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ABSTRACT: Industrial-level electrochemical CO2 reduction
reaction (CO2RR) to form HCOO− and DCOO− requires robust
Sn catalysts with high performance. In this study, the hydrothermal
method was employed to load varying amounts of Sn precursors
onto waste biomass-derived porous carbon to investigate the
structure−activity relationship between Sn loading forms and
HCOO− selectivity. Through comprehensive ex/in situ character-
izations, we discovered that with 5% Sn precursor addition, highly
dispersed SnO2 nanoparticles formed on the carbon support,
enabling the catalyst to exhibit exceptional HCOO− activity
(Faradaic efficiency exceeding 90%) across a broad potential
window. In situ attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR) and in situ Raman spectroscopy
revealed that the highly dispersed SnO2 nanoparticles enhance the stability of the *OCHO intermediate. Furthermore, when H2O
was replaced with D2O, the generation of DCOO− was observed, and good selectivity was maintained. This study provides a facile
strategy for waste biomass conversion and the design of Sn-based catalysts for DCOO− production.
KEYWORDS: biomass-derived porous carbon, Sn-based catalysts, CO2 reduction, deuterated formic acid, catalytic mechanism

■ INTRODUCTION
The increasing atmospheric CO2 concentration resulting from
fossil fuel consumption has resulted global climate crisis.1−6

The development of carbon-neutral technologies is a practical
strategy to mitigate the issue.7−10 Electrochemical CO2
reduction (CO2RR) is an excellent route to producing value-
added chemicals from CO2.

11−14 Among various reduction
products, HCOO− holds significant appeal as a liquid
hydrogen carrier and essential chemical feedstock. However,
the widespread implementation of CO2RR hinges critically on
the availability of efficient, stable, and cost-effective electro-
catalysts.15−17 While noble metals (e.g., Pd, Pt) exhibit high
performance for HCOO− generation, their scarcity and
exorbitant cost impede large-scale application.18−20 Further-
more, its isotopically labeled derivative, deuterated formate
(DCOO−), is a promising product due to its applications in
drug development and nuclear magnetic resonance (NMR)
analysis, and enhancing the lifespan of organic light-emitting
diode devices. Nevertheless, conventional synthesis methods
face challenges such as complex procedures and harsh
conditions.21 Replacing H2O with D2O to produce DCOO−

via CO2RR offers a more straightforward and efficient
approach.

Sn-based catalysts have garnered significant research interest
due to their low toxicity and ready availability.22−24 Especially,
tin dioxide (SnO2)-based catalysts represent a highly promising
solution due to their unique ability to stabilize the *OCHO
intermediate key precursor for HCOO− formation via the
proton-coupled electron transfer pathway.25−27 Experimental
evidence clarifies that Sn2+, not Sn4+, is the active site for CO2-
to-HCOO− conversion, as Sn2+ facilitates key carbonate
intermediate formation.28,29 Furthermore, SnO2 suffers from
agglomeration and reduction to metallic Sn0 under reaction
conditions, leading to catalyst deactivation and compromised
performance.28−30 These challenges underscore the urgent
need to achieve dispersion of active sites and stabilization of
the Sn oxidation state during CO2RR through compositing
with advanced conductive supports.
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Porous carbon materials, especially those derived from waste
biomass (e.g., coconut shells), are ideal supports due to their
high surface area,31,32 excellent conductivity, and chemical
stability.33 More importantly, this approach transforms
abundant waste into high-value materials, aligning with circular
economy principles.34,35 The inherent hierarchical porosity of
biomass can be tailored to create an ideal environment for
immobilizing and dispersing Sn-based catalysts.36,37 Waste
coconut shells possess a unique inherent hierarchical
porosity.38,39 Through controlled pyrolysis and activation
processes, they can be converted into carbon supports with
highly developed pore networks, providing an ideal support
environment for the immobilization of Sn-based catalysts and
dispersion of active sites.40−42 Therefore, we aim to utilize the
ideal support derived from waste coconut shells to modulate
the dispersion of SnO2, thereby developing a more efficient Sn-
based catalyst for CO2RR.

