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Abstract

The electrocatalytic reduction of carbon dioxide (CO,RR) to valuable products presents a promising solution for addressing global warming
and enhancing renewable energy storage. Herein, we construct a novel Ni;ZnCy7/Ni heterostructure electrocatalyst, using an electrospinning
strategy to prepare metal particles uniformly loaded on nitrogen-doped carbon nanofibers (CNFs). The incorporation of zinc (Zn) into nickel (Ni)
catalysts optimizes the adsorption of CO, intermediates, balancing the strong binding affinity of Ni with the comparatively weaker affinity of Zn,
which mitigates over-activation. The electron transfer within the NizZnC, ;/Ni@CNFs system facilitates rapid electron transfer to CO,, resulting
in great performance with a faradaic efficiency for CO (FEco) of nearly 90% at —0.86 V versus the reversible hydrogen electrode (RHE) and a
current density of 17.51 mA cm~2 at —1.16 V versus RHE in an H-cell. Furthermore, the catalyst exhibits remarkable stability, maintaining its
crystal structure and morphology after 50 h of electrolysis. Moreover, the NizZnC 7/Ni@CNFs is used in the membrane electrode assembly
reactor (MEA), which can achieve a FEcq of 91.7% at a cell voltage of —3 V and a current density of 200 mA cm ™2 at —3.9 V, demonstrating its
potential for practical applications in CO, reduction.
© 2025 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

To address global warming and facilitate renewable energy
storage, CO,RR has emerged as a promising strategy for
mitigating CO, emissions and converting CO, into valuable
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carbon products or as a component of syngas (CO + H,),
which is essential for producing chemicals like methanol,
acetic acid, and dimethyl ether via the Fischer-Tropsch (F-T)
process [22-26]. While single-atom catalysts have gained
considerable attention for CO,RR, bimetallic catalysts have
demonstrated superior performance due to synergistic effects,
tailored coordination environments, and enhanced electron
transfer [27-31]. Consequently, the development of cost-
effective and efficient bimetallic catalysts for CO,RR is highly
desirable, although elucidating their reaction mechanisms re-
mains a significant challenge.

Among single-atom catalysts, nickel on nitrogen-doped
carbon (Ni-N—-C) catalysts have shown exceptional promise
owing to their large surface area, high electrical conductivity,
and tunable structures [32—37]. The coordination-unsaturated
and alloyed nickel sites exhibit unique electronic configura-
tions and intermediate adsorption energies, which facilitate the
efficient conversion of CO, to CO [38-40]. However, the
strong affinity of nickel atoms for both carbon and oxygen in
CO, often leads to the formation of stable bonds, resulting in
unstable catalytic activity and poor durability [41]. These
limitations hinder the large-scale application of Ni-based
catalysts. Generally, the performance of the CO,RR is
fundamentally governed by scaling relationships in the bind-
ing energies of reaction intermediates on the catalyst surface.
Neither overly strong nor weak binding energies are thermo-
dynamically favourable, necessitating precise modulation of
intermediate adsorption strengths at active sites [42]. Bime-
tallic catalysts offer a promising approach to optimize the
binding energies of CO, intermediates and modify the elec-
tronic structure of the catalyst through strategies such as
doping, heterostructure formation, alloying, defect engineer-
ing, or surface replacement [43,44].

Recent studies have highlighted the benefits of incorpo-
rating Zn into Ni catalysts, as the formation of Ni—Zn metallic
bonds or Zn-doped Ni lattices optimizes the adsorption of CO,
intermediates [45,46]. The strong binding affinity of Ni for
carbon and oxygen in CO, facilitates effective CO, activation,
whereas the comparatively weaker affinity of Zn mitigates
over-activation, ensuring balanced intermediate adsorption
[47]. Specifically, the Ni sites neighboring Zn reduce the en-
ergy barriers for CO, protonation and subsequent dehydrox-
ylation [48]. For instance, the incorporation of 3% Zn into the
Ni lattice modulates the d-band centre through Ni—Zn elec-
tronic coupling, balancing the bonding strengths of *COOH
and *CO intermediates. This results in a lower energy barrier
for CO, activation without significant CO poisoning [49].
Moreover, the synergistic interaction between Ni and Zn at
binary metal sites promotes *COOH formation, enhancing CO
production [50]. Ni—Zn bimetallic sites on nitrogen-doped
carbon narrow the gap between the d-band centre of Ni (3d)
orbitals and the Fermi energy level, strengthening electronic
interactions at the reaction interface [45]. This leads to
reduced free energy barriers in the thermodynamic pathway,
lower activation energies, and reinforced metal-carbon
bonding in the kinetic pathway. For example, a NiyN/
Ni3ZnCy; heterostructure embedded in accordion-like

N-doped carbon exhibits a lower energy barrier for *COOH
formation compared to individual NiyN and Ni;ZnC ; phases
[51]. The Ni/NizZnCy; phase on nitrogen-doped carbon
demonstrates strong electron transfer interactions with adsor-
bed *COOH, outperforming NizZnC,;-NC and Ni—-N-C sys-
tems [52,53]. The Ni/Ni3ZnCy; phase on nitrogen-doped
carbon demonstrates strong electron transfer interactions with
adsorbed *COOH, outperforming Ni;ZnC;-NC and Ni-N-C
systems. These properties accelerate CO,RR kinetics,
improving catalytic activity and selectivity. However, the re-
action mechanism of Ni/NizZnC,; during CO,RR remains
unclear, and its structural degradation during prolonged sta-
bility tests poses a significant challenge.

