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Doping strategies have been recognized as effective approaches for developing cost-effective and durable
catalysts with enhanced reactivity and selectivity in the electrochemical synthesis of value-added
compounds directly from CO,. However, the reaction mechanism and the specific roles of heteroatom
doping, such as N doping, in advancing the CO, reduction reaction are still controversial due to the lack
of precise control of catalyst surface microenvironments. In this study, we investigated the effects of N
doping on the performances for electrochemically converting CO, to CO over Ni@NCNT/graphene
hybrid structured catalysts (Ni@NCNT/Gr). Ni nanoparticles (Ni NPs) were encapsulated in N-doped
carbon nanotubes (NCNTSs) which were in situ generated from g-CzN,4 during the annealing process due
to the thermal catalysis of the existing Ni NPs. Our results show that the optimized pyrrolic N doping
level, coupled with stable NCNT/Gr hybrid structures, high electrochemically active surface area, rich
active sites, and reduced Ni NP size, synergistically contribute to the distinguished electrocatalytic
performances. The as-prepared Ni@NCNT/Gr-R catalyst demonstrated a high CO faradaic efficiency

(>90%) with negligible differences in CO FE across a wide potential range (—0.71-—0.91 V vs. RHE) in an
Received 30th October 2024 H-cell while maintaini ificent stability with negligibl t density loss for 24 hours at —0.71 V
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(vs. RHE). Our findings provide evidence and insight into the optimization of pyrrolic N doping levels

DOI: 10.1039/d4sc07354a together with reducing NP size within the stable NCNT/Gr hybrid substrate for designing efficient CO,

rsc.li/chemical-science reduction catalysts.

1 Introduction

Recently, converting CO, into value-added products powered by
renewable energies has become highly attractive due to their
sustainable nature. Among the developed technologies, the
electrochemical CO, reduction reaction (ECO2RR) represents
the most promising strategy to realize a carbon-neutral or
carbon-net cycle by converting CO, into commodity chemicals
and transportation fuels."” However, applying the ECO2RR to
the industry is hampered by low selectivity and reactivity due to
its complicated reaction mechanism, sluggish reaction kinetics,
and competitive hydrogen evolution reaction.*” To avoid these,
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recently, transition metal-based catalysts including Fe, Co, and
Ni have emerged as the most promising candidates with the
advantages of their natural abundance and electronic structure
tunability by chelating with heteroatoms at an atomic scale.*™**
Especially, N-doping plays significant roles in tuning the
geometric and electronic properties of the metal center,
particularly at the interfaces between the active center and
doped N atoms.™ " Indeed, a few heteroatom-doped catalysts
have demonstrated high CO selectivity and reactivity far
surpassing those of the hydrogen evolution reaction (HER). For
example, Li et al. demonstrated a high CO faradaic efficiency
(FE) of >90% in a wide potential range on an exclusive four
pyridinic-N coordinated Ni single atom catalyst.™ Liu et al. have
designed a model pyrrolic-N coordinated Ni single atom catalyst
which exhibited a maximum CO FE of 99% at a low over-
potential of 600 mV.* In addition, single atom catalysts with
various lower or higher coordination numbers also presented
high CO selectivity of >90%.7*>*> However, the ECO2RR perfor-
mance varies dramatically with the changes in the microenvi-
ronment; for instance, a decreased coordination number offers
more unoccupied 3d orbitals, which enhances CO, adsorption,
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and thus lowers the energy that is required for the formation of
the *COOH intermediate, and improves the selectivity in
product formation.*® However, the clear roles of different types
of N configurations are still under debate; especially, the reac-
tion mechanism over nanoparticle (NPs) catalysts decorated on
a specific N-doped carbon substrate has rarely been
investigated.***’

