected, the as-prepared Co single-site cata-
lyst exhibited a high efficiency for the electrocatalytic
reduction of CO, and H,O to steadily produce syngas with a
CO/H, molar ratio of 1:2. This work provides a new way for
the preparation of carbon-based metal single-site electrocata-
lysts with high catalytic efficiencies.
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