
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 2
:3

8:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Partial thermal a
aInstitute of Crystalline Materials, Institute o

for Energy Conversion and Storage of Shan

Biology and Molecular Engineering of E

Taiyuan 030006, P. R. China. E-mail: fw

shengzhu@sxu.edu.cn
bDalian National Laboratory for Clean Ener

Chinese Academy of Sciences, Dalian 11602
cAddress Research Institute of Resource

Development, Shanxi University of Finance

China
dInstitute for Carbon-Based Thin Film Elect

PKU), Taiyuan 030012, P. R. China

† Electronic supplementary informa
https://doi.org/10.1039/d4sc07291j

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2024, 15, 20565

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 30th October 2024
Accepted 15th November 2024

DOI: 10.1039/d4sc07291j

rsc.li/chemical-science

© 2024 The Author(s). Published by
tomization of residual Ni NPs in
single-walled carbon nanotubes for efficient CO2

electroreduction†

Fengwei Zhang, ‡*a Han Zhang,‡a Yang Zhao,b Jingjing Li,c Chong Guan,a Jijie Li,a

Xuran Wang,a Yuewen Mu, a Wen-Yan Zan *a and Sheng Zhu *ad

CO2 electroreduction (CO2RR) is an important solution for converting inert CO2 into high value-added fuels

and chemicals under mild conditions. The decisive factor lies in the rational design and preparation of cost-

effective and high-performance electrocatalysts. Herein, we first prepare a novel f-SWNTs-650 catalyst via

a facile partial thermal atomization strategy, where the residual Ni particles in single-walled carbon

nanotubes (SWNTs) are partially converted into atomically dispersed NiN4 species. CO2RR results show

that the competitive evolution hydrogen reaction (HER) predominates on pristine SWNTs, while f-

SWNTs-650 switches the CO2 reduction product to CO, achieving a CO faradaic efficiency (FECO) of

97.9% and a CO partial current density (jCO) of −15.6 mA cm−2 at −0.92 V vs. RHE. Moreover, FECO is

higher than 95% and jCO remains at −10.0 mA cm−2 at −0.82 V vs. RHE after 48 h potentiostatic

electrolysis. Combined with systematic characterization and density functional theory (DFT) calculations,

the superior catalytic performance of f-SWNTs-650 is attributed to the synergistic effect between the

NiN4 sites and adjacent Ni NPs, that is, Ni NPs inject electrons into NiN4 sites to form electron-enriched

Ni centers and reduce the energy barrier for CO2 activation to generate the rate-limiting *COOH

intermediate, thus implementing the efficient electroreduction of CO2.
1. Introduction

The massive emission of CO2 based on fossil fuels has caused
increasingly serious energy crises and environmental issues,1–4

and the desire to make full use of renewable energy to realize
carbon neutrality is growing.5–7 The electrochemical CO2

reduction reaction (CO2RR) is considered as a promising
approach for recycling CO2 and storing intermittent renewable
electricity.8–10 However, the chemical inertness of CO2 mole-
cules (806 kJ mol−1),11 competitive hydrogen evolution reaction
(HER), and multiple reaction pathways of up to 16 possible
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products result in low energy efficiency during the electro-
catalytic conversion process.12–14 To tackle these problems,
signicant efforts have been made to develop earth-abundant
transition metal single-atom electrocatalysts, facilitating the
CO2RR to give an attractive CO feedstock for important chem-
ical reactions such as downstream hydroformylation,15

carbonylation and Fischer–Tropsch synthesis.16 Although
atomically dispersed M–N–C catalysts (M = Fe, Co, Ni, etc.) with
MNx moieties have shown great potential for directing the
CO2RR to CO,17,18 the majority of them are currently prepared by
pyrolysis of metal salts coordinated with heteroatomic
compounds, uneconomical metal–organic frameworks and
covalent-organic framework materials.19,20 The complicated
fabrication procedure and the inevitable high-temperature
annealing ($900 °C) for acquiring satisfactory conductivity
oen lead to low-quality electrocatalysts with elusive structures
being affected by metal aggregation.21 Thus, designing and
developing highly efficient and robust non-noble metal-based
electrocatalysts is signicant to the practical utilization of
renewable energy for the CO2RR.