In this study, we synthesized a Ni;ZnC, 7/Ni heterostructure
electrocatalyst supported on porous CNFs via electrospinning.
Electron transfer within the Ni;ZnC;/Ni@CNFs system oc-
curs from Zn to Ni sites, with electron accumulation at Ni sites
facilitating rapid electron transfer to CO,. This configuration
endows the catalyst with superior CO, reduction performance,
achieving a FEcq of nearly 90% at —0.86 V versus RHE and a
current density of 17.51 mA cm ™2 at —1.16 V versus RHE in
an H-cell. The catalyst also demonstrated remarkable stability,
with no significant changes in crystal structure and
morphology after 50 h of electrolysis. In a MEA setup, the
NizZnC 7/Ni@CNFs catalyst achieved a FEco of 91.7% at a
cell voltage of —3 V and a current density of 200 mA cm ™~ at
—3.9 V, highlighting its potential for practical applications.

2. Experimental
2.1. Materials

Nickel acetate tetrahydrate (C4H4NiOg, > 99%), Zinc
acetate dihydrate (C4HqO4Zn-2H,0, > 99%), Zinc oxide
(ZnO, > 99%), N, N-Dimethylformamide (DMF, > 99.5%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(China). Polyacrylonitrile (PAN, Mw = 150,000) was pur-
chased from Du Pont Co., Ltd. (America). As for electrolytes,
potassium bicarbonate (KHCOj;, > 99.5%) and potassium
hydroxide (KOH, > 99%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). Nafion (5wt%), carbon
paper, the alkaline anion-exchange membrane of FAB-3-PK-
130, and the anion-exchange membrane of Sustainion X37-50
were purchased from Sinero Co., Ltd. (China). All chemicals
in this work were analytical grade and employed directly
without further purification.

2.2. Synthesis of NizZnC, /Ni@CNFs

Ni3ZnCy 7/Ni@CNFs was prepared by the “electrospinning-
carbonization” process. In a typical synthesis procedure, PAN
(1 g) was first dissolved in DMF (10 mL) at 60 °C with
vigorous stirring for 10 h. Next, C4H4NiOg (0.6 g), ZnO
0.5 g), and C4HgO4Zn-2H,0 (0.5 g) were dissolved in the
mixed solution at room temperature with vigorously stirring for
12 h to obtain a homogenous mixture for the electrospinning.
Subsequently, the mixed solution was loaded into a plastic
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syringe with a stainless needle at the tip and propelled with a
fluid flow rate of 1 mL h™"', and the electrospinning experiment
was conducted at a voltage of 20 kV provided by the direct
current high-power supply for 10 h. Continuous operation of
the dehumidifier is essential during the electrospinning exper-
iment to maintain the relative humidity below 35%, thereby
ensuring consistent experimental conditions. The roller col-
lector was fixed 15 cm away from the stainless needle nozzle.
After that, the obtained composite nanofiber film was pre-
oxidized at low temperature in air (220 °C for 2 h with a
heating rate of 1 °C min~') and then carbonized at high tem-
perature in N, (900 °C for 1 h with a heating rate of 5 °C
minfl). The dual zinc precursors (ZnO and C4HgO4Zn-2H,0)
enable controlled Zn release  during  pyrolysis.
C4Hg04Zn-2H,0 decomposes at 200~300 °C to initiate Ni—Zn
alloying and carbide formation, while ZnO supplies Zn at >
400 °C to stabilize Ni3ZnCy 7 and prevent Zn loss. In addition,
the optimal calcination temperature of 900 °C was selected to
balance carbon graphitization and metal stabilization, ensuring
sufficient conductivity while preventing metal sintering or
excessive carbon loss, as lower temperatures (800 °C) yield
incomplete active site formation while higher temperatures
(1000 °C) cause detrimental over-graphitization, with 900 °C
providing the best catalytic performance through optimal
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surface area and graphitization degree [54-56]. Finally, the
resultant materials were immersed in HCI solution (1.0 mol
L") for 8 h to remove the remaining Zn species, Ni or NiO
nanoparticles. The vivid synthesis process of Ni3ZnC;/
Ni@CNFs is depicted in Fig. 1a. Ni@CNFs were prepared by
a similar procedure without adding ZnO and C4HcO4Zn-2H,0
acetylacetonate in the mixed solution. Zn@CNFs were syn-
thesized without C4H;4NiOg.

