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Leveraging the interplay between the metal component and the supporting material represents a cor-
nerstone strategy for augmenting electrocatalytic efficiency, e.g., electrocatalytic CO, reduction reaction
(CO,RR). Herein, we employ freestanding porous carbon fibers (PCNF) as an efficacious and stable sup-
port for the uniformly distributed SnO, nanoparticles (SnO,PCNF), thereby capitalizing on the synergistic
support effect that arises from their strong interaction. On one hand, the interaction between the SnO,
nanoparticles and the carbon support optimizes the electronic configuration of the active centers. This
interaction leads to a noteworthy shift of the d-band center toward stronger intermediate adsorption en-
ergy, consequently lowering the energy barrier associated with CO, reduction. As a result, the SnO,PCNF
realizes a remarkable CO,RR performance with excellent selectivity towards formate (98.1%). On the other
hand, the porous carbon fibers enable the uniform and stable dispersion of SnO, nanoparticles, and this
superior porous structure of carbon supports can also facilitate the exposure of the SnO, nanoparticles on
the reaction interface to a great extent. Consequently, adequate contact between active sites, reactants,
and electrolytes can significantly increase the metal utilization, eventually bringing forth a remarkable
7.09 A/mg mass activity. This work might provide a useful idea for improving the utilization rate of met-

als in numerous electrocatalytic reactions.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Increasing concentration of atmospheric CO, is a worldwide
concern and continues to trigger various environmental problems
[1,2]. Electrocatalytic CO, reduction reaction utilizing intermittent
renewable electricity, driven by wind and solar, presents a promis-
ing avenue to facilitate the carbon cycle due to its sustainable na-
ture and the valuable products yielded in this procedure [3-5].
CO, can be converted into a variety of reduction products such
as carbon monoxide, formic acid, methanol, methane, ethanol, and
ethylene [6]. Among the above carbonaceous compounds, formate
(formic acid) is regarded as one of the ideal value-added products
with low toxicity and flammability. Formate has a wide range of
applications in the chemical industry and can also be used for di-
rect formic acid fuel cells (DFAFC) [7]. However, the dynamic pro-
cess of CO,RR is typically slow and inefficient due to the elec-
trochemical inert of CO, molecules and the competing hydrogen
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evolution reaction (HER) [8-10]. As a result, the development of
highly efficient and selective catalysts for CO,RR to formate has
emerged as a research priority.

At present, the metal-based catalysts (such as Sn and Bi) have
been regarded as the most promising alternatives for CO,RR to
formate [11-13]. Some efforts have been reported to overcome
the sluggish kinetics and enhance the efficiency for formate pro-
duction, including tuning the size, shape, composition, and crys-
tallinity of the metallic component [14-18]. Besides, the dispersion
of active metal nanoparticles (NPs) on supports is also an effec-
tive strategy to improve the utilization rate of metals and thus
reduce catalyst costs [19-21]. Additionally, upon interaction with
the support material, the metal active centers demonstrate height-
ened metal-support interactions attributed to the increased preva-
lence of interface sites. These interactions not only bolster stabil-
ity but also exert a profound influence on the electronic configu-
ration of the metal, subsequently exerting a pivotal role in shaping
its catalytic characteristics [22,23]. For example, Xu and cowork-
ers reported an electronic metal-support interaction between Cu
and a-C on Cu-based MOF, achieving high selective and stable CO,
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electroreduction to CH4 [24]. Other reports also showed that the
incorporation of various supports, such as carbon-based materi-
als or metal compounds (including metal oxides and metal car-
bides), in conjunction with metal active centers, can manifest sig-
nificantly enhanced electrocatalytic activity, compared to catalysts
lacking such support [20,25-27]. Among these varieties of loading
support, porous carbon fibers (PCF), which amalgamate the struc-
tural and functional attributes of conventional carbon fibers and
porous carbon materials, have garnered significant attention in a
broad spectrum of applications including energy conversion and
storage, catalysis, adsorption and separation, sensing, and various
other domains [28-31]. Compared with traditional porous carbon
powder materials that require an insulating binder, PCF stands out
as an exemplary binder-free, self-supporting, robust material char-
acterized by its fibrous morphology and well-defined porous archi-
tecture. Therefore, the architectures, morphological characteristics,
and elemental compositions of PCFs, along with the integration of
active materials, are regarded as pivotal factors for enhancing their
efficacy in the realms of energy and environmental applications
[32,33].