Single-walled carbon nanotubes (SWNTs) have been exten-
sively used in elds such as semiconductors, biomedicine,
electronics and energy storage due to their high specic surface
area,22 excellent conductivity,23 biocompatibility and mechan-
ical behavior.24 As a signicant synthetic method, arc discharge
has long been used to prepare high quality SWNTs, typically
Chem. Sci., 2024, 15, 20565–20572 | 20565
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Scheme 1 Schematic illustration of the synthesis of the f-SWNTs-650
catalyst.
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with nickel-based catalysts.25 Nevertheless, there is a large
amount of residual Ni nanoparticles (NPs) in SWNT skeletons,
and researchers usually purify SWNTs by removing Ni NPs
under harsh acid conditions. Unfortunately, acid etching not
only fails to completely remove the rmly encapsulated Ni NPs
but also disrupts the structure of SWNTs,26 posing huge chal-
lenges for subsequent practical application. To solve this
problem, abandoning the idea of deliberately removing residual
Ni NPs, we here rst report the synthesis of a novel f-SWNTs-650
catalyst. Specically, polyformamide decorated SWNTs
(PFA@SWNTs) were obtained via in situ formamide self-
condensation followed by mild heat treatment in a owing Ar
atmosphere. Interestingly, this process favored partial trans-
formation of residual Ni NPs into a large number of atomically
dispersed Ni sites on the surface of SWNTs due to the thermal
atomization. X-ray absorption ne structure spectra (XAFS) and
extended XAFS spectra (EXAFS) prove that Ni single atoms are
present in the form of NiN4 conguration. CO2RR results show
that the FECO is 97.9% and the partial current density of CO (jCO)
is −15.6 mA cm−2 at −0.92 V vs. RHE for the f-SWNTs-650
catalyst, which are signicantly higher than those of pristine
SWNTs (0.7%, −0.04 mA cm−2). Potentiostatic electrolysis at
−0.82 V vs. RHE maintained a FECO of 95.0% and a jCO of −10.0
mA cm−2 for 48 h showing the long-term stability of the f-
SWNTs-650 catalyst. Detailed characterization combined with
DFT calculations proves that the presence of Ni NPs signi-
cantly enhances the CO2 activation ability of the f-SWNTs-650
catalyst by injecting electrons into the NiN4 center through the
carbon layer, thus requiring a lower activation energy to form
the *COOH intermediate compared to that of individual NiN4

active sites.

2. Experimental
2.1 Materials and reagents

Single-walled carbon nanotubes (SWNTs, length 1–5 mm) were
purchased from Nanjing XFNANO Materials Tech Co., Ltd., and
formamide and potassium bicarbonate (KHCO3) were provided
by Macklin Biochemical Co., Ltd. Anhydrous ethanol (EtOH)
and N,N-dimethylformamide (DMF) were obtained fromMeryer
Co., Ltd. All other reagents were used directly and without any
treatment.

2.2 Synthesis of polyformamide decorated SWNTs
(PFA@SWNTs)

Typically, 100 mg of commercial SWNTs were initially dispersed
in 30 mL of formamide solvent under sonication for 0.5 h to
form a homogeneous solution. Then the SWNT suspension was
transferred into a 100 mL Teon-lined autoclave, sealed and
heated at 180 °C for 12 h. The obtained PFA@SWNTs black
product was centrifuged and puried with deionized water and
ethanol 3 times, and dried at 100 °C overnight for further use.

2.3 Synthesis of Ni partially atomized SWNTs (f-SWNTs-T)

The obtained PFA@SWNTs powder was transferred into
a porcelain boat and heated in a tube furnace at different
20566 | Chem. Sci., 2024, 15, 20565–20572
temperatures (T= 600, 650, 700 °C) for 3 h with a ramp rate of 5
°C min−1 under a owing Ar atmosphere. During the process,
the PFA was carbonized and converted into N-doped carbon
while partial Ni NPs were thermally atomized to generate NiNx

moieties, thus obtaining the f-SWNTs-T catalysts.