43,44

Here, we report the rational design and synthesis of a high-
performance electrocatalyst for the efficient CO2RR to
HCOO−/DCOO−. The catalyst is fabricated by strategically
loading SnO2 species onto porous carbon derived from waste
coconut shells. Crucially, the activated porous carbon (AC), as
an engineered multifunctional support, effectively inhibits the
agglomeration of SnO2 until a Sn doping level of 10% is
reached, at which point diffraction peaks attributed to SnO2 are
detectable by XRD. Characterization of the valence state of Sn
on the catalyst surface via quasi in-situ XPS also reveals that
after loading onto the AC, the reduction of Sn4+ is arrested at
Sn2+, which acts as an active site to promote the formation of
HCOO−/DCOO−. Moreover, when the doping level is 5%, the
proportion of monodispersed Sn2+ is the highest, and the
number of active sites is the greatest, resulting in superior
HCOO−/DCOO− performance. This conclusion is further
supported by in situ Raman and infrared spectroscopy. The
spectra show that the Sn-5% catalyst exhibits excellent
adsorption capacity for the *OCHO intermediate. This
intermediate is key to achieving the high selectivity for
HCOO−. Within the potential range of −0.9 V to −1.1 V (vs
RHE), the selectivity for HCOO− remains above 95%, while
that for DCOO− is all above 60%. (Unless otherwise specified,
all potentials are against the RHE.)

This work systematically elucidates how SnO2 is efficiently
loaded and dispersed on the porous carbon framework. It
establishes a structure−activity relationship between the tin
valence state in the SnO2/porous carbon composite and
product selectivity. The study also reveals the critical role of
the porous carbon support in dispersing active sites and
stabilizing the tin valence state. Based on these findings, we
propose a novel strategy for highly efficient DCOO−

generation by regulating Sn2+ active sites in combination
with a D2O electrolyte. This work demonstrates the successful
conversion of waste biomass into a high-value functional
material. Moreover, it presents, for the first time, a systematic
investigation into the structure−activity relationship between
Sn valence states and the selectivity of HCOO−/DCOO−.
Ultimately, this research successfully achieves the efficient
production of DCOO− via the CO2RR.

■ EXPERIMENTAL METHODS

Materials

Coconut husk was collected from the Kuliyapitiya area, Sri
Lanka. Tin(II) chloride (SnCl2·2H2O, AR), Potassium

bicarbonate (KHCO3, AR), and Trisodium citrate dihydrate
(Na3C6H5O·2H2O, AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Hydrochloric
acid (HCl, AR), nitric acid (HNO3, AR), sodium hydroxide
(NaOH, AR), and Nafion (5 wt %) were purchased from
Macklin. Dimethyl sulfoxide and deuterium water were
purchased from Rhawn. All chemicals were used as received
without further purification.
Catalysts Preparation of Sn-5%

100 mg of the treated AC was dispersed in 25 mL of ultrapure
water. The specific treatment procedure for AC has been
described in detail in the Supporting Information. Sub-
sequently, 14.970 mg of SnCl2·2H2O and 48.74 mg of
Na3C6H5O7·2H2O were added to the aqueous solution
under vigorous stirring. Following this, 1 mL of 0.2 M
NaOH was added dropwise to the above mixture with
continuous stirring for 30 min. Then the obtained white
precipitate was stirred and washed until a neutral pH was
reached. The mixture solution was transferred to a stainless-
steel hydrothermal autoclave with a Teflon liner and followed
by heating at 180 °C for 12 h. Finally, the prepared samples
were collected by centrifugal washing with deionized water
three times and dried at 65 °C for 6 h in a vacuum oven. The
detailed synthesis procedures for the remaining catalysts, as
well as for the SnO2 powder, are provided in the Supporting
Information.
Catalysts Characterization