In this work, we designed a SnO, nanoparticles loading free-
standing porous carbon nanofibers (SnO,PCNF) catalyst via simple
electrospinning technology and later hydrothermal method. As a
potential loading support, porous carbon fiber gives full play to
its porous local confinement effect to the dispersed SnO, particles.
DFT calculations showed that after interaction between SnO, parti-
cles and carbon nanofibers, the oxidation state of Sn was enhanced
to a higher Sn®+ peak and the d-band center of active sites Sn
was shifted to be more conducive for the CO, to formate process.
Compared with the bulk SnO,, SnO, loaded general carbon fiber
(SnO,CNF), the discernible impact of the porous structure and sup-
port effects on SnO,PCNF can be unequivocally attributed to the
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substantial enhancement of current density, Faraday efficiency, and
mass activity in the electrocatalytic reduction of CO, to formate.

The dispersed SnO, nanoparticles loaded on porous carbon
nanofibers (denoted as SnO,PCNF) were synthesized via electro-
spinning and pyrolysis followed by the hydrothermal method,
as shown schematically in Fig. 1a. First, the zeolitic imidazolate
framework-8 (ZIF-8) were fabricated as pore former via a facile
liquid-solid-solution method and homogeneously dispersed in PAN
solution for electrospinning to obtain nanofibers precursors. Subse-
quently, porous carbon nanofibers were fabricated as a stable sub-
strate with the evaporation of the Zn precursor via pyrolysis in the
argon atmosphere. Finally, SnO, nanoparticles were grown in situ
on porous carbon nanofibers by hydrothermal method. For compar-
ison, the SnO, nanoparticles, bare porous carbon fibers (PCNF) and
SnO, nanoparticles loaded on carbon nanofibers (SnO,CNF) were
also synthesized to research the effects on carbon supports and
SnO, nanoparticles. The details were shown in Supporting infor-
mation.

The morphology evolutions from PCNF to SnO,, SnO,CNF, and
SnO,PCNF were characterized using multiple methods. The as-
obtained SnO,PCNF catalyst is a flexible and self-supporting car-
bon membrane, which can be prepared at least 240 square cen-
timeters in one single time under existing implementation con-
ditions (Fig. 1b). As displayed in Fig. S1 (Supporting informa-
tion), the scanning electron microscope (SEM) images show that
the one-dimensional nanofibers framework in PCNF, SnO,CNF and
SnO,PCNF are all well preserved after pyrolysis and the later hy-
drothermal treatments. Notably, in Fig. S1c, the size of the SnO,
nanoparticles is hard to determine since they are agglomerated.
The transmission electron microscopy (TEM) image in Fig. S2
(Supporting information) further demonstrates that the PCNF has
an interconnected porous skeleton, which could provide abundant
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Fig. 1. (a) Synthesis scheme of the SnO,PCNF. (b) The free-standing fiber membrane of SnO,PCNF. (c) TEM image of SnO,PCNF. (d, e) HR-TEM images of SnO,PCNFE. (f)

HAADF-STEM-EDS elemental mapping images for SnO,PCNF.
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channels for SnO, nanoparticle loading. In addition, Fig. 1c shows
that the SnO, loaded on PCNF can be effectively dispersed, and
the high-resolution TEM (HR-TEM) in Fig. 1d and Fig. S3 (Support-
ing information) indicate an average particle size of about 5nm.
Moreover, Fig. 1e exhibits a set of lattice fringe on SnO,PCNF with
an interplanar distance of 0.335nm, indexed to the (110) plane of
SnO,. The elemental mapping images of SnO,PCNF in Fig. 1f show
that C, O, Sn, and N elements are homogeneously distributed in
the PCNF support. As a comparison, TEM images in Fig. S4 (Sup-
porting information) of SnO, and SnO,CNF are also investigated,
which further proves the importance of ZIF-8 as a pore former for
SnO, nanoparticle loading.