2.4 Characterization

Transmission electron microscopy (TEM) was carried out using
an FEI Tecnai G2 F20S-Twin microscope at an accelerating
voltage of 200 kV. The samples were ultrasonically dispersed in
ethanol, and a drop of this dispersion was placed on amicrogrid
for imaging. Nickel loading was quantied using a NexION 350X
inductively coupled plasma mass spectrometer (ICP-MS).
Liquid products were characterized by proton nuclear magnetic
resonance (1H NMR) spectroscopy, with water peak suppression
achieved via solvent presaturation. X-ray diffraction (XRD)
analysis was performed on a Rigaku Ultima IV diffractometer
with Cu-Ka radiation, scanning across a 2q range of 10–80°. X-
ray photoelectron spectroscopy (XPS) measurements were con-
ducted using a PHI-5702 system, with the C 1s peak at 284.5 eV
as the binding energy reference. Nitrogen adsorption–desorp-
tion isotherms were measured using an ASAP2020 analyzer.
Prior to analysis, all samples were degassed under vacuum at
393 K for 6 hours. The surface area was calculated using the
Brunauer–Emmett–Teller (BET) method, while the pore volume
and size distribution were determined using the Barrett–Joy-
ner–Halenda (BJH) model. Raman spectra were obtained using
a confocal Raman spectrometer (iHR-550, Horiba) with a 532
nm excitation laser. Fourier transform infrared (FT-IR) spectra
were recorded using a Nicolet iS5 spectrophotometer with KBr
pellets. X-ray absorption ne structure (XAFS) spectroscopy was
conducted at the 1W2B beamline of the Beijing Synchrotron
Radiation Facility.

3. Results and discussion
3.1 Synthesis and characterization of the f-SWNTs-T
catalysts

The synthesis procedure of the f-SWNTs-650 catalyst is shown in
Scheme 1. First, formamide was in situ self-condensed by
a Schiff base reaction to form chain polyformamide (PFA) and
attached to the surface of pristine SWNTs.27 Second, the
PFA@SWNTs hybrid was placed in a tube furnace and subjected
to thermal activation treatment in an Ar atmosphere. During
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07291j


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 2
:3

8:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the process, the bulky Ni NPs were partially atomized to form Ni
single atoms,28 while those unatomized Ni NPs remained in the
target catalyst structure.29 The Ni NPs encapsulated in the
carbon layer inject electrons into the Ni single atoms within
conductive SWNT matrices, thereby serving as a co-catalyst to
enhance the catalytic performance of the Ni single atom sites
for the CO2RR.30

As shown in Fig. 1a, the transmission electron microscopy
(TEM) image reveals that the commercial SWNTs prepared by
the arc discharge method are stacked in bundles of
nanotubes,31–34 and there are a large number of Ni NPs with
a diameter range from 5 to 20 nm. The high-resolution TEM
image shows that there is still a portion of amorphous carbon
on the SWNT surface and these Ni NPs are gathered around
them (Fig. 1b). The result of inductively coupled plasma mass
spectrometry (ICP-MS) shows that the residual Ni content in
SWNTs is as high as 25.2 wt%, which provides unique condi-
tions for their subsequent functionalization and utilization.35–37

Interestingly, a portion of bulk Ni NPs disappear in the
PFA@SWNTs sample aer mild heat treatment in an Ar atmo-
sphere (Fig. 1c and d). The Ni loading in the f-SWNTs-650
catalyst is found be reduced to 15.2 wt% by ICP-MS analysis,
which is consistent with the TEM result. The spherical aberra-
tion-corrected high-angle annular dark eld scanning trans-
mission electron microscopy (HAADF-STEM) distinctly reveals
numerous bright spots on the f-SWNTs-650 catalyst surface, in
addition to Ni NPs of varying sizes, demonstrating that the
isolated Ni sites are successfully anchored on the surface of
SWNTs (Fig. 1e–g and S1†).38 Energy dispersive X-ray spectros-
copy (EDS) images illustrate the uniform distribution of C, N, O,
and Ni elements within the f-SWNTs-650 sample (Fig. 1h). The
above results indicate that the residual Ni NPs in pristine
SWNTs undergo a partial thermal atomization process aer
such specic post-treatment.
Fig. 1 (a and b) TEM and HRTEM images of initial SWNTs, (c and d) T
resolution HAADF-STEM and (g and h) HAADF-STEM and the correspon