It should be also noted that electrode architecture has great
influence on the electrochemical performances as well, which
governs the accessibility of active sites and mass/electron
transport.?*?*° Over the past few decades, carbon nanotubes
(CNTs) and graphene (Gr) as ideal substrates have been exten-
sively studied by virtue of their high electronic conductivity and
structural stability.**>* Cheng and co-workers reported that a Ni-
based single atom catalyst, dispersed on CNTs, displayed a CO
selectivity of 91.3% and high partial current of 23.5 mA em™>.%
Furthermore, Wang et al. synthesized an intrinsic defect-rich
graphene-like carbon dispersed with Fe-single sites by pyro-
lyzing g-C3;N,, which displayed a high CO faradaic efficiency of
90% and high jco of 33 mA ecm™ 2.3 However, direct loading of
Ni-atoms onto CNTs is quite challenging due to the steady
structure of CNTs which results in a low atom loading (Fig. 1a).*
Moreover, low electrochemically active surface area (ECSA) of
graphene at the gas/liquid/solid three-phase interface is usually
observed because two-dimensional (2D) graphene layers are
prone to stack together due to the strong -7 interaction
between ultrathin graphene layers (Fig. 1b).>** Therefore,
catalysts with excellent architectures that can provide rich active
sites and lead to high selectivity and reactivity are highly
desired.

Considering all of this, we have rationally designed an N-
doped carbon nanotube/graphene (NCNT/Gr) hybrid
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structured catalyst decorated with Ni NPs by carbonizing g-C;N,
with the assistance of polyvinylpyrrolidone (PVP). The Ni NPs
catalyze the in situ formation of N-doped CNTs (NCNTs) during
the calcination process and meanwhile, the Ni NPs were
encapsulated in the formed NCNTs. In the hybrid structured
Ni@NCNT/Gr catalysts, consequently, Gr with a high specific
surface area serves as a scaffold which is beneficial for the CO,
adsorption; NCNTs act as an electron conductive skeleton while
preventing Gr layers' stacking to some extent and provide active
sites for the ECO2RR at the Ni/NCNT interface. Benefiting from
the distinguished hybrid structure, the Ni@NCNT/Gr-800
hybrid catalyst with an optimal pyrrolic N-doping level dis-
played a much-improved CO selectivity and reactivity in a gas-
tight H-cell (Fig. 1c). Furthermore, density functional theory
(DFT) clarifies that the pyrrolic N lowered the reaction energy at
the rate determining step which facilitated the reaction kinetics
of the ECO2RR. After further reduction of the particle size,
Ni@NCNT/Gr-R exhibits high CO FEs > 90% in a wide over-
potential range of 300 mV with the highest CO FE of 94.5% at
—0.71 V (all the potentials in this study were converted to the
reversible hydrogen electrode (RHE) scale unless otherwise
stated) and an outstanding catalytic durability at —0.71 V for
24 h.

2 Results and discussion

2.1 Microstructure of the hybrid structured Ni@NCNT/Gr
catalysts

The Ni@NCNT/Gr catalysts were prepared by loading the Ni**
salt onto the g-C;N, followed by covering with PVP (poly-
vinylpyrrolidone). Then, the final products were obtained by

carbonizing the PVP@Ni@g-C3N, precursors at various
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(a and b) Representation of carbon nanotubes (CNTs) and graphene (Gr) decorated with nanoparticles for electrochemical CO, reduction;