Scanning electron microscope (SEM) images were obtained on
a JSM-7800F (JEOL, Japan). X-ray diffraction (XRD) data
were recorded using a Shimadzu XRD-6000 diffractometer,
with Cu Kα radiation (Shimadzu, Japan). Transmission
electron microscopy (TEM) characterization was conducted
using a JEM-2800 electron microscope (JEOL, Japan)
operated at 200 kV. X-ray photoelectron spectroscopy (XPS)
was performed using a PHI 5000 VersaProbe (Ulvac-Phi,
Japan) with an Al Kα (1486.6 eV) excitation source. In situ
Raman spectra were collected on a Horiba LabRAM HR
Evolution spectroscopy at the excitation wavelength of 633 nm
using a catalyst-coated gas diffusion layer as the working
electrode. FTIR spectra were obtained using a Thermo
Scientific NICOLET iS50.
Electrochemical Measurements

All electrochemical measurements were conducted on an
electrochemical workstation (Gamry Interface 1000E). To
prepare the cathode electrode, a mixture that contains 5 mg of
catalysts, 2 mL of isopropanol, and 50 μL of Nafion ionomer
solution (5 wt % in isopropanol) was first sonicated for 60 min
to obtain a catalyst ink. Then, 2 mL of the catalyst ink was
sprayed onto a gas diffusion layer to achieve a catalyst loading
of ∼0.8 mg cm−2. Electrochemical tests were conducted in an
electrochemical flow cell, which includes a gas chamber, a
cathodic chamber, and an anodic chamber. A 0.5 M KHCO3
solution was used as the anolyte and catholyte. A proton
exchange membrane (Nafion N115) was used to separate the
anodic and cathodic chambers. A piece of titanium mesh
loaded with iridium dioxide was used as the counter electrode,
and a saturated Ag/AgCl was used as the reference electrode.
The high-purity CO2 (99.999%, 20 cc) was introduced on the
back side of the gas diffusion layer, and the electrolyte flowed
in both cathodic and anodic chambers with a flow rate of 2 mL
min−1. The electrochemically active surface area (ECSA) was
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determined by measuring double-layer capacitance (Cdl). Cdl
was determined by measuring the capacitive current associated
with double-layer charging from the scan-rate dependence of
the cyclic voltammogram (CV). All potentials were converted
to the reversible hydrogen electrode by E (RHE) = E (Ag/
AgCl) + 0.197 V + 0.0591 V × pH without iR compensation.
Product Analysis

The gaseous products were monitored by an online gas
chromatograph (GC, GC9790PLUS) equipped with a thermal
conductivity detector (TCD) and a flame ionization detector
(FID). The liquid products in cathode chambers were
collected after electrolysis and analyzed by 1H nuclear
magnetic resonance (NMR, Bruker AV400) using DMSO as
the internal standard and D2O as a proton signal source.

The Faraday efficiency (FE) of gas products was calculated
by the following equation:

= = ×I
I

zFnV
I

FE% 100%
total total

Where I is the partial current density of a specific product.
Itotal is the total current density collected in the bulk electrolysis
at an applied potential. z is the number of electrons involved in
the formation of a specific product. F is the Faraday constant,
96485 C mol−1. n is the mole fraction of the product. V is the
gas volumetric flow rate of gas.

The FE of the liquid products was calculated as

= · ·z F
n

Q
FE

Where z is the number of electrons transferred per mole of
gas product, F is the Faraday constant (96500 C mol−1), n is
the total amount of the liquid products determined from NMR
(mole), and Q is the total amount of charge passed through the
cathode (A·s).

