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Developing novel electrocatalysts for achieving high selectivity and faradaic efficiency in the carbon
dioxide reduction reaction (CO,RR) poses a major challenge. In this study, a catalyst featuring a nitrogen-
doped carbon shell-coated Ni nanoparticle structure is designed for efficient carbon dioxide (CO,) elec-
troreduction to carbon monoxide (CO). The optimal Ni@NC-1000 catalyst exhibits remarkable CO fara-
daic efficiency (FEco) values exceeding 90% across a broad potential range of —0.55 to —0.9 V (vs. RHE),
and attains the maximum FEco of 95.6% at —0.75 V (vs. RHE) in 0.5 M NaHCOs. This catalyst exhibits sus-
tained carbon dioxide electroreduction activity with negligible decay after continuous electrolysis for
20 h. More encouragingly, a substantial current density of 200.3 mA cm™2 is achieved in a flow cell at
—0.9 V (vs. RHE), reaching an industrial-level current density. In situ Fourier transform infrared spec-
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troscopy and theoretical calculations demonstrate that its excellent catalytic performance is attributed to
highly active pyrrolic nitrogen sites, promoting CO, activation and significantly reducing the energy
barrier for generating *COOH. To a considerable extent, this work presents an effective strategy for devel-
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1. Introduction

The combustion of fossil fuels and other human activities
increase the concentration of carbon dioxide (CO,) in the
atmosphere, leading to natural environmental problems such
as global warming and rising sea levels."™ Currently, electro-
chemically reducing CO, to value-added fuels and chemicals
using electricity generated from renewable sources of energy
(e.g. solar, wind and tidal) is an effective way to overcome fuel
shortages, alleviate environmental problems and achieve
carbon neutrality.*”® Among the numerous CO, reduction pro-
ducts, carbon monoxide (CO) as a key raw material for
Fischer-Tropsch synthesis, and is recognized to be one of the
most economically cost-effective products.”® However, because
of the structural stability of CO,, the carbon dioxide reduction
reaction (CO,RR) process is disadvantageous in thermo-
dynamics and kinetics. Meanwhile, the inevitable competitive
hydrogen evolution reaction (HER) also greatly hinders the
yield and selectivity of CO from the CO,RR.°™"" Therefore, it is
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oping high-efficiency catalysts for electrochemical CO, reduction across a wide potential window.

urgent to explore high-efficiency and high-selectivity electroca-
talysts to achieve efficient conversion of CO, to CO.

Transition metal electrocatalysts (e.g. Fe, Co and Ni) are
considered as the most promising materials to replace noble
metal catalysts (e.g. Au, Ag and Pb) due to their rich Earth
reserves, high activity potential and good stability.">™*
Numerous research efforts have been devoted to developing
transition metal-carbon composites, which combine the
inherent catalytic activity of transition metal species and the
high conductivity, porous structure of carbon, thus further
improving their carbon dioxide electroreduction activity and
durability.’®?” However, the relatively weak interaction
between the metal and carbon support in conventional
carbon-supported catalysts may lead to aggregation or leaching
of metal nanoparticles, which is a major obstacle to the appli-
cation of electrocatalytic reactions. In recent years, carbon-
coated transition metal nanoparticles, as a novel type of
electrocatalytic material, have become a hot research topic due
to their special morphological structure and electronic pro-
perties. Unlike the traditional carbon-supported -catalysts,
carbon coated catalysts can effectively inhibit the agglomera-
tion of metal particles and slow down the surface electro-
chemical oxidation by encapsulating the carbon layer on the
transition metal surface, which greatly improves the stability of
the catalysts. In addition, influenced by the geometric struc-
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ture and electronic properties of carbon shells, the activity and
selectivity of the catalyst will also be significantly enhanced."®
For example, Deng et al.'® prepared a core-shell structure cata-
lyst (Ni@N-C) via a hard template strategy, displaying a good
industrial current density of 236.7 mA cm™> and a maximum
FEco of 97% at —1.1 V (vs. RHE). Miao et al.>® synthesized a
reduced graphene oxide-supported N-doped carbon-coated
nickel catalyst (Ni@N-C/rGO) using N-containing ligands, with
the Ni@N-C/rGO (4,4'-bipy) catalyst exhibiting the best cata-
Iytic performance. Tuo et al.>' developed an NC@Ni/C catalyst
with an N-doped carbon-encapsulated Ni NP structure, which
exhibited high CO selectivity and faradaic efficiency, exceeding
90% at —0.65 and —1.45 V (vs. RHE). However, despite the
great potential of carbon-encapsulated catalysts in the CO,RR,
the research is still in its early stages, and many synthetic strat-
egies involve complex processes with high cost and low
yield.**** Addressing the needs of practical applications, our
recent focus has been on developing a simple, environmentally
friendly, and universally applicable synthesis strategy.