X-ray powder diffraction (XRD) was further employed to ob-
tain the crystal structure information of these synthesized samples.
In Fig. 2a, unlike the bare PCNF, all peaks of the SnO,-contained
samples are well-matched with the rutile-type tetragonal SnO,
(PDF #88-0287). To gain more insight into the porous structure
of PCNF, SnO,CNF and SnO,PCNF, N, adsorption-desorption analy-
sis and pore size distribution were characterized (Fig. 2b and Fig.
S5 in Supporting information). It is evident that PCNF exhibits
the highest specific surface area, measuring at 184.16 m?/g, and
encompasses a broad spectrum of pore sizes, manifesting a lay-
ered porous structure consisting of both micropores and meso-
porous pores. As a comparison, the BET surface areas of SnO,,
SnO,CNF and SnO,PCNF are listed in Table S1 (Supporting infor-
mation). When juxtaposed with the CO, adsorption curve depicted
in Fig. 2c, it becomes apparent that the porous structure in the
catalyst facilitates the dispersion and growth of SnO, nanoparti-
cles, along with the efficient penetration of the electrolyte and
rapid ion diffusion during the CO,RR process. It is indicated that
a subsequent hydrothermal reaction loading SnO, nanoparticles
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Fig. 2. (a) XRD patterns, (b) N, adsorption/desorption isotherms, (c) CO, adsorption
isotherms, (d) FT-IR spectra of PCNF, SnO,, SnO,CNF and SnO,PCNF. (e) Sn 3d XPS
spectra, (f) valence band spectra of SnO;, SnO,CNF and SnO,PCNF.
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appears to reduce the specific surface area of the porous carbon
fibers, but also optimizes the pore size distribution on the car-
bon fibers. Meanwhile, the FT-IR spectra of PCNF, SnO,, SnO,CNF
and SnO,PCNF were recorded at transmittance mode (Fig. 2d). The
peak at 607 cm~! on SnO, is attributed to the Sn-O stretching
[34]. From this spectrum, the peaks of Sn-O stretching on SnO,CNF
and SnO,PCNF are clearly redshifted compared to the SnO, sam-
ple, which represents electron migration and the lattice constant
decreases.

Furthermore, the chemical compositions of these four samples
were characterized by X-ray photoelectron spectra (XPS). The sig-
nals of C, O, Sn, and N elements are identified in the survey spec-
trum. As a comparison of Sn 3d XPS spectra in Fig. 2e, the sig-
nal peaks at 487.1eV/595.6 eV are much higher than the Sn** peak
(486.3eV/594.8 eV) on SnO,, which represents an enhanced of the
Sn oxidation (denoted as Sn®+). In Figs. S6 and S7 (Supporting in-
formation), the C 1s, and N 1s XPS spectra of these four samples,
combined with the Raman spectra (Fig. S8 in Supporting informa-
tion), demonstrate a stable nitrogen-containing carbon substrate
and stronger binding energy of Sn=0 bonds from electronic struc-
ture optimization [15,35]. Therefore, further characterization was
carried out with the surface valence band photoemission spectra to
explore the d-band center of Sn0O,, Sn0O,CNF and SnO,PCNF, which
relates to the adsorption energy of an adsorbed molecule on tran-
sition metal sites [36,37]. In Fig. 2f, compared to SnO, (6.84eV),
the d-band center of SnO,CNF (7.74eV) and SnO,PCNF (7.88eV)
upshifts. The changes in the d-band center have been proven to
reduce the adsorption of C intermediates and enhance the adsorp-
tion of oxygen-containing intermediates during the CO,RR process.
These characteristics jointly reflect the support effects between
Sn0, and carbon substrates, which is embodied in the change of
electronic structure.

To explore the CO,RR performance, the catalytic performance of
SnO,/PCNF electrocatalysts for CO,RR was evaluated in a gastight
two-compartment H-cell with CO,-saturated 0.1 mol/L KHCO3 as
the electrolyte. The free-standing SnO,PCNF membrane can be tai-
lored for testing in Fig. S9 (Supporting information). Compared
with linear sweep voltammetry (LSV) curves in the N,-saturated
electrolyte, the current densities measured for these four catalysts
in the CO,-saturated catholyte show a dramatic increase, indicat-
ing that CO, is more favorably reduced with their intrinsic activ-
ity than the HER in the CO,-saturated catholyte (Fig. S10 in Sup-
porting information). The PCNF has the highest current density,
which is greater than that of SnO,PCNF, SnO,CNF, and SnO, in
turn (Fig. 3a). These current densities seem to be related to the
specific surface area of the catalysts. Therefore, analysis of catalyst
reduction products is needed to further evaluate the electrochemi-
cal properties of these catalysts. Specifically, the resultant products
under different potentials were quantitatively analyzed with poten-
tiostatic methods via online gas chromatography (GC) for gas prod-
ucts and 'H nuclear magnetic resonance (!H NMR) spectroscopy
for liquid products (Figs. S11 and S12 in Supporting information).
As shown in Fig. 3b, the FE of SnO,PCNF for formate is higher than
70% over the wide potential ranges and it reached up to 86% at
—1.25 Vgyg in the H-type cell, with effective suppression of the hy-
drogen evolution reaction and CO production. In Figs. S13a-c (Sup-
porting information), SnO, had a maximum formate FE of 73.6%
at —1.65 Vyyg, while SnO,CNF displayed a maximum formate FE of
84.5% at —1.45 Vpye. Besides, the PCNF shows a competitive HER
activity with a maximum H, FE of 72% at —1.45 Vgyg. As a com-
parison in Figs. 3c and d and Fig. S13d (Supporting information),
the SnO,PCNF exhibits the highest partial current density for for-
mate of 24.8 mA/cm?. According to current densities and Faradaic
efficiency for the formate, SnO,PCNF exhibits the best CO,RR per-
formance. Among them, SnO, as the active site provides excellent
formate production, the interaction with carbon support improves
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Fig. 3. (a) Comparisons of LSV curves of PCNF, SnO,, SnO,CNF and SnO,PCNF in CO,-saturated 0.1 mol/L KHCO3 aqueous. (b) FEs of CO,RR products on SnO,PCNF. Com-
parisons of (c) the partial current densities for formate and (d) C; products at different applied potentials on PCNF, SnO,, SnO,CNF and SnO,PCNF. (e) FE and mass active
current for formate on flow-cell. (f) CO,RR to formate performance comparisons of SnO,PCNF with other Sn-based catalysts. (g) Long-term durability of SnO,PCNF at —0.85V