(c) overview of the synthesis strategy of Ni@NCNT/Gr catalysts in this work.
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temperatures (T = 700, 800, 900 °C) followed by acid etching for
24 h (Fig. 2a). During the calcination process, the Ni NPs cata-
lyzed the in situ formation of NCNTs and meanwhile, the Ni NPs
were encapsulated in the formed NCNTs.*® In addition, PVP is
transformed into graphene-like layers. To explore the obtained
compositions after the synthesis of the catalysts, XRD patterns
of the hybrid Ni@NCNT/Gr catalysts obtained at different
temperatures were collected (Fig. 2b). The three sharp diffrac-
tion peaks located at 44.5°, 51.8°, and 76.4° are assigned to the
(111), (200), and (220) facets of metallic Ni (JCPDS# 04-0850).
The peak centered at 26.0° is indexed to the (002) plane of
carbon and the intensity is increased with temperature, indi-
cating an increased graphitization degree of the NCNT/Gr
substrate which was formed by the catalysis of Ni during
calcination.***® The intensity of Ni@NCNT/Gr-700 is much
lower than that of its counterparts indicating a low crystalliza-
tion degree. In addition, the shoulder peak at 47.4° in the
Ni@NCNT/Gr-700 sample is attributed to the (103) plane of g-
C;N, due to the insufficient carbonization.** Furthermore,
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Raman spectroscopy was employed to describe the defect
degree of the NCNT/Gr hybrid structure. As displayed in Fig. 2c,
four bands are observed at 1220, 1346, 1473 and 1584 cm *,
corresponding to the D4, D1, D3 and G bands of carbon
substrates, respectively. The D1 and D4 bands are assigned to
the A, symmetry vibrational modes of a disordered graphitic
lattice, where D1 is related to the amorphous carbon, while D4
arises from polyene structures or ionic impurities. The D3 band
is associated with stacking faults and turbostratic structures,
while the G band arises from the E,, symmetry vibration of
a perfect graphitic lattice.*>** The D/G intensity ratio (Ipi/Ig)
reflects the degree of defect density of the carbon substrate.*>*¢
Among those three samples collected at various temperatures,
Ni@NCNT/Gr-800 shows a high I,/Ig value of 1.07, indicating
a high defect concentration that resulted from the high N-
doping level.*” The Ip./Ig is decreased to 1.0 with further
increasing the calcination temperature to 900 °C, which is
attributed to a higher graphitization degree with a lower N
doping concentration due to the decomposition of the relatively
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(@) Schematic illustration of the preparation route of the Ni@NCNT/Gr-800 catalysts; (b) XRD patterns; (c) Raman spectra; (d) high-

resolution Ni 2p XPS spectra; (e) high resolution N 1s XPS spectra of the NI@QNCNT/Gr-T (T = 700, 800, and 900 °C) catalysts.
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unstable N-containing motifs, which is in line with the XRD
results.*®*° However, the highest I, /I; value (1.3) is obtained at
700 °C, which is assigned to the much higher N doping level due
to the insufficient graphitization of the g-C;N,.** By comparing
the mathematical area of the deconvoluted D and G bands, as
displayed in Fig. S1,T the D band percentage (D4 + D1 + D3)
decreases with the applied temperature due to the decrease of
amorphous carbon content, which implies an increased
graphitization degree. Thus, the broad Raman peak in
Ni@NCNT/Gr-700 is assigned to the relatively higher amount of
amorphous carbon. Additionally, N, adsorption-desorption
isotherms were recorded to determine the specific surface area
and porosity. The as-obtained Ni@NCNT/Gr-T catalysts that
were obtained at various temperatures suggest comparable
specific surface areas with only a few variations and show
similar diameters, whereas the meso-macropores decreased
with the increase of annealing temperature (Fig. S27).

To explore the chemical state of the as-obtained catalysts, X-
ray photoelectron spectroscopy (XPS) was applied, and no other
elements are observed other than C, N, O, and Ni in the survey
spectrum (Fig. S31). The binding energy of the Ni 2p;, in Fig. 2d
increases from 854.9 eV to 855.1 eV but is lower than 855.8 eV
when the temperature is increased to 900 °C, indicating that the
valence state of Ni is between 0 and +2.5** The peaks located
between Ni 2p,,, and Ni 2p;/, are assigned to the satellite peaks
of Ni 2p;/,.>* The high-resolution N 1s XPS spectra of NI@NCNT/
Gr-700 can be deconvoluted into three peaks at 398.4 eV,
399.4 eV, and 400.8 eV, corresponding to pyridinic N, pyrrolic N,
and graphitic N, respectively (Fig. 2e).>>>” While Ni takes part in
the carbonization, it can stabilize carbon by interacting with
nitrogen atoms, thus avoiding the rapid loss of the small
nitrogen source during the calcination process, guaranteeing
carbon formation, and transforming pyridinic N into pyrrolic N

Account (%)

’ | .