2.3. Materials characterization

Morphologies and structures of these catalysts were
observed by scanning electron microscope (SEM, S-4800,
5 kV) and transmission electron microscope (TEM, JEM-
2100F, 200 kV). Energy dispersive X-ray spectroscopy (EDS)
was carried out at 10 kV to obtain the element distribution.
The crystal structures of samples were detected by a Bruker
D8 ADVANCE X-ray diffractometer using Cu Ko radiation
(1= 1.5406 A) at 40 kV, 40 mA. The chemical and electronic
states of these catalysts were analyzed by X-ray photoelec-
tronic spectroscopy (XPS) which was conducted on Escalab
250Xi equipment. Raman spectra were performed using a
Raman spectrometer (in Via-Reflex, Aoy = 532 nm). X-ray
absorption fine structure (XAFS) spectra were measured at the

b c d 120
£ — o T co
B g8 7 Zn@CNFs ‘o100 4: 01 SnBiiiE —zl
- o c8 2| oy Iflg=1.12 @ 2010 ‘ —_N:‘@SMF:
2 Ni,ZnC, ;/NI@CNFs| 2 g 80 {50 L\ +N|%.p.c“@cupg
< ) < Ni,ZnC, /Ni@CNF: -~ 2000 “VSetm—
2 z lolg=0.98 £ 60 et
7] g 17, r.
5 9 Ni@CNFs L 40 g I“,,,..Mn‘nnkmd«
£ Zn@CNFs £ loflg=0.94 E o
PDF#87-0712 Ni 1 S 20 g
PDF#28-0713 Ni;ZnCoy >
1 i "
20 40 60 80 1000 1200 1400 1600 1800 2000 0.0 02 04 06 08 1.0
2 Theta (degree) Raman shift (cm™) Relative pressure (P/P;)
e ——Zn@CNFs f v 9 2P Zn2p
Cis Ni@CNFs 2y 2py
~ ——Ni,ZnC, /NI@CNFs —_ - /
3 Ni 2p E] Zn@CNFs 3 e
& N1s01s S 203z i 2py, s Zn@CNFs
& > /" / \ 7 ﬁ 2>
2 5 WA R v ‘®
S g —_/g;';’)\salewme'/"'@c““ g Ni@CNFs
£ e £ To7sev £
__J,_.;_A“...L—I— / e A St A
L Ni;ZnC, /NI@CNFs Ni;ZnC,,INI@CNFs
0 400 800 1200 850 860 870 880 1020 1030 1040 1050

Binding energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 1. a) Schematic representation of the synthesis of NizZnC /Ni@CNFs. b) XRD patterns, ¢) Raman spectra, d) CO, Adsorption—desorption isotherm and the
pore size distribution of Zn@CNFs, Ni@CNFs, and NizZnC ;/Ni@CNFs. XPS spectra for e) survey, f) Ni 2p, and g) Zn 2p of Zn@CNFs, Ni@CNFs, and

Ni5ZnCo-/Ni @CNFs.
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BL14 beam line platform of the Shanghai Synchrotron Radi-
ation Facility in a transmission mode using an ionization
chamber. Ni foil, NiO, NiPc, Ni,03, Zn foil, ZnO, ZnPc, and
ZnCl, were tested as references. The Brunauer-Emmett—
Teller (BET) method was employed for studying the specific
surface area and porosity of catalysts using CO, gas for
adsorption and desorption isotherms.

2.4. Electrochemical performance of CO; reduction

The preliminary performance tests of the electrochemical
CO,RR of the as-prepared samples were carried out by a
workstation (CHI 760E, Shanghai Chenhua) in a two-
compartment three-electrode H-type cell, where the anodic
and cathodic compartments were separated by an alkaline
anion-exchange membrane of FAB-3-PK-130. The H-type cell
with the 0.5 mol L™ KOH (30 mL) as anolyte and Pt plate as
anode in the anodic compartment, and 0.5 mol L™' KHCO;
(30 mL) as catholyte and an Ag/AgCl electrode as the refer-
ence electrode in the cathodic compartment. The working
electrode was prepared by spraying it on one side of carbon
paper (1 x 1.5 cm?). In this study, the optimal catalyst loading
for the working electrode was determined to be 1 mg cm 2.
While increasing the NizZnCy,/Ni@CNFs loading to
2 mg cm 2 yielded a marginal increase in current density, the
CO,; reduction performance remained comparable, even with a
slight decrease in FEco (86.17% at 1 mg cm ™2, 85.38% at
2 mg cm ™ ?), as shown in Fig. S1. Given the negligible per-
formance enhancement and the practical advantages of mini-
mizing catalyst usage, 1 mg cm ™2 was selected for subsequent
experiments. Before the CO,RR experiment, N, and CO, gas
were respectively bubbled into the catholyte for 30 min to
form N, and CO, saturated electrolyte, and the pH of N, and
CO,-saturated 0.5 mol L! KHCOj; aqueous solutions is 8.43
and 7.48. All the mentioned potentials in this work were
converted to the RHE as follows:

ERHE :EAg/AgCI + 0.197 + 0.0591 x pH (1)

To further improve the reaction rate of CO,RR, the
Ni3ZnCy;/Ni@CNFs with the excellent performance of
CO,RR selected in the H-type cell was further tested in the
MEA set-up. The MEA cell consists of a cathode and an anode
chamber separated by a zero-gap membrane electrode, which
is made by the cathode of the catalyst-loaded carbon paper
Bx3 cmz, 1 mg cm_z), anion exchange membrane of Sus-
tainion X37-50, and anode of IrO,@Ti felt (3 x 3 cm?,
1 mg cm ). The bipolar plates of the MEA cell were
configured with a single serpentine channel, and the active
area of the electrodes was 2 x 2 cm?. Humidified CO, was
inlet in the cathode, and 0.5 mol L™’ KHCO5; was used as
anolyte. The CO, electrolysis was performed under a two-
electrode system without any reference electrode. The catalyst
inks for the cathode and anode were sprayed on the side of
carbon paper and Ti felt facing the Sustainion X37-50 mem-
brane. During the CO, electrolysis, the humidified CO, was
continuously introduced into the cathode chamber, while the
anode was circulated 0.5 mol L™! KHCO;5 at a flow rate of

30 mL min~"' using a peristaltic pump. All performance tests
of the electrochemical CO,RR of the MEA set-up were carried
out by a workstation equipped with current amplifier (CHI
760E, Shanghai Chenhua).