for 21h.

higher formate selectivity, and the porous structure increases the
current density and lowers the applied potential at the highest for-
mate faradaic efficiency.

To evaluate the electrocatalytic CO, conversion performance of
the as-prepared SnO,PCNF materials at current densities close to
industrial relevance, a gas diffusion electrode (GDE) flow cell was
used with 1mol/L KOH solution as the electrolyte. In the GDE
cell configuration, a continuous supply of gaseous CO, feedstock
is channelled through the porous carbon support, facilitating di-
rect access to the catalyst surface. This strategic approach effec-
tively bypasses the constraints imposed by gas solubility limita-
tions within the aqueous electrolyte. Concurrently, on the oppos-
ing side of the porous electrode, the electrolyte is methodically
circulated over the catalyst surface using a peristaltic pump. This
controlled flow of electrolyte can help to mitigate the accumu-
lation of formate species at the catalyst surface, and act as a
pH buffer to curb undue fluctuations in the electrolyte’s pH. This
orchestrated design seeks to minimize mass transfer limitations
and enhance the overall efficiency of the system. As shown in
Fig. 3e and Fig. S14 (Supporting information), the FE of SnO,PCNF
for formate is higher than 80% over the wide potential ranges
from —0.43Vgyg to —123Vgyg and it reached up to 98.1% at
—1.05 Vgyg in the flow cell. Moreover, a formate partial current
density of 133 mA/cm? is achieved for SnO,PCNF at —1.23 Vgyg.
The porous carbon nanofibers provide high exposure conditions for
Sn0O, nanoparticles dispersed, so the wt% of Sn on PCNF is calcu-
lated as low as 3.69%. In Fig. 3f, the mass activity can reach up to
7.09 A/mg at —1.23 Vge on SnO,PCNF, which is 124 times higher
than that of bare SnO, nanoparticles (0.057 A/mg). In compari-
son to other previously reported Sn-based catalysts (Fig. 3f and Ta-
ble S2 in Supporting information), it is evident that the SnO,PCNF
demonstrates a competitive performance in the electrochemical re-
duction of CO, to formate.

To precisely ascertain the impact of both the inherent charac-
teristics and quantity of active sites during the electrolysis pro-
cess, we conducted an evaluation of the electrochemical surface
area (ECSA) for the freshly prepared catalysts. This evaluation was
performed by quantifying the double-layer capacitance (Cy) in the
non-Faradaic potential region within an H-type electrochemical
cell (Figs. S15 and S16a in Supporting information). The ECSA of
these catalysts is in accordance with the previously investigated
surface area from the BET test. Since the catalytic activity of PCNF
is mainly hydrogen evolution, the ECSA for SnO,PCNF is the high-
est for CO,RR which is 7 times and 20 times than that of SnO,CNF
and SnO,, respectively. Electrochemical impedance spectroscopy
(EIS) was carried out to gain further insight into CO,RR kinetics.
The Nyquist plots demonstrate that SnO,PCNF shows much smaller
interfacial charge-transfer resistance during the CO, reduction pro-
cess (Fig. S16b in Supporting information), suggesting a favorable
faradaic process. The long-term electrolysis tests at —0.85 VRyg
demonstrate the high stability of the SnO,PCNF catalyst in CO,RR
procedure (Fig. 3g). Furthermore, the catalyst powder loaded on
the electrode is easily detached in electrolyte using the traditional
drop-coating method. SnO, PCNF membrane owns good mechanical
strength as well as the CO,RR performance to formate. Meanwhile,
the chemical composition and morphology of SnO,PCNF were also
undamaged after these long-time stability tests (Figs. S17 and S18
in Supporting information).