1020 2030 3040 40-50
Diameter (nm)

Fig. 3
Ni@NCNT/Gr-800 catalyst.
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and graphitic N.** When the calcination temperature is
increased to 800 °C, the pyridinic N percentage notably reduces
from 73.2 at% to 35.3 at%, while the percentage of pyrrolic N
centered at 399.4 eV is significantly increased from 13.1 at% to
26.6 at% (Fig. S47). It is well known that N configuration has
a substantial impact on the electrochemical reactivity of the
resulting materials. Regarding the electron configuration of N
in the carbon substrate, pyrrolic N with a lone pair of electrons
perpendicular to the graphene plane increases electron density
to a large extent and thus results in abundant absorptive
sites.”®*® However, the total N content decreases to 9.2 at% that
is much lower than that of Ni@NCNT/Gr-700 (28.9 at%), further
confirming the decomposition of the unstable structures of N-
containing motifs at a high temperature.®*® A new peak is
observed at 403.5 eV, which can be attributed to oxidized N.** By
increasing the temperature to 900 °C, the graphitic N peak is
shifted to higher binding energies (from 400.8 eV to 401.1 eV)
and the percentage increases strikingly up to 42.9 at%, indi-
cating an increased graphitization degree.®>** The increased
graphitic N can accelerate electron transfer and improve the
conductivity of the carbon substrate due to its unique micro-
environment.** However, the pyridinic N and pyrrolic N drop
significantly when the total N at% decreases to 6.2 at%,
consistent with the increased graphitization degree confirmed
by the XRD result in Fig. 2b.

The morphology of the as-obtained Ni@NCNT/Gr-800 cata-
lyst was investigated by transmission electron microscopy
(TEM). As can be seen in Fig. 3a-c, an NCNT/Gr hybrid structure
is observed with particle size mainly distributed in the range of
20-40 nm (accounting for ~80% of the particles). No lattice
fringes are observed either in the low magnification or high-
resolution TEM images (HRTEM) due to the coverage of
NCNTs on Ni nanoparticles. The 2D graphene-like layers

(@ and b) TEM and HRTEM images; (c) SAED pattern; (d) particle size distribution; (e and f) HAADF-STEM images of the as-prepared
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originate from the carbonization of the coated PVP. The NCNTs
are in situ formed resulting from the carbonization of g-C;N, by
the thermal catalysis of the Ni NPs, and Ni NPs are encapsulated
in the NCNTs at the same time.* The selected area electron
diffraction (SAED) pattern in Fig. 3c indicates that the diffrac-
tion patterns can be indexed to the (220) and (111) facets of Ni,
suggesting high purity of the obtained product. The energy-
dispersive X-ray spectroscopy (EDX) images in Fig. 3e and f
demonstrate that bright dots can be related to Ni, while the N
and C are homogeneously distributed throughout the selected
area. These results indicate that the hybrid structured
Ni@NCNT/Gr catalysts are fabricated successfully.