2.5. Product analysis

The gas products were analyzed by online gas chroma-
tography (GC9790P, FULI INSTRUMENTS) with a thermal
conductivity detector (TCD) and flame ionization detector
(FID). The mixture gas of H, (100 ppm), CO (102 ppm), C,H4
(102 ppm), CH4 (101 ppm), C;He (101 ppm), C;H, (101 ppm),
and the remaining gas (N,) as standard gas is used for quan-
tification. The Faradaic efficiency (FE) of CO, H,, C,H,4, CHy,
C,H,, and C,H¢ was calculated using the following equation:

R AV G C—
60 s/min X 2400022 XN xF

0.067 xvxcxN
FEgax(%) — mol — v ¢

Jrotal Jrotal

(2)

Where v is the CO, flow rate, and c¢ indicates the volume
concentration of different gas outlets of the H-cell. N denotes
the number of electrons transferred to one CO, molecule to
CO, H,, C,H,, CHy, CoH,, and C,Hg, and jio refers to the
total current density.

3. Physical and chemical characterization

The XRD patterns of Zn@CNFs, Ni@CNFs, and Ni3ZnC /
Ni@CNFs are presented in Fig. 1b. The Zn@CNFs exhibit a
crystal structure identical to that of pure polyacrylonitrile
(PAN) fibers, as shown in Fig. S2a, which is attributed to the
volatilization loss of Zn during the calcination and pickling
process. In contrast, the Ni@CNFs display three distinct peaks
at44.39°,51.69°, and 76.27°, corresponding to the (111), (200),
and (220) planes of metallic Ni (PDF #87-0712), respectively.
This observation confirms the formation of metallic Ni within
the Ni@CNFs under N, conditions rather than other nickel
species. Furthermore, the introduction of ZnO and
C4HO4Zn-2H,0 prior to electrospinning results in the for-
mation of Ni3ZnC 7 with (111), (200), and (220) crystal planes
at 42.78°, 49.78°, and 73.14° in the Ni3ZnC, 7/Ni@CNFs. The
absence of Zn species in pure Zn@CNFs suggests that the co-
presence of Ni and Zn species in the precursor mitigates Zn loss
by forming Ni—Zn and Zn—N bonds. Consequently, the binary
phases of metallic Ni and NizZnC,;, with abundant grain
boundaries and heterojunctions in Ni3ZnCg,;/Ni@CNFs,
potentially offer more active sites for electrocatalytic CO,
reduction compared to Zn@CNFs and Ni@CNFs. The content
of metallic Ni and Ni3ZnCy ; phases can be readily adjusted by
varying the ratio of Ni and Zn species in the precursor, as
depicted in Fig. S2b. Notably, the Ni3ZnC,; phase becomes
more pronounced with increased introduction of C4H;4NiOg,
indicating that the Ni3ZnC, ; phase is prone to be formed under
Ni-rich conditions.

SEM images of Zn@CNFs, Ni@CNFs, and Ni3ZnCg ,/
Ni@CNFs in Fig. S3 reveal a well-defined fibrous structure
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with diameters ranging from 80 to 120 nm. The carbon fibers
exhibit a smooth and clean surface when a small quantity of Ni
and Zn sources is used. It was demonstrated that the Zn in
single-layer NiZn layered double hydroxides could avoid the
agglomeration of Ni atoms during calcining [57]. However,
with an excess of Ni and Zn sources, metallic Ni and
Ni3ZnCy; tend to aggregate and cover the surface of the
carbon fibers. Additional structural information is obtained
from Raman spectroscopy, which shows two prominent peaks
at approximately 1338 cm ™" and 1591 cm ™!, corresponding to
the D and G bands, respectively, as illustrated in Fig. Ic. The D
peak indicates lattice defects in the carbon, while the G peak
reflects the degree of carbonization [58]. The intensity ratios
(Ip/Ig) for Zn@CNFs and NizZnC ,/Ni@CNFs are 1.12 and
0.98, respectively, suggesting that Zn@CNFs possess more
carbon defects than NizZnC, /Ni@CNFs. The incorporation of
a Ni source in the precursor reduces Zn volatilization by
forming bonds with Zn, thereby decreasing carbon defects in
the carbon fibers. Meanwhile, the Ip/Ig ratios for Ni@CNFs and
Ni3ZnC7/Ni@CNFs are 0.98 and 0.94, respectively, indicating
a higher degree of carbonization in Ni@CNFs compared to
Ni3ZnCy7/Ni@CNFs. Ni nanoparticles are considered highly
effective catalysts for carbon nanotube formation, which may
enhance the degree of carbonization relative to Ni/NizZnCg;
under identical pyrolysis conditions [59].