© 2024 The Author(s). Published by the Royal Society of Chemistry
X-ray diffraction (XRD) patterns of SWNTs and f-SWNTs-T (T
= 600, 650 and 700 °C) conrm that besides the C (002) and C
(101) graphitic carbon peaks of SWNTs at 26.6° and 44.0°,
additional Ni (111), Ni (200) and Ni (220) diffraction peaks also
appear at 45.0°, 52.3° and 76.8°,39,40 proving the presence of Ni
NPs in SWNTs before and aer heat treatment (Fig. S2†), which
is in agreement with the TEM results. The Raman spectra of all
samples are shown in Fig. S3.† The spectrum of SWNTs displays
moderately split G-bands. The G band is divided into two
degenerate modes (1551.4 cm−1 G− and 1577.3 cm−1 G+) by the
curvature of SWNTs.41 In contrast, the G+ and G− bands of f-
SWNTs-T catalysts exhibit upshi displacements of 12.4 and 9.8
cm−1 due to the charge transfer induced interactions between
SWNTs and encapsulated Ni NPs.37 N2 adsorption–desorption
analysis was conducted to determine the textural properties of
the pristine SWNTs and the as-prepared f-SWNTs-T catalysts
(Fig. S4 and Table S1†). The pristine SWNTs exhibit weak
adsorption of N2 before P/P0 = 0.9, followed by upward
adsorption, suggesting a type-III isotherm with a surface area of
283.1 m2 g−1. Aer surface modication and mild heat treat-
ment, the surface area of the f-SWNTs-650 catalyst increases to
358.9 m2 g−1 and the pore volume increases from 1.33 to 2.09
m3 g−1 compared to the pristine SWNTs. Such a high surface
area facilitates the high accessibility of Ni single atoms and the
adsorption and activation of CO2 molecules during the CO2RR
process.42,43 Fourier transform infrared (FTIR) spectra show that
the main functional groups of C–N (1388 cm−1) and C]N (1627
cm−1) are present in the PFA skeleton, suggesting the successful
condensation of FA via the solvothermal method. However,
both C–O–C (1389 cm−1) and C]C (1632 cm−1) groups in
SWNTs and f-SWNTs-T catalysts appear at frequencies close to
the absorption bands of PFA, making it difficult to distinguish
these functional groups (Fig. S5†).44
EM and HRTEM images of the f-SWNTs-650 catalyst, (e and f) high-
ding EDS images of the f-SWNTs-650 catalyst.

Chem. Sci., 2024, 15, 20565–20572 | 20567
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X-ray absorption near edge structure (XANES) and extended
X-ray absorption ne structure (EXAFS) analyses of the Ni K-
edge were conducted to elucidate the local coordination envi-
ronment,45,46 bonding mode, and valence state of the SWNTs
and f-SWNTs-650 catalyst. As shown in Fig. 2a, the Ni absorp-
tion edge position of pristine SWNTs is slightly lower than that
of the Ni foil, indicating that Ni obtains electrons from SWNTs
and is present in a metallic state.47 The absorption edge posi-
tion of f-SWNTs-650 is between Ni foil and NiO, suggesting that
the average valence of Ni species is at a partially oxidized
state.48,49 Considering that the valence state of Ni NPs is zero,
the higher oxidation state implies the existence of another
coordination mode of atomically dispersed Ni species in the f-
SWNTs-650 catalyst. Fourier transformed Ni K-edge extended
XAFS spectra (EXAFS) display twomajor peaks at 1.45 Å and 2.19
Å for f-SWNTs-650, which are attributed to the Ni–N and Ni–Ni
scattering paths, respectively (Fig. 2b).50 Compared with the
pristine SWNTs, the intensity of the Ni–Ni peak is reduced and
accompanied by the appearance of the Ni–N peak for the f-
SWNTs-650 catalyst, indicating that the low-temperature heat
treatment triggers partial thermal atomization of residual Ni
NPs in SWNTs. To further quantify the coordination environ-
ment of the Ni species, curve tting of EXAFS spectra was
conducted.51 The tting result in Fig. 2c proves that the average
coordination number of Ni is determined to be 3.7, which is
consistent with a NiN4 conguration (Table S2†). The wavelet
transform (WT) plot of f-SWNTs-650 shows that in addition to
the maximum intensity of Ni–Ni coordination at 6.8 Å−1