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Catalysts

To investigate the structure−activity relationship between the
loading form of Sn on AC and the selectivity of HCOO−, we
conducted a series of characterizations on the synthesized
catalysts. The synthesis schematic of the catalyst is shown in
Figure 1a. After the acid-washing activation treatment of the
porous carbon, varying amounts of Sn were loaded via the
hydrothermal method. SEM images of the materials were
collected to study the surface morphology. SEM images taken
in the longitudinal sections of the materials are shown in
Figure 1b−c. The SEM images taken of the cross sections are
shown in Figures S1−S6. As the SEM images of the cross-
sectional area show, circular to irregular-shaped macropores
are present in a network. The SEM images of the longitudinal
area show tubes or channels, where the macropores observed
are the openings of such pathways. It is clear that upon
deposition of SnO2 nanomaterials, the macropore network has
not been disrupted. Furthermore, Sn-10% was analyzed using
Energy Dispersive X-ray Spectrometry (EDS) to study the
elemental distribution on the sample. The SEM image of Sn-
10% selected for the EDS analysis is shown in Figure S7a.
Energy Dispersive X-ray Spectrometry (EDS) analysis of Sn-
10% confirmed the presence of Sn (3.3 wt %), along with C
(72.2 wt %) and O (22.6 wt %), on the catalyst surface (Figure
S7). Elemental mapping revealed that Sn was successfully
incorporated but nonuniformly distributed across the carbon
matrix, consistent with the intended loading amount (10 wt
%). In contrast, C and O were homogeneously abundant, the
latter attributed to the oxygen-rich functional groups
introduced during HNO3 activation of the coconut husk-
derived carbon. A small amount of Si (1.9 wt %), inherent to
the biomass precursor, was also detected with an uneven
distribution.

Figure 1. (a) Schematic diagram of the Sn-catalyst synthesis process. SEM images of AC (b) and Sn-5% (c). TEM images of AC (d) and Sn-5%
(e). (f) XRD patterns of the catalysts. (g) XPS survey spectrum of Sn-loaded catalysts.
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TEM images of the synthesized nanocomposites (Figures
1d, e, and S1−S6) were acquired to study the morphology of
the materials at the nanoscale. Carbon arranged as thin sheets
was exhibited in the TEM images of PC and AC, Figures 1d
and S1, respectively. SnO2 nanoparticles are embedded in the
AC matrix, as well as being dispersed on the surface of the AC,
as shown in the TEM images of Sn-1%, Sn-2.5%, Sn-5% and
Sn-10%. Further, the polydispersity of the nanoparticles
increased with increasing Sn loading. Moreover, the number
of nanoparticles anchored on the surface rather than being
embedded in the matrix increased with increasing Sn loading,
as shown in the TEM images. When the Sn loading reaches
5%, it can be observed that a large number of SnO2
nanoparticles are uniformly dispersed on the material surface.
These dispersed sites provide favorable conditions for the
formation of HCOO− (Figure 1e). Nanoparticle aggregation
and the production of larger nanoparticles have resulted from
increasing the loading of Sn due to the Oswald ripening of the
nanoparticles during the hydrothermal treatment, where
smaller nanoparticles dissolve into their atoms and redeposit
onto larger nanoparticles, decreasing the total number of
nanoparticles and increasing the average size, reducing the
surface free energy. Small nanorods have been formed in
addition to the spherical and irregularly shaped nanoparticles
with 10% Sn loading, as shown in Sn-10%. This is due to the
growth and Oswald ripening of the nanoparticles in one
direction due to the heat and the pressure being applied during
the hydrothermal treatment at a high precursor (Sn)
concentration (10 wt %). This was quite consistent with the
XRD patterns, where no peaks corresponding to SnO2 were
present in Sn loading up to 5%, whereas the peaks attributed to
SnO2 were observed in Sn-10%. However, when the content
increases to 10%, significant aggregation of SnO2 into large

particles becomes evident, which is generally considered
detrimental to the CO2RR.