The CO, adsorption—desorption analysis was performed to
assess the surface area and porous structure of Zn@CNFs,
Ni@CNFs, and Ni3ZnC, 7/Ni@CNFs, as depicted in Fig. 1d.
The specific surface area of Zn@CNFs is 52.6 m*> g~ ' which is
higher than that of Ni@CNFs (19.3 m* g~ ') and NisZnCy -/
Ni@CNFs (39.0 m* g~ '), attributed to the evaporation of Zn
during the pyrolysis process. Regarding the porous structure,
as shown in the inset of Fig. 1d, a prominent peak at
approximately 1.8 nm indicates a significant presence of mi-
cropores and mesopores. These pores can confine CO, mole-
cules and the reaction intermediate (*COOH), facilitating the
CO, conversion into CO due to the suitable molecular diam-
eter of CO, (0.35-0.51 nm). The elemental composition and
chemical states of the three samples were examined using
XPS, as illustrated in Fig. le. Elements C, N, and O can be
easily found in all three samples, while Zn and Ni are present
in Zn@CNFs and Ni@CNFs, respectively. The XPS spectra of
Cls and Nls are shown in Fig. S4. The appearance of C-M
bonds in C 1s and the five nitrogen species of pyridinic-N,
metal-N, pyrrolic-N, graphitic-N, and oxidized-N in N 1s
indicate that elemental N was successfully doped into carbon
nanofibers of the three materials. The atomic ratio of Ni to Zn
remains unchanged across different samples, as shown in Figs.
S5-6, suggesting that Ni is very easily bonded with Zn. The
high-resolution Ni 2p spectra of Ni@CNFs and Ni3;ZnC -/
Ni@CNFs exhibit two peaks at 855.1 eV (Ni 2ps3») and
872.8 eV (Ni 2p;,»), which can be deconvoluted into peaks
corresponding to Ni® and Ni*", as shown in Fig. If. The
coexistence of Ni’ and Ni*" in Ni3ZnC,-/Ni@CNFs is
consistent with the XRD analysis. Notably, the Ni 2p;,, peak
of NizZnC,7/Ni@CNFs shows a negative shift of 0.74 eV
compared to that of Ni@CNFs, indicating that the Ni site acts

as an electron acceptor due to the introduction of Zn. Mean-
while, the high-resolution Zn 2p spectra of Zn@CNFs and
Ni3ZnC 7/Ni@CNFs display two peaks at 1021.9 eV (Zn 2p3,,)
and 1044.9 eV (Zn 2p,),) in Fig. 1g, with the Zn 2p;/, peak of
Ni3ZnCy 7/Ni@CNFs exhibiting a positive shift of 0.65 eV
relative to Zn@CNFs, suggesting that the Zn site functions as
an electron donor. Consequently, electron transfer in Ni;ZnC 7/
Ni@CNFs occurs from Zn to Ni sites [60]. The accumulation of
electrons at Ni sites is advantageous for CO, reduction due to
the rapid electron transfer from Ni sites to CO,.

The chemical state, local structures, and coordination
environment of Ni;ZnC 7/Ni@CNFs were examined using X-
ray absorption spectroscopy (XAS) [61,62]. As depicted in
Fig. 2a, the Ni K-edge X-ray absorption near-edge structure
(XANES) spectrum of Ni3ZnC 7/Ni@CNFs closely resembles
that of a reference Ni foil, confirming the presence of Ni° or an
alloy with other metals, consistent with the XRD analysis
results shown in Fig. 1b. The Ni chemical state in Ni;ZnC 7/
Ni@CNFs, as indicated by the oxygen state in Fig. 2b, is 0.09,
which is very close to that of Ni’ in the Ni foil. Additionally,
the white line peak height of Ni3ZnCj,/Ni@CNFs is lower
than that of the Ni foil, as shown in the inset of Fig. 2a. These
findings suggest that Ni in the Ni—Zn intermetallic phase
carries a slightly negative charge compared to Ni in the Ni foil,
attributed to electron transfer from Zn to Ni [45], as confirmed
by XPS analysis. In Fig. 2c, the Ni foil exhibits three main
peaks at 2.18, 4.02, and 4.69 A, corresponding to Ni—Ni
bonds, while the NiO sample shows two main peaks at 1.65
and 2.57 A assigned to Ni—-O and Ni—-Ni bonds. The
Ni3ZnC, 7/Ni@CNFs display similar peaks to the Ni foil, with
the highest Ni—Ni peak at 2.12 A showing a negative shift of
0.06 A, indicating a shortened Ni—Ni bond length due to the
formation of Ni-Zn bonds at 3.93 and 4.57 A. Furthermore,
the absence of the Ni—O peak at 1.65 A in NizZnC 4/
Ni@CNFs suggests the absence of oxygen in the nearest Ni
neighbors. The EXAFS spectrum of Ni;ZnC,;/Ni@CNFs in
Figs. S7-8 can be accurately fitted using only the Ni-M
(metal) path, confirming the presence of metallic Ni and
Ni3ZnCy; species. The Zn K-edge XANES spectrum of
Ni3ZnCy7/Ni@CNFs in Fig. 2d shows a higher onset of the
absorption edge and a reduced white line peak height
compared to Zn foil, indicating that the overall valence of Zn
species in Ni3ZnCj,/Ni@CNFs is close to Zn°, corroborated
by the oxygen state in Fig. 2e. The EXAFS fitting curves in R-
space for Ni3ZnC, 7/Ni@CNFs reveal two strong peaks at 1.53
and 2.27 A attributed to Zn—N and Zn—Ni/Zn bonds in Fig. 2f.
The local structures of the absorbing Ni atoms in Ni3ZnC 7/
Ni@CNFs are further elucidated through wavelet transform
(WT) representations of the Ni K-edge EXAFS signals in
Fig. 2g—i, showing a spectrum very similar to the theoretical
Ni foil model. The Ni—Ni/Zn bond distance in Ni;ZnC -/
Ni@CNFs exhibits a negative shift compared to the Ni—-Ni
bond in Ni foil. The Ni—Zn paths in the Zn K-edge WT-
EXAFS are as distinct as those in the Ni K-edge WT-EXAFS,
with the Zn-N/C path also appearing in Fig. 2j—k. The
observed intensity maxima of the Ni-Ni/Zn path at ~8.0 Al
in Fig. 2g and j for NizZnC,,/Ni@CNFs closely resemble
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those for Ni foil and differ from those for NiO and ZnO in
Fig. 2i and 1, further confirming the electronic interaction
between Ni and Zn. The EXAFS fitting curves in R-space and
k-space align with both the Ni and Zn experimental spectra of
Ni3ZnCy 7/Ni@CNFs, as shown in Figs. S7-10. The coordi-
nation numbers (CNs), bond distances (R), and Debye-Waller
factors (o?) are detailed in Tables S1-2.