compared with Ni foil,52 a trailing peak appears at 4–6 Å−1,
which is ascribed to Ni–N coordination,53 further revealing the
coexistence of NiN4 and Ni NPs in such a catalyst (Fig. 2d–f).
Fig. 2 (a) XANES spectra at the Ni K-edge, (b) Fourier transformed (FT) k
and f-SWNTs-650, (c) EXAFS fitting curves of the f-SWNTs-650 catalyst a
weighted EXAFS signals of Ni foil, NiO and the f-SWNTs-650 catalyst.

20568 | Chem. Sci., 2024, 15, 20565–20572
3.2 Evaluation of the CO2RR performance of f-SWNTs-T
catalysts

The CO2 electroreduction performance of the pristine SWNTs
and f-SWNTs-T (T = 600, 650 and 700 °C) catalysts was inves-
tigated in an H-type electrolytic cell saturated with high-purity
CO2 using 0.5 M KHCO3. The linear sweep voltammetry (LSV)
curves display an enhanced cathodic current density and amore
positive shi in onset potential in a CO2 protected atmosphere
than that of the N2 saturated solution (Fig. S6†). As shown in
Fig. 3a, the LSV curve of the pristine SWNTs shows a low
cathode current density, suggesting that the SWNTs have
unobvious catalytic activity against the CO2RR, while the f-
SWNTs-T catalyst presents a high cathode current density,
indicative of the excellent catalytic capacity for the CO2RR.
Then, steady-state electrolysis was performed in the potential
range of −0.52 V to −1.22 V vs. RHE to detect the changes in
selectivity and catalytic activity of these catalysts. The gas and
liquid products were analyzed by gas chromatography (GC) and
1H nuclear magnetic resonance (1H NMR),54 respectively. As
shown in Fig. 3b and S7,† the FECO values of initial SWNTs and
PFA@SWNTs are consistently less than 5.4% throughout the
entire potential window, proving that these Ni NPs only play
a role in the HER and have negligible activity for the CO2RR to
CO. Unexpectedly, the FECO of the f-SWNTs-T (T = 600, 650 and
700 °C) catalysts is always higher than 92.4% in the potential
range of −0.72 to −1.02 V vs. RHE, which is in sharp contrast to
pristine SWNTs. Especially for the f-SWNTs-650 catalyst, the
FECO reaches 97.9% and the partial current density of CO (jCO) is
−15.6 mA cm−2 at −0.92 V vs. RHE (Fig. 3c), which exceeds
those of the most advanced electrocatalysts across a broad
3-weighted c(k)-function of the EXAFS spectra for Ni foil, NiO, SWNTs
t R space (inset showing the schematic model) and (d–f) WT for the k3-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 In the H-type electrolytic cell: (a) linear sweep voltammetry curves, (b) FECO and (c) CO partial current density at different potentials, (d)
long-term stability of the f-SWNTs-650 catalyst at −0.82 V vs. RHE, (e) Tafel slope, and (f) Nyquist plots. In the flow cell: (g) linear sweep vol-
tammetry curves, (h) FECO and (i) CO partial current density at different potentials.
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spectrum of potentials in H-type cells (Table S3†). Therefore, an
appropriate thermal atomization temperature is crucial for the
equilibrium relationship between Ni single atoms and Ni NPs,
as well as the overall performance of CO2 electroreduction. As
shown in Fig. S8,† no liquid products are detected, indicating
that CO is the only product in the CO2RR process. The elec-
trochemical stability is a pivotal criterion to evaluate the catalyst
performance in the CO2RR. The long-term durability of the f-
SWNTs-650 catalyst has been evaluated at −0.82 V vs. RHE for
the CO2RR, and it is found that the FECO and jCO are 95.0% and
−10.0 mA cm−2 and the catalyst maintains excellent stability
throughout the 48 h potentiostatic electrolysis period (Fig. 3d).
The linear tting result between the logarithm of partial current
density (jCO) and overpotential (h) shows that the Tafel slopes of
f-SWNTs-600, f-SWNTs-650 and f-SWNTs-700 catalysts are 210,
211 and 242 mV dec−1, indicating that the rst protonation of
CO2 to form the *COOH intermediate is the rate-determining
step and f-SWNTs-650 has the highest catalytic reactivity
(Fig. 3e). Electrochemical impedance spectra (EIS) reveal that f-
SWNTs-650 possesses the lowest faradaic impedance compared
© 2024 The Author(s). Published by the Royal Society of Chemistry
to the other two catalysts, indicating that the charge transfer
rate of the f-SWNTs-650 catalyst is the highest during the
reaction (Fig. 3f), consistent with the electrocatalytic perfor-
mance of the CO2RR.