Herein, we devise a facile and low-cost strategy for prepar-
ing Ni nanoparticles encapsulated by a N-doped carbon shell
(Ni@N-C) catalyst through the pyrolysis of a precursor contain-
ing guanine and anhydrous nickel chloride. Benefitting from
this unique carbon-coated structure and the introduction of Ni
nanoparticles, the as-prepared catalysts show high efficiency in
catalyzing CO, into CO. Specifically, the optimal Ni@NC-1000
catalyst exhibits remarkable CO,RR performance with an FEqo
over 90% in a wide potential range of —0.55 to —0.9 V (vs.
RHE), and reaches the maximum FEg of 95.6% in an H-cell at
—0.75 V (vs. RHE). Moreover, it displays superior stability with
nearly unchanged FEco for 20 h. Notably, the Ni@N-C-1000
catalyst presents a near industrial level current density of over
200.3 mA cm > at —0.9 V (vs. RHE) in a flow cell system, high-
lighting its potential for industrial applications. In situ Fourier
transform infrared spectroscopy confirms the enhanced
adsorption of *COOH and the facile formation of *CO on the
Ni@NC-1000 surface. Further density functional theory calcu-
lations reveal that the pyrrolic nitrogen serves as the key active
site for the CO,RR, influencing the electronic structure of the
catalyst and lowering the energy barrier for the generation of
*COOH, thereby facilitating the catalytic process of CO, to CO
conversion.

2. Experimental section
2.1. Materials

Guanine (CsH;N50, 99%) was purchased from Aladdin, nickel
chloride anhydrous (NiCl,, 98%) was purchased from Adamas,
ethanol absolute (C,HsOH, 99.7%) was purchased from
Sinopharm Chemical Reagent, and Nafion D-521 dispersion
(5 wt%) was purchased from Sigma-Aldrich. Sodium bicarbon-
ate (NaHCO;, AR) was purchased from Shanghai Titan
Scientific Co., Ltd. Ultrapure CO, (99.999%) and N, (99.999%)
were purchased from Fuzhou General Gas Co., Ltd. All
materials were used without further purification. A deionized
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water (18.2 MQ cm) system was provided by Shanghai Hetai
Instrument Co., Ltd.

2.2. Catalyst synthesis

In the typical synthesis of the hybrid catalysts, 1 g guanine and
10 mg nickel chloride anhydrous were dispersed in 40 mL of
absolute ethanol, and the mixture was stirred vigorously for
12 h at room temperature, and then the redundant solvent was
evaporated at 60 °C to obtain a solid product. 500 mg of the
solid product obtained above was weighed into a porcelain
boat and further carbonized for 2 h under a N, atmosphere
with different temperatures (900, 1000 and 1100 °C, at a
heating rate of 5 °C min™"), and then naturally cooled down to
room temperature. The obtained samples were named
Ni@NC-X (X = 900, 1000, and 1100 °C, where X represents
different carbonization temperatures). For comparison, the
NC-1000 catalyst was also successfully synthesized by the same
procedure without the introduction of Ni species.