4. Electrochemical performance

The catalytic performance of Zn@CNFs, Ni@CNFs, and
Ni3ZnC7/Ni@CNFs for CO,RR is assessed in Fig. 3a. The
LSV polarization curve for Ni;ZnC, 7/Ni@CNFs under CO,-
saturated conditions exhibits a higher current density
compared to Nj-saturated conditions, indicating significant
activity for CO, reduction. At —1.16 V versus RHE, the
current density of  Ni3ZnCy,/Ni@CNFs reaches

1751 mA cm % surpassing that of Zn@CNFs
(13.24 mA cm™?) and Ni@CNFs (7.97 mA cm2). The onset
potential for Ni3ZnCy,/Ni@CNFs at 2 mA cm 2 is —0.68 V
versus RHE, which is lower than that of Zn@CNFs (—0.77 V
vs. RHE) and Ni@CNFs (—0.83 V vs. RHE). This lower onset
potential and higher current density at the same applied po-
tential underscore the superior CO, reduction activity of
Ni3ZnC 7/Ni@CNFs compared to Zn@CNFs and Ni@CNFs.
As illustrated in Fig. 3b, the FEco of Ni3ZnCj,/Ni@CNFs
increases from 36.9% to nearly 90% within the potential range
of —0.56 to —0.76 V versus RHE and then decreases between
—0.76 and —1.16 V versus RHE. H, and CO are the pre-
dominant products for Ni3ZnCg,/Ni@CNFs during CO,RR.
Long-term test analysis revealed no detectable liquid products
by NMR spectroscopy, with only negligible trace amounts of
formic acid identified through HPLC, as shown in Figs. S11
and S12. The decrease in FEco at higher potentials is
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attributed to the rapid consumption of CO,, which is limited by
mass transport, thereby favoring the HER. Additionally, the
FEco of Ni@CNFs follows a similar trend to that of NisZnC 7/
Ni@CNFs, with a maximum value not exceeding 80% at all
applied potentials, suggesting that the binary phases of metallic
Ni and Ni3ZnCy 7, with their abundant grain boundaries and
heterojunctions, enhance CO,RR performance. Notably, the
Ni3ZnCy 7/Ni@CNFs catalyst still maintained 79.17% FE ¢ at
—0.86 V versus RHE in a neutral electrolyte (0.5 mol
L' K,S0,), as shown in Fig. S13. In contrast, Zn@CNFs
exhibit negligible CO, reduction activity due to Zn volatiliza-
tion during the calcination process in Fig. 3a and Fig. S14. The
calcination temperature of 900 °C is near the volatilization
point of metallic Zn, leading to Zn loss and the absence of active
sites for CO, reduction. When Zn and Ni sources coexist in the
precursor, Ni can form strong bonds with Zn, resulting in the
formation of Ni3ZnCy-; and preventing Zn loss, as demon-
strated by the XRD and XAS analyses.