2.2 Electrocatalytic activity of Ni@NCNT/Gr catalysts

After detailed characterization of the as-synthesized catalysts,
we investigated the ECO2RR selectivity and reactivity for the
hybrid catalytic Ni@NCNT/Gr materials. The products were
detected and analyzed by on-line gas chromatography (GC) and
1H nuclear magnetic resonance (‘"H NMR). CO and H, are the
only products, and no liquid product was detected (Fig. S57).
Firstly, linear sweep voltammetry (LSV) was conducted in a N,
and CO, saturated 0.5 M KHCO; solution in a gas-tight H-cell.
As shown in Fig. 4a, the NI@NCNT/Gr-800 and Ni@NCNT/Gr-
900 display much higher total current density (jiorar) in the
CO,-saturated electrolyte than that in N,-saturated electrolyte,
which clearly suggests higher activities towards the ECO2RR.
Moreover, N-doped carbon (NC) shows a much inferior current
density response and more negative onset potential than the
Ni@NCNT/Gr-800 catalyst indicating that Ni nanoparticles are
the active sites and effect of single-atom catalyst is ruled out
(Fig. S6 and S7t). As a result, the NI@NCNT/Gr-800 suggests
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a high CO faradaic efficiency (FEco) of 87.8% with a partial
current density (jco) of 27.9 mA ecm™> at —0.81 V, which is
higher than that of a Ni@NCNT/Gr-900 catalyst as demon-
strated in Fig. 4b and c. The superior ECO2RR performances of
Ni@NCNT/Gr-800 can be attributed to the differences in the
content of doped N. More specifically, the enhancement of CO
selectivity and reactivity is attributed to the higher pyrrolic N
doping level which possesses a lone pair electron and results in
a higher electron density. In contrast, the Ni@NCNT/Gr-700
displayed much inferior ECO2RR reactivity but a high HER
reactivity in Fig. S8t despite its high N content according to the
XPS results. The low ECO2RR reactivity of NN@NCNT/Gr-700 is
attributed to the insufficient carbonization of the g-C;N,/PVP
precursor. In addition, the reaction kinetics of the ECO2RR on
the as-prepared samples were further evaluated by the Tafel
slope, which connects the increase in overpotential with the
logarithm of the jco. Similar Tafel slopes of 147.7 and 151 mV
dec™! are observed in Ni@NCNT/Gr-800 and Ni@NCNT/Gr-900
in Fig. 4d, which are smaller than 188.8 mV dec " for
Ni@NCNT/Gr-700 and comparable with the catalysts listed in
Table S1,7 implying fast kinetics. In addition, a higher ECSA is
suggested in Ni@NCNT/Gr-800 (Fig. 4e and S9t), which arises
from higher pyrrolic N content that can lead to richer absorptive
sites. Moreover, the smaller resistance of Ni@NCNT/Gr-800 and
Ni@NCNT/Gr-900 in electrochemical impedance spectrum
(EIS) in Fig. 4f is attributed to the increased graphitic N, which
can accelerate electron transfer and improve the conductivity of
the carbon substrate due to its unique microenvironment.
Besides, the effects of PVP on the ECO2RR performances were
also investigated, Ni@NCNT/Gr-xPVP (x = 1, 2, 3) with different
amounts of PVP were prepared at 800 °C, as demonstrated in the
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Fig.4 ECOZ2RR performances of the NI@NCNT/Gr-T catalysts. (a) LSV curves in N, and CO, saturated 0.5 M KHCO3 at a scan rate of 10 mV sL
(b and c) the CO FEs and CO partial current densities at independent potentials from —0.31-—1.01 V (vs. RHE); (d) Tafel plots of polarization
overpotential () versus CO partial current density of Ni@NCNT/Gr-T (T = 700, 800, 900 °C) catalysts; (e) charging current density differences
plotted against scan rates, roughness factor (RF) was calculated from the ratio of ECSA on the electrode to the geometric area of the carbon
paper electrode. Roughness factor values of Ni@NCNT/Gr-700, Ni@NCNT/Gr-800, and Ni@NCNT/Gr-900 electrodes are 805, 615, and 19,
respectively; (f) Nyquist plots of the as-prepared catalysts at the open circuit potential (OCP).
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experimental section. As shown in Fig. S10a and b,} the as-
prepared samples show no impurities other than Ni and
carbon substrate, and Raman spectra imply that Ni NPs are
supported on the N-doped carbon substrate. Although a high
difference in specific surface area is observed in Fig. S10c,} the
porosity diameter remained (Fig. S10d}). When evaluating the
samples under the same conditions as NI@NCNT/Gr-T catalysts,
the Ni@NCNT/Gr-2PVP catalyst that was prepared by following
the same procedure as that for the Ni@NCNT/Gr-800 displays the
highest ECO2RR reactivity and selectivity as shown in Fig. S11a-
c.T The relatively higher ECO2RR may originate from the higher
ECSA, which can provide more active sites and thus lead to high
CO selectivity and reactivity (Fig. S11d and S127).