2.3. Catalyst characterization

The morphologies of the electrocatalysts were observed using a
transmission electron microscope (TEM, FEI Talos F200S) and
a scanning electron microscope (SEM, Hitachi S-4800). The
structure and chemical composition were characterized using
an X-ray diffractometer (XRD, RIGAKU Ultima IV), a Raman
spectrometer (Raman, Invia Reflex), and an X-ray photo-
electron spectrometer (XPS, ESCLAB 250), respectively. The
Brunauer-Emmett-Teller (BET) specific surface areas were cal-
culated according to the N, adsorption/desorption measure-
ments at 77 K and the pore size distributions were obtained
through non-local density functional theory. In situ Fourier
transform infrared spectroscopy (FTIR) data were obtained by
chronoamperometry test using a Thermo Nicolet iS10 spectro-
meter in the potential range from —0.4 to —1.1 V (vs. RHE).
The working electrode was a glassy carbon electrode coated
with a catalyst ink, and the reference and counter electrodes
were an Ag/AgCl electrode and Pt wire, respectively.

2.4. Electrochemical measurements

To prepare the working electrode, first, deionized water,
Nafion, ethanol absolute, and isopropanol were mixed in a
ratio of 7:2:8:3 to prepare a Nafion solution. Then, 5 mg of
the catalyst powder synthesized above was mixed with 500 pL
of the prepared Nafion solution, and the obtained catalyst ink
was subjected to ultrasound for 30 min. A 200 pL ink was
coated onto a carbon paper of size 1 x 1.5 cm> and allowed to
dry with a baking lamp, giving a catalyst loading of 2 mg cm™>.

All electrochemical measurements of CO, electrochemical
reduction were carried out in a two-compartment gastight
H-type cell (Gaoss Union) separated by a cation exchange
membrane (Nafion 117), and the voltage required for catalytic
reaction was provided by the electrochemical workstation
(CHI660e). In a typical three electrode test, a graphite stick
and a saturated Ag/AgCl electrode were used as the counter
and reference electrodes, respectively, and a certain amount of
NaHCO; was dissolved in DI water to prepare the 0.5 M electro-
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lyte. Before each electrolytic test, the electrolyte in the cathodic
compartment was bubbled with 30 sccm high-purity CO, for
30 min to obtain the CO,-saturated solution, and this flow rate
was maintained unchanged during the electrochemical
measurements. For the flow cell tests, saturated Ag/AgCl,
ruthenium iridium titanium mesh and catalyst-coated gas
diffusion electrode (GDE) were used as the reference electrode,
counter electrode, and working electrode, respectively, and 1.0
M KOH was used as the electrolyte. Cyclic voltammetry (CV)
was performed with a scan rate of 100 mV s™* to remove impu-
rities from the catalyst surface. Linear sweep voltammetry
(LSV) was performed at a scan speed of 5 mV s™". All the above
potentials were converted to the reversible hydrogen electrode
(RHE) scale according to the Nernst equation at 25 °C:

ERHE = EAg/AgCl +0.197 V4 0.0591 x pH

The gas products were analyzed using an online gas chro-
matograph (Ruimin GC-2060) equipped with a thermal con-
ductivity detector (TCD) and flame ionization detector (FID),
using ultrapure N, as the carrier gas. The calibration curve of
gas chromatography was obtained by using a standard gas
(known gas composition and content), which was used as the
basis for analyzing the types and contents of gas products.
After the test was completed, the composition and content of
the sample were analyzed according to the previous calibration
curve. The gas products’ faradaic efficiency (FE) was calculated
as follows:

FE = (2 X Py X F xv xV;)/(RX T xJ)

where z represents the number of electron transfers per mole
of gas product; v; is the volumetric concentration of gas pro-
ducts determined by GC; j (A) is the steady-state battery
current at each applied potential; v (m® s7') is the gas flow
rate; P, represents an atmospheric pressure of 1.01 x 10> Pa at
room temperature; 7 represents a room temperature of
298.15 K; F is the Faraday constant of 96 485 C mol ™', and the
gas constant R is 8.314 ] mol ' K.

2.5. Density functional theory (DFT) calculation details

DFT calculations using the Perdew-Burke-Ernzerhof (PBE)
formula in the Generalised Gradient Approximation (GGA)
were carried out with the Vienna Ab Novo Calculation Software
Package (VASP).>* The interaction between the nucleus and
valence electrons was described by means of projector aug-
mented wave (PAW),>® and the kinetic energy cut-off is 450 eV.
The supercell size of a graphene sheet was 9.84 A x 9.84 A x
15.59 A, periodic conditions were applied along the z-direction
and the Brillouin zone was sampled using 3 x 3 x 1 Monkhorst
Pack k-point mesh. The final optimised geometry and band
structure calculations were performed using VASPKIT until the
energy change on each atom was below 0.01 eV A™* and con-
verged to 107°® eV per atom.>® The equation for calculating the
Gibbs free energy is as follows:

G = Eotal + Ezpg — TS
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where Ei, represents the calculated total energy, Ezpg rep-
resents the energy of zero point, T represents the temperature,
and S represents the entropy.