To monitor the reaction process and the intermediate species of
CO,RR on SnO,PCNF, we carried out in situ electrochemical Raman
spectroscopy tests. In Fig. 4a, the peaks at 410 cm™! are ascribed
to the Raman phonon modes of Eg and Ep, for the SnO, rutile
phase structure [38]. Moreover, two obvious Raman peaks at 1068
cm~! and 1015 cm™! are ascribed to CO32~ and HCO3~ respectively,
which act as indicators to reflect the change in pH on the KHCO;
electrolyte. Evidently, the peak intensities of CO32~ gradually
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change of CO,RR to formate on SnO,, C-SnO, and C-N-SnO, models.

increase as the potential negatively shifts, representing a hydro-
gen proton consumption and the increase in pH value [39,40]. Be-
sides, a stronger peak at 2713 cm™! corresponding to HCOO~ was
observed, suggesting the promoted production of formate [41]. The
intensifying peak located at 2966 cm™! is attributed to the key in-
termediates OCHO* for the formate product during the electrore-
duction CO, process [42,43].

To gain deeper insights into the superiority of SnO,PCNF in
terms of support effect and formate production, density func-
tional theory (DFT) calculations were implemented. Firstly, the
charge density difference was used to analyze the electron interac-
tion between the SnO, active sites and PCNF support. The theory
SnO,PCNF models (denoted as C-N-SnO, model) are presented as
well as the comparable C-SnO, models in Figs. S19-S21 (Support-
ing information). After optimisation, the charge density difference
plots are obtained (Fig. 4b, Figs. S22 and S23 Supporting informa-
tion). The charge transfer mainly occurs from the Sn atom to the
C/N substrate atoms and from the Sn/C atoms to the O atoms at
the contact interface between SnO, and the C/N or C substrate.
Moreover, the charge transfer is deeper in the SnO,PCNF models,
indicating a stronger interaction. The special charge transfer from
Sn to C/N/O atoms in SnO,PCNF is also in accordance with the dis-
cussion about the Sn oxidation modulation from the Sn 3d XPS
spectra result. Secondly, to further understand the detailed con-
tributions of the electronic structure, we further demonstrate the
projected partial density of state (PDOS) in Fig. 4c. Eminently, com-
pared to bulk SnO,, the surface on C-SnO, and C-N-SnO, has dis-
played significantly downshifted 3d orbitals, suggesting the elec-
tronic structure modulations between the SnO, and the C or C/N
substrate. The optimum electron transfer efficiency for the surface
shows a higher electroactivity for CO,RR. To understand the reac-
tion process, the CO, reduction energy changes are compared to
these three theory models. As previously detected by Raman spec-
troscopy, the intermediate *OCHO is the key to formate formation.
The optimized *OCHO adsorption on the related theory models are
shown in Figs. S24-S26 (Supporting information). The calculation
for the free energy on CO,RR process in Fig. 4d implies a lower
energy barrier from CO, to the key intermediate *OCHO of 0.86 eV
on C-N-SnO, than that of SnO, (2.1eV) and C-SnO, (1.27 eV). This
process also represents a rate-determining step for CO,RR, thus in-
dicating an excellent performance of SnO,PCNF about higher for-
mate selectivity and lower reaction applied potentials.

In conclusion, the SnO, nanoparticles have been successfully
loaded on freestanding porous carbon fibers to achieve high per-
formance of CO,RR to formate with 98.1% selectivity. According to
DFT calculations and in situ Raman spectroscopy, the interaction
between SnO, and porous carbon fibers modulates the electron
structure of Sn active centers with a stronger electron transfer to
the carbon substrate. The alteration in electron state density pre-
cipitates a shift in the d-band center, thereby promoting the ad-
sorption of pivotal intermediates involved in formate formation. In
addition, the porous structure is beneficial to improve the expo-
sure and utilization rate of the active sites. The mass activity can
reach up to 7.09 A/mg on SnO,PCNF, which is 124 times higher
than that of support-free SnO, nanoparticles (0.057 A/mg). This re-
search offers valuable insights for the development of freestanding
electrodes with high electrocatalytic activity and metallic utiliza-
tion.
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