The XRD patterns of the synthesized materials were
collected in order to study the crystal nature (Figure 1f).
The XRD patterns of the AC and PC show a broad peak
around 24°, indicating the presence of amorphous carbon. The
XRD patterns of Sn-1%,2.5%, and 5% also show the same
broad peak, and no peaks corresponding to any crystal state of
SnxOy were observed due to the monodispersity of the
nanoparticles on the carbon matrix, and the Sn concentration
is insufficient to create a crystalline peak in the XRD pattern.45

The XRD pattern of the highest Sn-loaded carbon (Sn-10%)
shows broad four peaks centered at 26.6°, 33.9°, 38.1°, and
51.8°, indicating the presence of (110), (101), (200), and
(211) crystalline peaks of SnO2 (PDF# 41−1445). The
corresponding d spacing values are 3.347, 2.642, 2.369, and
1.764 nm, respectively. The crystallite size calculated for the
peak with the highest intensity, (110), is 15.98 nm. The
nanocomposite is composed of SnO2 nanoparticles that are
distributed on the activated carbon matrix.

The XPS spectra were obtained to study the surface
chemistry of the synthesized materials. The survey spectra of
the Sn incorporated materials are shown in Figure 1g, and they
indicate the presence of C, O, and Sn as the main elements.
The higher resolution spectra of Sn in all four Sn-loaded
materials were collected (Figure S8). The spin−orbital
coupling of the 3d peak splits it to 3d5/2 and 3d3/2. The
peaks were deconvoluted, and at lower loadings of Sn (<10%),
only the +2-oxidation state of Sn was present as revealed by the
peaks centered at 486.9 and 495.5 eV, representing 3d5/2 and
3d3/2, respectively.

46 The peaks of Sn-10% were deconvoluted
into four peaks. The peaks at 486.6 and 494.8 eV correspond
to the 3d5/2 and 3d3/2 peaks of the +2-oxidation state,47

whereas the peaks at 487.9 and 496.1 eV are attributed to the

Figure 2. (a) LSV curves of different catalysts in a CO2 atmosphere. FEs distribution of CO2RR products on AC (b) and Sn-5% (c) catalysts at
different applied potentials. (d) ECSA-normalized HCOO− partial current densities for different catalysts. (e) Electrochemical stability at −100 mA
cm−2 under a CO2 flow rate of 20 sccm for Sn-5%.
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3d5/2 and 3d3/2 peaks of the +4-oxidation state,48 revealing the
presence of both Sn2+ and Sn4+ on the nanoparticle surface.
Therefore, it is evident that though the crystal consists of
SnO2, the surface bears Sn2+, which are not fully oxidized to
form Sn4+.

Raman spectra of the materials were collected to study the
crystal nature of the materials, especially focusing on
vibrational modes present in carbon-related materials. The
Raman spectra are shown in Figure S9. Any Raman band
corresponding to oxides of Sn was not present, even in the
carbon composite with the highest Sn loading. The peaks
related to carbon are only present in all the Raman spectra.
The peak around 1340 cm−1 corresponds to the D band, which
occurs due to the breathing modes of the sp2 atoms in rings,
whereas the peak at 1580 cm−1 corresponds to the G band,
which represents the bond stretching of all pairs of sp2 atoms
in both rings and chains.49−51

Experimental Evaluation of CO2 Reduction

CO2RR performance was evaluated in a flow cell using gas
diffusion layer (GDL)-loaded Sn catalysts as the cathodes and
0.5 M KHCO3 as the electrolyte. To collect the activity and
selectivity of the as-synthesized catalysts, chronoamperometry
experiments were conducted over a potential range from −0.5
to −1.1 V vs RHE. The gas-phase products were analyzed
using online gas chromatography (GC), and the liquid-phase
products were characterized by nuclear magnetic resonance
(NMR). The measurable products include H2, C1 (CO, CH4,
HCOOH). In this study, the linear sweep voltammetry (LSV)
curves over various catalysts were determined (Figure 2a),
including PC, AC, Sn-1%, Sn-2.5%, Sn-5% and Sn-10%. It can
be observed that the CO2RR activity of the catalyst is strongly
dependent on both the Sn loading content and its chemical
state. At the identical applied potential, the Sn-5% catalyst
demonstrates the highest current density, indicating superior
CO2RR activity. The HCOO− partial current density of
CO2RR is catalyzed by different catalysts (Figure S10). With
the increase of Sn loading amount, it can be seen that the
partial current density for HCOO− gradually improves within
the wide potential range tested. Obviously, the Sn-5% catalyst
exhibited significantly higher partial current density for
HCOO− than the other catalysts over the entire wide potential
range tested, demonstrating excellent HCOO− activity. The
CO2RR performance comparison between PC (Figure S11)
and AC (Figure 2b) catalysts demonstrates that simple acid-
washing activation of coconut shell-derived porous carbon is
insufficient to confer CO2RR activity. Furthermore, at a Sn
loading of 5% (Sn-5%), the catalyst exhibited significantly