3. Results and discussion
3.1. Structural and morphological characterization

The presented N-doped carbon-coated nickel nanocomposites
(Ni@NC-X) were prepared by an in situ pyrolysis synthesis
method. In the synthesis process of Ni@NC-X (as illustrated in
Fig. 1a), guanine, a biological molecule, served as the carbon
and nitrogen source, while anhydrous nickel chloride acted as
the nickel source. These components were added to anhydrous
ethanol and stirred for 12 h to ensure a complete reaction.
Subsequently, the solvent was evaporated at 60 °C, and the
resulting solid product was pyrolyzed at temperatures of 900,
1000, and 1100 °C under a N, atmosphere for 2 h. For com-
parative analysis, NC-1000 was synthesized by adjusting the
precursor composition. The microstructure and morphologies
of the catalysts were characterized using SEM and TEM. From
the SEM images (Fig. 1b, ¢ and S1a-df), it can be observed
that the as-prepared Ni@NC-X all show a similar two-dimen-
sional crimped nanosheet structure with a smooth surface,
and as the pyrolysis temperature increases, the nanosheets
gradually become thinner and highly wrinkled. Additionally, a

(a) ! /D >
¢ o B T, il
‘%

Guanine  pixture l Pyrolysis ST
P
go giiss L
Ni2* )C ON @0 ONi

*] 4r0a350)am
.| [€i(002)

le——

Tk

d=0.176 him:
1 Niloo) '}

«—

05 10 15 20

Fig. 1 (a) Schematic illustration of the preparation of Ni@NC-X. (b and
c) SEM images of Ni@NC-1000. (d) TEM image of Ni@NC-1000. (e and f)
HRTEM image of Ni@NC-1000. (g and h) FFT images and the corres-
ponding interplanar spacing images of the square marked areas. (i)
Elemental mapping images of C, N, O and Ni of Ni@NC-1000.
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comparison with NC-1000 indicates that the introduction of
nickel does not alter the morphology of guanine-derived
carbon bases (Fig. Sle and ff). The two-dimensional thin gra-
phene-like carbon layer structure was further confirmed by
TEM. As shown in Fig. 1d, plentiful Ni nanoparticles are
embedded into the carbon nanosheet. It means that the Ni
metal agglomerates into nanoparticles and they are all encap-
sulated by the green biomolecular guanine derived carbon
matrix under high-temperature pyrolysis. For the NC-1000 cata-
lyst, there are no metallic Ni nanoparticles and only C and N
elements uniformly dispersed throughout the nanosheet struc-
ture (Fig. S21). The high-resolution TEM (HRTEM) images of
Ni@NC-1000 clearly show that the crystal plane spacing of
0.176 nm in the core region corresponds to the (200) plane of
metallic Ni, and the lattice fringes with a spacing of 0.350 nm
in the shell region are ascribed to the (002) plane of graphitic
carbon (Fig. 1e-h). The element mapping is illustrated by the
energy-dispersive X-ray spectroscopy (EDS) analysis (Fig. 1i),
where C, N, O and Ni are evenly dispersed on the carbon
matrix. For a comparison, the catalysts obtained at different
pyrolysis temperatures were also characterized by TEM, reveal-
ing similar carbon-encapsulated structures to Ni@NC-1000
(Fig. S3 and S4t).