To elucidate the step that plays a critical role in CO gen-
eration, the Tafel slopes of Ni@CNFs and Ni3ZnCq/
Ni@CNFs are presented in Fig. 3c. The Tafel slope for
Ni3ZnCy 7/Ni@CNFs is 174.6 mV dec ', indicating that the
chemical rate-determining step for CO generation is the initial
electron transfer leading to the formation of the COOH* in-
termediate. A smaller Tafel slope value suggests a lower
overpotential in an electrocatalytic reaction. Thus, the slope of

174.6 mV dec™! for NizZnC,,/Ni@CNFs, compared to
196.9 mV dec ! for Ni@CNFs, implies that the incorporation
of Zn into Ni3ZnCy; enhances charge transfer from
NizZnCy7/Ni@CNFs to the adsorbed CO,* species. This
phenomenon is attributed to electron transfer from Zn to Ni, as
evidenced by the XPS and XAS analyses. This electron
transfer renders Zn electron deficient. The d-band center of
Ni3ZnCy 7 is positioned further from the Fermi level compared
to pure Ni, resulting in weaker bonding of adsorbates with the
metal surface due to the increased filling of antibonding states.
Ni atoms exhibit a strong affinity for both carbon and oxygen
atoms, forming bonds with them. However, the strong binding
of CO on Ni atoms can poison the metal surface, making CO
desorption challenging [49]. Yingying Lu et al. reported that
Ni/Zn diatoms can significantly reduce the free energy for the
*COOH reaction and increase the free energy of *CO
compared to Ni atoms [45]. Zn atoms assist Ni in weakening
the bonding strength and COOH adsorption, facilitating CO
desorption from Ni atoms while also inhibiting the competitive
HER. These findings demonstrate that Ni atoms in NizZnCg;
can be further activated by Zn atoms due to electron transfer
from Zn to Ni, leading to electron accumulation at Ni atoms.
This enhances the formation of the *COOH intermediate and
promotes CO generation.

To further elucidate this electron transfer, electrochemical
impedance spectroscopy (EIS) was employed to investigate
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the charge transfer resistance. The EIS data are fitted using the
equivalent circuit depicted in the inset of Fig. 3d, which com-
prises a series resistance Rg (associated with electrolyte resis-
tance), a parallel combination of the resistance Rcp (related to
charge transport resistance within the electrocatalyst) and the
constant phase element Q;, and another parallel combination of
the resistance R (related to charge transfer resistance from the
electrocatalyst to the reactant) and the constant phase element
Q,[10,53,63]. The simulated data in Table S3 confirms that the
Rg values for Ni@CNFs, Zn @CNFs, and Nis;ZnC 7/Ni@CNFs
are similar, whereas the Rcp and Rt values for NisZnCg -/
Ni@CNFs are slightly lower than those for Ni@CNFs and
significantly lower than those for Zn@CNFs. Consequently, the
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specific charge transfer rate in Ni3;ZnC7;/Ni@CNFs is higher
than in Ni@CNFs and Zn@CNFs, and the Zn modification in
Ni3ZnC ; effectively suppresses the HER. Fig. 3e and Fig. S15
illustrate the slope of the double-layer current against the cor-
responding scan rate, which reflects the electrochemically
active surface area (ECSA). The double-layer capacitance (Cdl)
is 3.16 mF cm > for NisZnC,,/Ni@CNFs, higher than
3.02 mF cm ™ > for Ni@CNFs and 1.78 mF cm ™~ for Zn @CNFs.
This indicates that the binary phases of metallic Ni and
Ni3ZnCy 5, with their abundant grain boundaries and hetero-
junctions in Ni3ZnC,7/Ni@CNFs, provide more active sites
than Zn@CNFs and Ni@CNFs for electrocatalytic CO,
reduction.

a —
& 100 &
g ° ] e* %, [ ] LN 8
<0-.'t'oo-ooo'lO-"'.‘o."".... °° ¢ ¢ G .'800-
E >
> -60 ©

c
I 2
c — S
_g -4 - 40 %
T ~—— Ni,ZnC, ,/NI@CNFs » 2
g P Ni@CNFs & 3
3 <
U '8 T T T T T T T T T o E

0 5 10 15 20 25 30 35 40 45 50
Time (h)

0.241nm~:
Ni:ZNnCo, (111).

Fig. 4. a) Long-term stability of Ni3ZnC 7/Ni@CNFs and Ni@CNFs at —0.86 V versus RHE. b) SEM image and ¢) TEM image of Ni3ZnC 7/Ni@CNFs. d) High-
resolution TEM and inverse fast fourier transformation of NizZnC7/Ni@CNFs in the specific region of high-resolution TEM. e) TEM-EDS mapping results of
Ni;ZnC 7/Ni@CNFs. f) SEM image and g) TEM image of Ni;ZnC, ;/Ni@CNFs after 50 h of long-term stability. d) High-resolution TEM and inverse fast fourier
transformation of Ni;ZnC,,/Ni@CNFs after a 50-h stability test in the specific region of high-resolution TEM. e¢) TEM-EDS mapping results of Ni;ZnC -/

Ni@CNFs after 50-h stability test.
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The CO, must first dissolve in the catholyte and then be
reduced to CO in the H-cell, which greatly limits the reaction
rate of CO,RR [64]. In contrast, the MEA reactor overcomes
the mass transfer limitations of H-cell systems by facilitating
direct gas-phase CO, delivery to the catalyst layer, while its
compact architecture with closely spaced electrodes separated
by thin ion-conducting membranes significantly reduces
ohmic resistance and enhances charge transfer efficiency.
Therefore, the MEA set-up as shown in Fig. 3f is attributed to
the best candidate to overcome the above problem and boost
the CO,RR at the ampere level. The active area of the elec-
trode is 2 x 2 cm?. It is evident that the current density of
Ni3ZnC, 7;/Ni@CNFs rapidly increases when the applied cell
voltage exceeds —3.0 V. When the applied cell voltage is
—3.9V, the total current density of the reactor reaches around
200 mA cm 2 in Fig. 3g, indicating that the NizZnCy/
Ni@CNFs exhibits high CO, electroreduction activity in the
MEA cell. The FE¢ of NizZnC, ;/Ni@CNFs increases from
80.1% to 90.1% with the applied potential from —2.4 to 3 V in
Fig. 3h. Even with the applied cell voltage of —3.9 V, the
FEco can still maintain 70.0%.