higher HCOO− selectivity at higher potentials (−0.9 V to −1.1
V) compared to other catalysts (Figure 2c). This indicates that
HCOO− selectivity progressively increases with higher Sn
loadings. However, when the loaded Sn exists in the form of
SnO2 clusters (Sn-10%), a significant decrease in HCOO−

selectivity at high potential is observed (−0.9 V to −1.1 V),
indicating that the form of Sn is also a key factor affecting the
selectivity for HCOO− (Figure S8). Furthermore, to elucidate
the role of the support in enhancing HCOO− selectivity, SnO2
was directly synthesized via a hydrothermal method and
subjected to CO2RR testing under identical conditions (Figure
S12). The results demonstrate the FE ratio of HCOO− to CO
for SnO2 is significantly lower than that of Sn-5% (−0.9 V),
confirming that dispersing Sn sites on the support facilitates
HCOO− formation.

We further compared the intrinsic activity of the catalysts.
The electrochemically active surface area (ECSA) of different
catalysts was determined by cyclic voltammetry (Figure S13).
It was found that the number of active sites per unit area
significantly increased with Sn loading compared (>0.298 mF)
to the Sn-free PC (0.117 mF) and AC (0.172 mF) catalysts.
This value reached a maximum at a Sn loading of 5 wt %
(0.413 mF). However, when the Sn loading was increased to
10 wt % (0.365 mF), where Sn existed predominantly as SnO2
clusters, the number of active sites decreased markedly,
approaching the level observed at the 2.5 wt % Sn loading
(0.298 mF) (Figure S14). To better illustrate the differences in
intrinsic activity, we normalized the HCOO− current by the
electrochemical surface area (ECSA) (Figure 2d). The results
demonstrate that Sn-5% exhibits significantly higher formate
partial current densities across the entire tested potential range
compared to other catalysts, further confirming its superior
selectivity toward HCOO− formation. This finding aligns well
with the previously reported CO2RR performance results.
Moreover, long-term CO2RR durability was tested under a
CO2 flow rate of 20 sccm. The FE HCOO− can be maintained
above 90% for 10 h at −100 mA cm−2 in the 0.5 M KHCO3
electrolyte (Figure 2e). After a 10-h stability test, the
overpotential variation remained below 0.3 V (from −0.9 to
−1.18 V), indicating no significant degradation. It can be
concluded that the catalyst with 5% Sn loading (Sn-5%), where
monodispersed SnO2 is supported on AC, exhibits optimal
CO2RR performance and HCOO− selectivity.

To elucidate the key steps in CO2 reduction to HCOO−, we
conducted isotope tracing experiments using D2O as the
solvent and verified the liquid products via 1H NMR
spectroscopy. The results demonstrate that when H2O was

Figure 3. (a) 1H NMR spectrum of D2O-labeled HCOO−. (b) FE of DCOO− on Sn-5% in 0.5 M KHCO3 (D2O).
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replaced by D2O, the HCOO− signal in the 1H NMR spectrum
corresponded to the characteristic signal of deuterated formic
acid (DCOO−) (Figure 3a). This indicates that under D2O
solvent conditions, the CO2RR product over Sn-5% is
DCOO−, unambiguously proving that the C−H bond in
formic acid originates directly from solvent water molecules.