The crystal structures of all samples were characterized by
XRD. As shown in Fig. 2a, Ni@NC-X exhibit a broad peak at
26.0° attributed to the (002) crystal planes of carbon. Notably,
three distinct characteristic peaks appear at 44.5°, 51.8° and
76.4°, belonging to the (111), (200) and (220) crystal planes of
typical nickel species, respectively.””*® In comparison,
NC-1000 shows only two peaks at 26.3° and 42.7°, corres-
ponding to the reflection of the (002) and (100) crystal planes
of graphitic carbon (Fig. S5at).>>*° This observation further
indicates the successful introduction of Ni nanoparticles into
the guanine-derived carbon matrix, which is consistent with
the structural analysis by TEM. Additionally, the Raman

D
&

(b)

Ni@NC-1100
\Awuﬂ
-—/L,\m@u_c.ﬂ

I | Ni PDF#70-1849

I/l;=084 \ NI@NC-1100)

Ip/1=0.86 Ni@NC-1000j
Ip/15=0.89 / \ Ni@NC-900|

Intensity (a.u.)
Intensity (a.u.)

0 20 30 40 50 60 70 80 500 1000 1500 2000 2500
(c) 2 Theta (degree) (d) Raman shift (cm™)

250 0.04
- ——NI@NC-900 —— NI@NC-900
o —— Ni@NC-1000 —— Ni@NC-1000
% 200 { ——Ni@NC-1100 (e —— Ni@NC-1100
g e £ 0.03 o
oo =
T 150 =
- o
5 A % 0.02
] > E
2 100 . e |8
s . z a

o Toot 2

- ﬂw = 3 E,
© i e a
3 ol 0.00 N

0.0 2 04 06 08 1.0 0

02 o 20 30 40 50
Relative pressure (P/Pg)

10
Pore width (nm)

Fig. 2 (a) XRD spectra. (b) Raman spectra. (c) N, adsorption—desorption
isotherms. (d) Pore size distribution obtained by the BJH method.
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spectra were also presented to reveal the graphitization degree
and amorphous carbons. As depicted in Fig. 2b and Fig. S5b,f
there are two characteristic peaks at 1340 cm™" and 1590 cm™,
attributed to the D-band (disordered sp® carbon) and G-band
(sp* graphite carbon), respectively. The Ip/Ig ratio, also known
as the D-band to G-band intensity ratio, is a crucial parameter
to evaluate the defect degree of carbon-based materials.*™?
The value of Ip/Ig for Ni@NC-1000 is 0.85, while for
Ni@NC-900, Ni@NC-1100 and NC-1000, the values are 0.89,
0.84 and 0.90, respectively. The result indicates that both the
increase in pyrolysis temperature and the introduction of
nickel nanoparticles can enhance the graphitization degree of
carbon supports.*?

The N, adsorption-desorption isotherm and pore size dis-
tribution were used to investigate the specific surface area and
pore structure of catalysts. As depicted in Fig. 2c and S5c,{ all
catalysts exhibit typical type IV isotherms with significant hys-
teresis loops, implying the existence of a mesoporous struc-
ture. Fig. 2d and S5dt show that the pore size of the prepared
catalysts is mainly concentrated in the 2-50 nm range, which
is consistent with the above analysis results. Among these
samples, optimized Ni@NC-1000 has the highest BET specific
surface area of 77 m> g~' and the largest pore volume of
0.31 cm® g™' (Table S1f). This characteristic enables the
exposure of more active sites, thereby enhancing electro-
catalytic activity.>*?>