The long-term stability of electrocatalysts is crucial for
practical applications. Stability tests, as shown in Fig. 4a,
demonstrate that Niz;ZnCg,/Ni@CNFs maintain a FEqo of
approximately 90% at —0.86 V versus RHE, with a current
density of 4 mA cm ™ during 50 h of electrolysis. Although
Ni@CNFs also exhibit good stability over the 50 h electrolysis
period, both their current density and FEco are lower than
those of Ni3ZnCj,,@CNFs. To elucidate the mechanism un-
derlying this stability, pre- and post—experiment analyses of
NizZnCy7/Ni@CNFs were conducted using TEM. The
Ni3ZnC7/Ni@CNFs, mixed with a Nafion binder and air-
sprayed onto hydrophobic carbon paper, display a well-defined
fibrous structure with diameters ranging from 80 to 120 nm, as
shown in Fig. 4b. This fibrous structure is well preserved after
20 and 50 h of electrolysis, as depicted in Fig. S16. However,
TEM images of Ni3ZnC,;/Ni@CNFs reveal that the surface
of the carbon fibers is characterized by numerous bumps,
hollows, and pores smaller than 3 nm, as shown in Fig. 4c.
This observation is consistent with CO, adsorption—desorption
results, indicating a high density of micropores and mesopores
in NizZnC, 7/Ni@CNFs. Ni/Ni;ZnC 7 nanoparticles, approx-
imately 10 nm in size, are uniformly distributed on the surface
of the carbon fibers. The high-resolution TEM (HRTEM)
image of Ni3ZnC,;/Ni@CNFs in Fig. 4d shows a lattice
spacing of 0.211 nm, corresponding to the (111) planes of
NizZnCy; (PDF #28-0713), which exhibits the highest in-
tensity in the XRD patterns (Fig. 1b). Furthermore, energy-
dispersive X-ray spectroscopy (EDS) mapping in Fig. 4e re-
veals that nitrogen and carbon elements are uniformly
distributed within the carbon nanofibers, while nickel and zinc
overlap evenly, consistent with the presence of nanoparticles.
The morphology of Ni3ZnC,7/Ni@CNFs remains largely
unchanged after 50 h of electrolysis, as shown in Fig. 4f. The
primary difference observed in Ni;ZnC,;/Ni@CNFs after
50 h of electrolysis is a reduction in the number of Ni/
Ni3ZnC - nanoparticles, as seen in Fig. 4g, compared to the

pristine Ni3ZnC,,/Ni@CNFs in Fig. 4c. This reduction is
corroborated by a decrease in the contents of Ni and Zn after
CO, electrolysis, as shown in Fig. S17. EIS analysis revealed
notable increases in Rg, Rcp and Rer values following pro-
longed CO, electrolysis, as shown in Fig. S18 and Table S4.
The elevated Rg suggests electrolyte decomposition or ionic
species depletion during operation, while the increased Rcp
and Rer reflect impaired charge transport within the catalyst
matrix and diminished charge transfer at the -catalyst—
electrolyte interface, respectively. These observations corre-
late directly with the precipitation and loss of Ni and Zn active
sites, as confirmed by TEM imaging showing reduced metal
particle (Fig. 4h and i) and elemental mapping demonstrating
decreased Ni and Zn content (Fig. S17). However, no differ-
ences are observed in the HRTEM images in Fig. 4h and the
EDS mapping images in Fig. 4i, indicating that the crystal
structure of NizZnC,,/Ni@CNFs remains unchanged after
50 h of electrolysis. Consequently, the FEq remains at a high
level (~90%) during the long-term stability test.

5. Conclusions

In summary, a novel Ni3ZnC,;/Ni heterostructure encap-
sulated in porous N-doped carbon nanofibers was successfully
developed by an electrospinning strategy, which is an excellent
catalyst for CO, reduction. The strategic incorporation of Zn
enhances the performance of the catalyst by optimizing the
adsorption of reaction intermediates and facilitating efficient
electron transfer. Experimental results revealed that
Ni3ZnC 7/Ni@CNFs exhibited a notable FEcq of nearly 90%
and superior long-term stability for 50 h of continuous elec-
trolysis at —0.86 V versus RHE in an H-cell. In a MEA setup,
the Ni3ZnC 7/Ni@CNFs catalyst achieved a FEcg of 91.7% at
a cell voltage of —3 V and a current density of
200 mA cm 2 at —3.9 V. Therefore, the development of
NizZnC7/Ni@CNFs with bimetallic heterogeneous by an
electrospinning strategy provides a facile method for
designing high-efficiency CO, reduction reaction electro-
catalysts and further reveals the promising perspective of
bimetallic carbides for CO, reduction reaction in the future.
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