Furthermore, given the lower reactivity of deuterium (D)
compared to proton (H), the current density and product
selectivity of CO2RR were notably affected.32 The greater mass
of D compared to H lowers the vibrational frequency of the
D−O bond, increasing the energy required for its cleavage.
This slows proton-transfer steps during CO2RR, significantly
reducing the current density to approximately 20% of that in
H2O. Nevertheless, the Sn-5% catalyst maintained considerable
DCOO− selectivity (FE > 60%) at high overpotentials, with
the FE reaching a maximum of 90% at −1.0 V (Figure 3b).
This confirms the superior capability of Sn-5% for deuterated
formate production.
Ex-Situ Characterization of Catalysts after CO2 Reduction
To elucidate the enhanced CO2RR performance, XPS analysis
followed by Sn 3d peak deconvolution was performed on
prereaction catalysts with different Sn loadings, with the goal of
correlating Sn valence state with HCOO− selectivity. Quasi in-
situ XPS analysis of catalysts subjected to 1-h electrolysis at
−1.0 V under CO2RR conditions (Figure 4a) demonstrates

prominent Sn2+ signatures across all postreaction catalysts
(486.5 and 494.6 eV) and Sn4+ (487.6 eV, 496.1 eV).52,53 This
confirms that SnO2 loading on AC effectively suppresses the
reduction of Sn4+ to Sn0, stabilizing the Sn2+ valence state.
Notably, the Sn2+/Sn4+ ratio reaches 7.52 for Sn-5%,
substantially exceeding the 1.60 ratio observed for Sn-10%
(Figure 4b). These results indicate that monodisperse SnO2
loading on porous carbon significantly promotes Sn4+-to-Sn2+

conversion during CO2RR compared to clustered configu-
rations. Crucially, Sn2+ is identified as the genuine active site
for HCOO− formation,28−30 with its content trend aligning
with ECSA measurements. This correlation clarifies that the
superior HCOO− productivity of Sn-5% stems from its higher
density of active sites.

To investigate the impact of morphology on HCOO−

selectivity, TEM characterization was performed on the
catalysts after CO2RR. According to the TEM images after
CO2RR, the Sn-5% catalyst showed no significant change in
the dispersion of Sn sites, while the Sn-10% catalyst still
exhibited significant bulk agglomeration (Figure S15). This
indicates that the agglomeration induced during the CO2RR
process had a lesser impact on formate selectivity than the
inherent agglomeration of the catalyst itself.

Mechanisms of CO2 Electroreduction to HCOO− by In Situ
Spectroscopy
The potential-dependent reduction of the catalysts was
monitored using in situ Raman and in-situ attenuated total
reflection Fourier transform infrared spectroscopy (ATR-
FTIR) to track their evolution and identify intermediate-
catalyst interactions. Building upon prior analysis confirming
the superior HCOO− activity of the Sn-5% catalyst compared
to other Sn-loading variants, we further investigated the
fundamental origin of its significantly enhanced HCOO−

selectivity through a comparative study of Sn-5% and pristine
AC using these dual in situ spectroscopic techniques. The
applied potential range during in situ spectroscopic measure-
ments matched that used in previous CO2RR experiments
(−0.5 V to −1.1 V).

The in-situ Raman spectra (Figure 5a−b) revealed a peak at
1580 cm−1 for both AC and Sn-5%, assigned to the G-band of

carbon (CarbonG).54 This signal persisted at open circuit
voltage (OCV) and after potential removal (OCV end),
confirming its irrelevance to the CO2RR process. A distinct
signal in the 1300−1400 cm−1 region, attributed to the
*OCHO intermediate (a key species for HCOO− formation)

Figure 4. (a) Sn 3d XPS spectrum and (b) the ratios of Sn2+/Sn4+ for
different Sn-loaded catalysts after CO2RR.