To further investigate the elemental composition and
chemical states of all samples, X-ray photoelectron spec-
troscopy (XPS) experiments were conducted. The XPS survey
spectrum (Fig. 3a) reveals the presence of four elements: C, N,
O, and exclusively Ni in the Ni@NC-X samples, consistent with
the EDS results. The specific contents of each element are
summarized in Table S2.7 In the C 1s high-resolution spectra
(Fig. 3b and S6bf), three types of C species are observed at
284.6, 285.7 and 287.9 eV, corresponding to C=C, C-N, and
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Fig. 3 (a) XPS survey spectra of Ni@NC-X (X = 900, 1000, 1100). (b)
High-resolution C 1s XPS spectra. (c) High-resolution N 1s XPS spectra.
(d) High-resolution Ni 2p XPS spectra.
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C-0, respectively.*® The C-N species proves that N atoms are
successfully doped into the carbon matrix. Furthermore, the N
1s spectra of the as-prepared samples (Fig. 3¢ and S6ct) can be
deconvoluted into four N configurations, corresponding to pyr-
idinic-N, pyrrolic-N, graphitic-N, and oxidized-N, with binding
energies of 398.0 eV, 399.0 eV, 400.9 eV and 402.0 eV,
respectively.>’*® Compared with NC-1000, the N 1s peaks of
Ni@NC-1000 shift to a higher binding energy, representing the
electron-deficient property of N species, which may be condu-
cive to the adsorption of CO, molecules and the enhancement
of the CO,RR.*° The relative contents of different types of N
species in various catalysts were figured out and are shown in
Fig. S6d and Table S3.f Moreover, the O 1s high-resolution
spectra of all samples shown in Fig. S77 reflect the presence of
C-OH and C=O species. In Fig. 3d, the Ni 2p spectra of
Ni@NC-X display two peaks at 852.8 eV and 870.4 eV, revealing
the presence of metallic Ni.*° In addition, two sharp peaks
centered at binding energies of 854.9 eV (2ps/,) and 872.2 eV
(2p1/2) accompanied by two satellite peaks are also observed.
These features are characteristic of coordinated Ni species,
possibly due to the interaction between the surface of Ni nano-
particles and N-doped carbon shells, as well as the occurrence
of surface oxidation of Ni.*! Further observation shows that
the Ni species of Ni@NC-1000 and Ni@NC-1100 shift to the
lower binding energies compared with that of Ni@NC-900,
indicating that the oxidation state of Ni decreases, may be due
to the interaction between Ni and the carrier changing with
the increase of pyrolysis temperature.****

3.2. Electrocatalytic performance of the CO,RR

The CO,RR performance of all samples was first analyzed by
linear sweep voltammetry (LSV) in N, and CO,-saturated
NaHCO; solutions. The LSV curves of Fig. S8a—ct clearly illus-
trate that the current densities of Ni@NC-X obtained under a
CO, atmosphere are dramatically improved in comparison
with those obtained under a N, atmosphere, indicating that
the current increase originates from the CO,RR process.
Moreover, Ni@NC-1000 has a lower onset potential and higher
current density than its counterparts obtained at other temp-
eratures. Further comparison with the electrocatalytic activity
of guanine derived NC-1000 (Fig. 4a) suggests that the addition
of Ni plays an important role in promoting the electrochemical
reduction activity of CO,. Subsequently, to further analyze the
product distribution, controlled potential was used in CO,
electrolysis. As shown in Fig. 4b, Ni@NC-1000 shows a
superior advantage in the electrochemical reduction of CO, to
CO among all tested catalysts, which attains a FEo above 90%
in a wide potential window range from —0.55 to —0.9 V (vs.
RHE), with a maximum FEco of 95.6% at —0.75 V (vs. RHE),
indicating the excellent selectivity of Ni@NC-1000 for CO, con-
version to CO. In contrast, the FEgo values of Ni@NC-900,
Ni@NC-1100 and NC-1000 at the same potential are 87.2%,
78.6% and 45.9%, respectively. Notably, only H, and CO were
detected across the entire applied potential range, and the
total faradaic efficiency (FE) was approximately 100%, indicat-
ing that no other products were produced during this process
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Fig. 4 (a) LSV curves of Ni@NC-X and NC-1000 in CO,-saturated 0.5 M
NaHCO:s. (b) CO faradaic efficiency (FEco) at different applied potentials.
(c) CO partial current density (j.o) at different applied potentials. (d)
Double-layer capacitance (Cy)). (e) Tafel slope. (f) Catalytic stability test
of Ni@NC-1000 at —0.75 V (vs. RHE) for 20 h.

(Fig. S97). Besides, the CO partial current density (jco) of
Ni@NC-X and the comparative sample at different potentials
were calculated to further evaluate the CO selectivity of the cat-
alysts. As shown in Fig. 4c, Ni@NC-1000 exhibits a jco of
12.3 mA cm™> at —0.9 V (vs. RHE), which is 1.3, 1.9 and 24.6
times higher than those of Ni@NC-900 (9.5 mA cm™?),
Ni@NC-1100 (6.4 mA cm™?) and NC-1000 (0.5 mA cm?) at the
same potential, respectively.