To further upgrade the ECO2RR performances, a refined
catalyst defined as Ni@NCNT/Gr-R was prepared under the
same conditions as the Ni@NCNT/Gr-800 catalyst but with
loading less Ni** for the PVP@Ni@g-C;N, precursor. As a result,
the as-prepared Ni@NCNT/Gr-R shows a clearer NCNT/Gr
hybrid structure encapsulated with Ni NPs in the NCNTs.
However, the particle size is reduced with the three highest
contributions being in the range between 10 and 25 nm
(Fig. S13t). The diffraction rings in the SAED pattern can be
indexed to the (111) and (220) facets of metallic Ni, respectively,
which are consistent with the XRD and TEM results of
Ni@NCNT/Gr-800. XRD was applied to explore the purities of
the refined Ni@NCNT/Gr-R catalyst; three distinct diffraction
peaks located at 44.5°, 51.8°, and 76.4° are observed, which are
assigned to the (111), (200), and (220) facets of metallic Ni
(JCPDS# 04-0850), respectively (Fig. S14at). The intense peak at
26° is attributed to the (002) facet of graphitic carbon and no
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other impurities are detected.®® The Raman spectrum was
recorded to reveal the graphitization degree (Fig. S14b¥); a high
In,/Ig value of 1.09 is obtained, which is in line with the
Ni@NCNT/Gr-800 catalyst with a high defect concentration.”
High-resolution XPS spectra of N and Ni were employed to
explore the chemical state (Fig. S11c and df). However, the
total N content increased to 15.4% when compared with
Ni@NCNT/Gr-800, which is assigned to a lower graphitization
degree resulting from the reduced Ni content that can catalyze
the formation of graphitic carbon during the annealing
process.”** To reveal the chemical state, as depicted in
Fig. S14c,t the four peaks at 398.4, 399.2, 400.8, and 403.5 eV
can be assigned to pyridinic N, pyrrolic N, graphitic N, and
oxidized N, respectively.® Fig. S14df reveals three peaks of Ni
2p1/2, Ni 2p3), and Ni sat. of the Ni@NCNT/Gr-R catalyst at
872.3, 855.1, and 861.8 eV, respectively, which is in good
agreement with the result of Ni@NCNT/Gr-800 indicating that
the valence state of Ni remained stable after reducing the
nanoparticles’ diameter.*>** The content of Ni in the Ni@NCNT/
Gr-R is determined to be 6.6% by ICP-MS.

To explore the ECO2RR performances, electrochemical tests
were conducted under the same conditions as those of the
Ni@NCNT/Gr-T and Ni@NCNT/Gr-xPVP samples. As shown in
Fig. 5a, NI@NCNT/Gr-R displays a higher ECO2RR activity in
a CO,-saturated electrolyte than in an N,-saturated electrolyte as
presented by the LSV curves. In addition, Ni@NCNT/Gr-R
demonstrates the highest CO FE of 94.5% at —0.71 V which is
higher and slightly more positive than that of the Ni@NCNT/Gr-
800 catalyst. Moreover, NI@NCNT/Gr-R shows little difference
in CO FEs in the potential range of —0.71-—0.91 V with a high
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(b and c) the CO FEs and CO partial current densities at independent potentials from —0.31to —1.01V (vs. RHE); (d) electrocatalytic stability test at
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Jjoo of —37.4 mA ecm ™2 at —0.91 V in Fig. 5b and ¢, which is much