To assess the performance of the catalysts at industrial
current densities, we further evaluated the CO2RR performance
in ow cells using gas diffusion electrodes (GDEs). Fig. 3g shows
the LSV curves of f-SWNTs-600, f-SWNTs-650, and f-SWNTs-700.
Using 1.0 M KOH as the anolyte and catholyte, the f-SWNTs-650
catalyst outperforms both f-SWNTs-600 and f-SWNTs-700. As
shown in Fig. 3h, the FECO of the f-SWNTs-600, f-SWNTs-650
and f-SWNTs-700 catalysts can reach 94.7%, 98.5%, and 97.8%
at −0.77 V vs. RHE, respectively. Similarly, in Fig. 3i, the jCO of f-
SWNTs-600, f-SWNTs-650 and f-SWNTs-700 can reach −109.3
mA cm−2, −156.2 mA cm−2 and −138.0 mA cm−2 at −1.17 V vs.
RHE. Respectively, it is noteworthy that the f-SWNTs-650 cata-
lyst can maintain an FECO of 92.0% at −1.17 V vs. RHE.
Comparing the performance of the catalysts in the H-cell and
the ow cell shows similar results, with the f-SWNTs-650 cata-
lyst exhibiting the best performance.
Chem. Sci., 2024, 15, 20565–20572 | 20569
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3.3 The possible mechanism of the CO2RR on the f-SWNTs-
650 catalyst

To gain insight into the surface valence state and composition
evolution of metal Ni species, X-ray photoelectron spectroscopy
(XPS) was performed on the pristine SWNTs and f-SWNTs-650
samples.55 The full-survey XPS spectrum of f-SWNTs-650 proves
the coexistence of Ni, C, N and O elements (Fig. S9†), which is in
good agreement with the EDS mapping analyses. The decon-
voluted high-resolution XPS N 1s spectrum of f-SWNTs-650
exhibits ve typical peaks at 398.3, 399.1, 400.1, 401.3 and 404.4
eV, which are attributed to pyridinic-N, Ni–N, pyrrolic-N,
graphitic-N and oxidized N, respectively (Fig. 4a). In Fig. 4b, the
Ni 2p binding energy of the SWNTs is determined to be 852.8
eV, corresponding to the Ni 2p3/2 signals of Ni (0),56 while the
binding energy at 856.1 eV is ascribed to the partial oxidation of
the Ni NPs. Combined with the CO2RR test results, it can be
seen that the residual Ni NPs on the pristine SWNTs only play
a role in the hydrogen evolution reaction (HER) and hardly
produce any CO. In contrast, the tting results show that the
binding energy of Ni 2p3/2 in the f-SWNTs-650 catalyst has
a dominant peak at 855.8 eV, which is close to that of Ni 2p3/2 in
NiPc (855.4 eV) except for the binding energy of Ni (0) at 853.0
eV.57 The results conrm that the residual Ni NPs on pristine
SWNTs can be thermally atomized into Ni single atoms through
formamide polymerisation combined with mild heat treatment.
The FECO of f-SWNTs-650 dramatically increases from 0.8% to
97.9% at −0.82 V vs. RHE compared to that of the pristine
SWNTs, indicating that the thermally atomized Ni sites play
a decisive role in the CO2RR. Moreover, the binding energy of Ni
(0) at Ni 2p3/2 in the f-SWNTs-650 catalyst is positively shied by
Fig. 4 (a) High-resolution XPS N 1s spectrum of the f-SWNTs-650 cataly
and the f-SWNTs-650 catalyst, (c and d) charge density difference for the
for the CO2RR to CO over NiN4 and NiN4–Ni (111) active sites and (f) the d
(111) (the dotted black line indicates the Fermi level).