Additionally, the CV curves of all simples were measured at
different scanning rates (25, 50, 75, 100 and 125 mV s )
(Fig. S10t), and the double layer capacitance (Cq;) was calcu-
lated, which has a positive correlation with the ECSAs
(Fig. 4d). As seen in Fig. 4d, the obtained Cg4 value of
Ni@NC-1000 is 17.3 mF cm™2 in 0.5 M NaHCOj;, which exhi-
bits a substantially higher value among all control samples.
Furthermore, the accurate ECSAs of the samples were calcu-
lated based on the Cottrell equation.** As shown in Fig. S11b,}
the ECSAs of Ni@NC-900, Ni@NC-1000, Ni@NC-1100 and
NC-1000 are assessed to be 0.0025, 0.0044, 0.00094 and
0.00048 cm® respectively. These results imply that
Ni@NC-1000 can provide more electrochemically active sites to
strengthen the electrocatalytic performance of the CO,RR,
which is attributed to the comparatively higher porous struc-
ture of Ni@NC-1000.** To reveal the reaction kinetics process
and the rate-determining step (RDS) of different catalysts,
Tafel slopes are shown in Fig. 4e, where the Tafel slope value
of Ni@NC-1000 (129 mV dec™') is lower than those of
Ni@NC-900 (145 mV dec™), Ni@NC-1100 (160 mV dec™') and
NC-1000 (245 mV dec™"), indicating that Ni@NC-1000 has the
fastest kinetics for the CO,-to-CO conversion. The value reach-
ing 118 mV dec™ indicates that the rate-determining step is
the generation of the *COOH intermediate in the initial elec-
tron transfer step.*>*® Moreover, electrochemical impedance
spectroscopy (EIS) is conducted to study charge-transfer
characteristics of catalysts. As shown in Fig. S12,}
Ni@NC-1000 exhibits a lower charge-transfer resistance (Rct)
than those of NiI@NC-900, Ni@NC-1100 and NC-1000,
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suggesting that Ni@NC-1000 has a faster charge-transfer
kinetics.

In addition to the product selectivity, the long-time stability
is also a key condition for evaluating the performance of the
CO,RR. After continuous electrolysis for 20 h, the total current
density (jiora) exhibits slight decay with a FEco above 90%
(Fig. 4f), and the TEM characterization of Ni@NC-1000 evi-
dences the structural integrity of the spent sample (Fig. S137).
The CO,RR performance of Ni@NC-1000 was also studied in a
self-made flow cell with a gas diffusion electrode (GDE), where
1 M KOH was chosen as the electrolyte. The results show that
Ni@NC-1000 can achieve a high FE¢o of 92.6% at —0.9 V (vs.
RHE) with a current density of 200.3 mA em™2, which indicates
that the flow cell can effectively improve the mass transfer on
the catalyst surface, accelerate the adsorption of CO, and the
desorption of products, and greatly enhance the electro-
catalytic performance of the materials (Fig. S141).*” The above
results indicate that Ni@NC-1000 exhibits excellent perform-
ance and stability in the CO,RR process, demonstrating enor-
mous application potential for CO production.

3.3. Mechanism investigation

To gain insight into the effect of Ni species introduction on
the CO,RR process, in situ Fourier transform infrared (FTIR)
spectroscopy was performed to detect the reaction intermedi-
ates at different potentials. As shown in Fig. 5a and b, two
characteristic peaks at 1267 and 1370 cm™" can be observed in
both samples, attributed to the O-H deformation and C-O
stretching of *COOH species, respectively.*® Notably, the peak
intensity on Ni@NC-1000 is higher than that on NC-1000,
suggesting the stronger adsorption of *COOH on the
Ni@NC-1000 surface. Besides, the peaks around 1548 and
1667 cm™ ' correspond to the asymmetric stretching of COO™
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Fig. 5 The in situ FTIR spectra of (a) Ni@NC-1000 and (b) NC-1000. (c)
The models of Ni@C, Ni@Ny4C and Ni@NC. The charge density distri-
bution on Ni@N,,C before (d) and after (e) *COOH intermediate sorption
(the yellow and cyan areas represent electron accumulation and
depletion). (f) The free-energy diagram for the CO,RR to CO on Ni@C,
Ni@NpyC and Ni@N,,C. (g) The density of states for Ni@C, Ni@N,4C and
Ni@N,C.
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and H-O-H, respectively.*® Fig. 5a shows a distinct character-
istic peak of *CO at 2056 cm™', in contrast to that of the
NC-1000 catalyst on which no *CO signal was detected, indicat-
ing a better ability of the Ni@NC-1000 catalyst to form *CO.>°
Based on the above analysis, it can be inferred that the intro-
duction of Ni species enhances the adsorption of *COOH on
the catalyst surface and promotes the formation of *CO, thus
improving the catalytic activity of the CO,RR.