higher than those of Ni@NCNT/Gr-T and Ni@NCNT/Gr-xPVP
catalysts, and is comparable with the recently reported
advanced catalysts as listed in Table S1.f The enhancement in
CO selectivity and reactivity is attributed to the reduced Ni
nanoparticle size which can provide a richer adsorption site
with a high surface/volume ratio, like corner and edge sites, for
the key intermediate of *COOH and *CO, and thus promote the
formation of CO.°***%” Moreover, Ni@NCNT/Gr-R exhibits
outstanding electrocatalytic stability for 24 h and CO FEs
remain higher than 90% with little current density loss at
—0.71 V in Fig. 5d. The enhanced CO selectivity is attributed to
synergistic effects of the reduced NP size and optimal pyrrolic N
doping concentration when compared with Ni@NCNT/Gr-800.
More specifically, optimal pyrrolic N doping increases charge
density and exposed active sites for absorbing intermediates,
and the reduced particle diameter provides more active sites
with the reactant, which synergistically contributes to the high
performances of the ECO2RR. In addition, the NCNT/Gr hybrid
structure remained stable after long-term electrocatalysis as
evidenced by TEM analysis displayed in Fig. S15, certifying an
exceptional durability of the hybrid electrode structure under
the conditions of electrolysis for a period of 24 h.

2.3 Theoretical calculation and mechanism of Ni@NCNT/Gr
catalysts

To investigate the mechanism on Ni@NCNT/Gr-R, the Tafel
slope in Fig. 6a illustrates a slightly faster kinetics for

View Article Online
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Ni@NCNT/Gr-R when comparing with Ni@NCNT/Gr-800 (see
Fig. 4d), which is indexed to the higher adsorption sites.
Furthermore, Ni@NCNT/Gr-R displays a higher electrochemical
active surface area in Fig. 6b, which results from the relatively
higher pyrrolic N doping level at a high active site concentration
after reducing the Ni NP size, which is helpful for intermediate
adsorption and further reduction.