Figure 5. (a−b) In-situ electrochemical Raman spectra of the AC (a),
Sn-5% (b) catalysts in the CO2RR at different potentials. (c−d) In-
situ electrochemical ATR-FTIR spectra of the AC (c), Sn-5% (d)
catalysts in the CO2RR at different potentials. (e) Reaction pathway
schematic for the reduction of CO2 to HCOO−.
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based on prior literature,55−57 was notably absent in the AC
sample. In contrast, the Sn-5% catalyst exhibited a potential-
dependent increase in this *OCHO signal intensity with
applied overpotential. These results demonstrate that (i)
pristine AC lacks active sites for HCOO− generation, and (ii)
Sn doping facilitates the accumulation of *OCHO inter-
mediates at more negative potentials (−0.5 V to −1.1 V),
directly correlating with enhanced HCOO− production during
CO2RR. This observation aligns with previous electrochemical
data, confirming that Sn incorporation significantly improves
the FE of AC toward HCOO− synthesis. No discernible
Raman signals were detected in the 200−1200 cm−1 or 2200−
3000 cm−1 regions (Figures S16−S17), further corroborating
(i) the low CO2RR activity of pristine AC and (ii) the high
HCOO− selectivity of Sn-5%, with no detectable reduction
products besides HCOO−. This finding is consistent with our
experimental product distribution.

Complementary in-situ ATR-FTIR spectroscopy was em-
ployed to monitor key intermediates during CO2RR. No
characteristic peaks were observed at OCV (Figure 5c−d).
Upon applying reduction potentials, two distinct peaks
emerged: bands at 1390 cm−1 and 1640 cm−1, assigned to
the C−O stretching vibration of the *OCHO intermediate and
the H−O−H bending vibration of interfacial water molecules,
respectively.58 This confirms CO2RR proceeds via the
*OCHO pathway. Critically, the AC sample exhibited no
detectable *OCHO intermediate signals, demonstrating its
negligible HCOO− production capability. Conversely, the
*OCHO signal intensity on the Sn-5% catalyst progressively
increased with more negative applied potentials, stabilizing
beyond −0.8 V. This potential-dependent behavior reflects the
activation characteristics of CO2RR. The trend in *OCHO
signal intensity variation with potential aligns well with the
measured HCOO− selectivity,59,60 highlighting the significant
advantage conferred by the 5% monodispersed SnO2 loading
on the AC support.

Based on combined ex-situ/in-situ characterization, the CO2-
to-HCOO− pathway can be proposed (Figure 5e). CO2
undergoes a single-step proton−electron transfer, generating
*OCHO (or *OCDO in deuterated experiments) intermedi-
ates adsorbed on Sn2+ active sites, which subsequently yield
HCOO−/DCOO−.

■ CONCLUSION
In summary, we have successfully achieved the loading of SnO2
on AC, and the resulting material demonstrates exceptional
HCOO− selectivity in the CO2RR. Specifically, the FE
(HCOO−) achieves 95% with a partial current density of
78.6 mA·cm−2 in a flow cell. Through comprehensive
characterization techniques (including XRD, XPS, in-situ
Raman spectroscopy, and in-situ ATR-FTIR), we reveal that
the highly dispersed SnO2 nanoparticles inhibit the reduction
process from Sn4+ to Sn0 during CO2RR, resulting in the
stabilization of Sn species at the +2 oxidation state. The
abundant Sn2+ species serve as the genuine active sites,
facilitating the formation of the *OCHO intermediate and
thereby efficiently driving the CO2 reduction toward HCOO−

production. Additionally, this study achieved the production of
DCOO− by replacing H2O with D2O in a flow cell,
demonstrating a FE>60% and a current density >10 mA·
cm−2. This work provides valuable insights for the design of
high-performance CO2RR catalysts targeting both HCOO−

and DCOO− production

Experimental Section

Experimental details on materials and methods are given in the
Supplementary Information.
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