Furthermore, combined with the relationship between the
content of pyrrolic N in catalysts and the corresponding
CO,RR activity (Fig. S157), it is found that the content of pyrro-
lic N is directly proportional to its CO faradaic efficiency, indi-
cating that pyrrolic N is closely related to the CO, catalytic
activity. Therefore, density functional theory (DFT) calculations
were conducted to further shed light on the underlying mecha-
nism of Ni@NC-1000 with high catalytic activity in the CO,RR.
Based on the experimental results of TEM, the Ni (200) surface
was selected as the model of Ni nanoparticles, and then three
modeling structures of carbon-encapsulated Ni particles
(Ni@C), pyridinic-N doped carbon-encapsulated Ni particles
(Ni@Np4C) and pyrrolic-N doped carbon-encapsulated Ni par-
ticles (Ni@N,,,C) were established (Fig. 5c). Firstly, we calcu-
lated the differential charge density on Ni@N,,C before and
after *COOH intermediate sorption. A significant electron
transfer between *COOH and the N and Ni atoms in the
adsorption centre is observed by comparing Fig. 5d and e,
demonstrating the facile adsorption of *COOH.>' Meanwhile,
Fig. 5f shows the Gibbs free energy diagram for the CO,RR to
CO on these three structures. It is worth noting that the free
energy of *COOH on the Ni@NyC model is much smaller
than those of Ni@N,qC and Ni@C, and features relatively
moderate binding strength toward *CO. This suggests that the
Ni@N,C structure is more conducive to the formation of
*COOH and further desorption of *CO, thereby remarkably
improving the CO,RR catalytic activity.>®> In addition, the
density of states (DOS) of the three modeling structures was
calculated to investigate the electronic structure of Ni and N
species. Compared with Ni@C and Ni@N,4C, Ni@N,C exhi-
bits a stronger electron density near Fermi levels (Fig. 5g), and
the result reveals that the existence of nitrogen in the carbon
layer, especially pyrrolic nitrogen, can effectively regulate the
electronic structure of the catalyst. Overall, DFT calculations
further reveal that pyrrolic nitrogen in the carbon coated
nickel nanoparticle structure is the optimal active site for the
CO,RR, which can effectively regulate the electronic structure
of the catalyst, reduce the energy barrier for generating the key
intermediate *COOH, and thus promote the catalytic process
of CO,-to-CO conversion.

4. Conclusions

In summary, we successfully prepared a kind of Ni@N-C cata-
lyst with a nitrogen doped carbon shell coated Ni nanoparticle
structure via an in situ synthesis method. As expected, the
optimal Ni@NC-1000 catalyst exhibits excellent catalytic
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selectivity. Specifically, the FEgo of Ni@NC-1000 remains well
above 90% in the applied potential window of —0.55 to —0.9 V
(vs. RHE), with the maximum FEgo of 95.6% at —0.75 V (vs.
RHE). Notably, it achieved a high current density of 200.3 mA
em ™2 in a flow cell at —0.9 V (vs. RHE). In situ Fourier trans-
form infrared spectroscopy and DFT calculations reveal that,
owing to the high activity of pyrrolic nitrogen doping in the
carbon layer, the Ni@NC catalyst significantly reduces the
energy barrier for the formation of *COOH and provides
appropriate *CO desorption energy. This promotes the
efficient electroreduction of CO, to CO. This work provides a
new solution for the simple synthesis of low-cost and high
activity electrocatalysts, signifying significant progress in
advancing the CO,RR field.
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