To further understand the underlying mechanism of the N-
doping effects on the ECO2RR on Ni@NCNT/Gr catalysts, DFT
calculations were performed using the Materials Studio program.
Fig. 516 and S177 display the optimized models with adsorption
of *COOH and *CO on various Ni@NC sites. The ECO2RR
pathways on Ni@NCNT/Gr catalysts are proposed and generally
consist of a consecutive two proton-coupled electron transfer
process starting with CO, adsorption, and the formation of the
*COOH intermediate by the first proton-coupled electron process
and the subsequent formation of the *CO intermediate. The last
step is the desorption of the *CO intermediate.®® According to the
experimental results, the Gibbs free energy (AG) changes of the
key *COOH and *CO intermediates on various N moieties were
evaluated. As shown in Fig. S19a,T DFT calculation certifies that
the ECO2RR is facilitated on a pyrrolic N doped graphene catalyst
with the adsorption of CO, onto the active site as the rate
determining step, which is more favorable (1.97 eV) when
compared with pure graphene (2.99 eV). Metallic Ni shows
a much more thermally and kinetically favorable process at the
beginning of the ECO2RR, whereas a much higher activation
energy (2.68 eV) is required for *CO desorption at the rate
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Gr/Ni, and pyrrolic N-Gr/Ni; (d) the calculated free energy diagrams for the HER to H, on graphitic N-Gr-Ni, pyridinic N-Gr/Ni, and pyrrolic N-Gr/
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determining step due to the strong binding strength with *CO,
which retards the ECO2RR. Therefore, combining N doped
carbon and a transition metal is promising. As shown in Fig. 6c,
the transformation of *CO, into *COOH can be easily realized on
pyridinic N-Gr/Ni due to its negligible difference in AG (0.01 eV).
However, for the step of *CO desorption, the rate-determining
step, a large free energy barrier of 2.02 eV is observed for pyr-
idinic N-Gr/Ni. In contrast, the desorption of the *CO interme-
diate occurs spontaneously on graphitic N-Gr/Ni and pyrrolic N-
Gr/Ni catalysts. The formation of the *COOH intermediate is
the rate-determining step for graphitic N-Gr/Ni and pyrrolic N-Gr/
Ni, whereas the free energy path of the formation of *COOH on
the pyrrolic N-Gr/Ni site is thermodynamically more favorable
(0.92 eV) in comparison with that on graphitic N-Gr/Ni (2.24 eV).
The enhanced adsorption to *COOH may originate from the lone
pair electron on the pyrrolic N site which induces charge redis-
tribution and increases the electron density on the adjacent
atoms. The enhanced electron density at the pyrrolic N-C sites
promotes CO, adsorption, thereby accelerating the ECO2RR
process.®>’® This result is consistent with our experimental
results that Ni@NCNT/Gr-800 with the highest pyrrolic N-doping
level shows the best CO FE% and reactivity. Meanwhile, the HER
as the main side reaction was also considered in the calculation
(Fig. S187). As displayed in Fig. 6d and S19b,} pure graphene and
pyrrolic N-Gr are thermodynamically favorable for the HER under
CO, reduction conditions. Metallic Ni is the most unfavorable
catalyst for the HER under the CO, reduction conditions. When
integrating N-doped carbon and the transition metal simulta-
neously, although *H can be formed more easily, a much higher
energy barrier has to be overcome for graphitic N-Gr/Ni (3.8 eV),
pyridinic N-Gr/Ni (4.82 eV) and pyrrolic N-Gr/Ni (4.35 e€V) when
compared with pure carbon (0.26 e€V), N-doped carbon (2.51 eV)
and metallic Ni (3.95 eV). Therefore, the pyrrolic N-Gr/Ni is
verified to be the kinetically most unfavorable for the HER due to
the high energy barrier. Moreover, the difference between the
limiting potentials for CO, reduction and H, evolution (U (CO,)
— Uy(H,)) can serve as a descriptor, where a more positive
UL(CO,) — U (H,) value indicates a better product selectivity
towards the ECO2RR.”*”> As shown in Fig. $20,t the Ui (CO,) —
UL (H,) values for graphitic N-Gr/Ni, pyrrolic N-Gr/Ni and pyr-
idinic N-Gr/Ni are 1.56, 3.43 and 2.8, respectively, which implies
that pyrrolic N-Gr/Ni possesses the highest CO selectivity,
consistent with the electrochemical results. Considering all the
above parameters, pyrrolic N-Gr/Ni with an optimal pyrrolic N
doping level is proven to be the most promising catalyst for the
ECO2RR due to its much more positive limiting potential and
relatively lower energy barrier (0.92 eV) than those of pyridinic N-
Gr/Ni (2.02 eV) and graphitic N-Gr/Ni (2.24 eV) at the rate-
determining step for the formation of the *COOH intermediate
and higher energy barrier for the HER.

3 Conclusions

In summary, a series of hybrid NCNT/Gr catalysts were prepared
with in situ encapsulated Ni nanoparticles for electrochemical
CO, reduction. By changing the carbonization temperature,
Ni@NCNT/Gr-800 with the optimized pyrrolic N doping level

© 2025 The Author(s). Published by the Royal Society of Chemistry
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displayed the highest CO selectivity and reactivity. The electro-
chemical CO, reduction performances were further improved
due to the decreased Ni NP size and increased N doping
concentration in the Ni@NCNT-Gr-R catalyst, which displayed
high CO faradaic efficiencies higher than 90% in an over-
potential range of 300 mV and suggested distinguished elec-
trocatalytic stability for 24 h. Furthermore, by combining DFT
calculations, the unexpectedly high ECO2RR performances
were attributed to the synergetic effects of the optimal pyrrolic N
doping and the reduced particle size, which increased charge
density, lowered energy barrier, and exposed abundant active
sites. In addition, the stable hybrid NCNT/Gr substrate can
facilitate mass/electron transport, maximize the active site
distribution, and prevent the Ni nanoparticles from reacting
with the electrolyte. The interesting synthesis strategy that we
applied produces very active Ni@NCNT/Gr hybrid catalysts
which clearly provide new opportunities for effective ECO2RR
conversion by precise design of the catalyst and N-heteroatom
doping, which plays an important role.
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