20570 | Chem. Sci., 2024, 15, 20565–20572
0.2 eV compared with that of the pristine SWNTs, indicating
that the electrons transfer from Ni NPs to Ni single atoms,
which is related to the synergistic interaction between them.

To investigate the origin of the signicantly improved cata-
lytic performance of the CO2RR to CO on the f-SWNTs-650
catalyst, density functional theory (DFT) calculations were
carried out. Herein, the Ni single atom coordinated with four N
atoms embedded in graphene (NiN4), and the NiN4 site
combined with face-centered cubic Ni (111) (NiN4 & Ni NPs)
were regarded as the targeted structure according to the XAFS,
XPS and XRD results (Fig. S10†). Generally, the *COOH and *CO
are viewed as the rst and second reaction intermediates for
electrochemical CO2-to-CO conversion. The charge density
differences of NiN4 & Ni NPs were calculated. It was shown that
the electrons of Ni NPs were signicantly transferred to the NiN4

site (Fig. 4c and d). As shown in Fig. 4e, the free energy for
*COOH formation is 1.01 eV and 0.83 eV for NiN4 and NiN4 & Ni
NPs sites, demonstrating that the introduction of Ni NPs into
the NiN4 structure reduces the activation energy barrier of CO2

and promotes the electrocatalytic activity of the f-SWNTs-650
electrocatalyst. The subsequent *CO formation is an exothermic
reaction for both structures, which is a thermodynamically
favorable process. Thus, the formation of the *COOH interme-
diate is the rate-limiting step for the CO2RR, which is consistent
with the previous reports.18 In addition, Zhao's group has
demonstrated that the Ni NPs can inject additional electrons
into the NiN3 structure through the carbon layer to reduce the
free energy of the *COOH, which is conducive to the smooth
progress of the CO2RR.58 We also calculated the total density of
states (DOS) of NiN4 and NiN4 & Ni NPs. The density of states at
st, (b) high-resolution XPS spectra analysis in the Ni 2p region of SWNTs
NiN4–Ni (111) active site (top and side view), (e) free-energy diagrams

ensity of states (DOS) of the d orbitals of Ni atoms on NiN4 and NiN4–Ni

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the Fermi level is higher on NiN4 & Ni NP active sites compared
to the bare NiN4 site, which favours the electrocatalytic process
(Fig. 4f). Therefore, the DFT calculations indicate that the NiN4

& Ni NP sites play a crucial role in the enhanced catalytic activity
of the f-SWNTs-650 catalyst.
4. Conclusion

In summary, a high-performance f-SWNTs-650 catalyst with
highly accessible NiN4 sites decorated with Ni NPs was prepared
by a simple solvothermal reaction and a mild heat treatment.
The thermal atomization strategy is effective in partially con-
verting residual Ni particles into atomically dispersed NiN4

species over the commercial SWNT matrices. The catalyst
exhibited 97.9% of FECO, −15.6 mA cm−2 of jCO at −0.92 V vs.
RHE, and FECO > 96% over a wide potential window (−0.72 V to
−1.02 V), achieving a signicant improvement of the catalytic
performance in comparison with that of the pristine SWNTs for
the CO2RR. The excellent CO2-to-CO conversion performance
can be attributed to the partial atomization of residual Ni NPs
on SWNTs to generate new NiN4 active sites by low temperature
heat treatment. Detailed characterization and DFT calculations
demonstrate that the presence of Ni NPs signicantly enhances
the CO2 activation capability of NiN4–Ni sites by injecting
additional electrons, which requires a lower activation energy to
form the *COOH intermediate compared to the individual NiN4

site. The present work provides a new approach for preparing
high-performance CO2RR catalysts starting directly from
commercialized SWNTs under mild conditions, which are
superior to other supported metal phthalocyanine/porphyrin
molecular catalysts and their derived M–N–C catalysts prepared
by high-temperature pyrolysis. Therefore, the partial thermal
atomization approach proposed in this work not only provides
new insights into efficient synergistic catalysis between metal
single atoms and nanoparticles, but also offers new catalytic
systems for important energy and environmental-related cata-
lytic reactions.
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