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The atomic coordination structure of single atom
catalysts is crucial in modulating the electrocatalytic
reduction of CO, into desirable products. However,
there remains limited insight into their roles and cata-
lytic mechanisms. In comparison with commonly pro-
posed metal-N, moieties, herein the atomic bridging
structure of nitrogen-tin-oxygen confined in porous
carbon fibers is first presented for the selective re-
duction of CO,. With the detailed identification of
such a unique structure, the in situ experimental
results and theoretical calculations demonstrate that
the bridging structure with reactive oxygen species
enables the favorable surface electronic status to
form adsorbed intermediate, *COOH for selective CO
generation. Typically, the electrocatalyst displays
high Faradaic efficiency in reducing CO, into CO, but
formate is produced on traditional Sn-based catalysts.
Additionally, the solar-driven CO5,-H,O system

Introduction

The severe energy crisis and increasing levels of CO, in the
atmosphere, along with the excessive consumption of
fossil fuels, has stimulated the development of carbon
capture, utilization, and storage technologies."™ Electro-
chemical conversion of CO, into valuable compounds has
attracted much attention because of the mild reaction
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displays a desirable solar-to-CO conversion efficiency
of 12.9%. This work provides fundamental guidance
for the rational regulation of the atomic coordination
structure to improve the production selectivity.

©sn @N ©0

The nitrogen-tin-oxygen (N,-Sn-0,) moieties confined in porous carbon fiber structure

exhibit good catalytic activity and selectivity for CO generation with high Faradaic efficiency.

Keywords: electrocatalysis, atomic bridging struc-
ture, nitrogen-tin-oxygen, solar energy, selectivity

conditions and potentially valuable products. Specifically,
it shows great potential to be coupled with renewable
energy sources such as wind and solar energy, offering
a promising strategy to achieve the goals of a carbon-
neutral cycle and pollutant reduction.>™ However, the re-
duction of carbon dioxide with a thermodynamic uphill
pathway to forming the key intermediate, CO5™, is inevita-
bly hindered by the competitive hydrogen evolution

G


mailto:jtzhang@sdu.edu.cn
https://doi.org/10.31635/ccschem.022.202202464
https://doi.org/10.31635/ccschem.022.202202464

@CCS

RESEARCH ARTICLE

Chemistry

reaction (HER), resulting in poor conversion efficiency.™

Noble metal catalysts (e.g., Au, Ag, and Pd) can efficiently
convert CO, to CO, but are severely constrained by the
scarcity and high cost.® Therefore, the rational design of
low cost and efficient electrocatalysts with good selectivi-
ty and catalytic activity is of great significance, but still
challenging.

The atomic dispersion of metal atoms on a conductive
carbon matrix with tunable coordination structures pro-
vides promising platforms for the precise design of ad-
vanced electrocatalysts to enhance the carbon dioxide
reduction reaction (CO,RR).®" |t provides a large pro-
mising space to adjust the coordination environment and
species for regulating the surface electronic interaction
between intermediates and coordination species, thereby
enabling electrocatalytic activity and production selec-
tivity.2°?? Transition metal-based single-atom catalysts
with metal-nitrogen-carbon moieties (e.g., Fe-N-C,
Co-N-C, Ni-N-C, and Zn-N-C)**?¢ feature unique electron-
ic structures with optimized d-band centers that effec-
tively affect the antibonding interactions between active
sites and adsorbates for improved Faradaic efficiency.
Notably, single-atom catalysts with main group elements
such as Sb and Sn are considered the most promising
catalysts to generate favorable adsorbed intermediates,
*HCOO, for the reduction of CO, into formate. The coor-
dination of antimony with nitrogen was observed to form
Sb-Ny4 sites, which could efficiently produce formate due
to the optimized adsorption energy to the intermedi-
ates.? Xie et al?® found that the Sn quantum sheets
confined among graphene sheets with a low Sn-Sn co-
ordination structure enabled the strong adsorption of
intermediate (CO,*") for formate production. Moreover,
the positively charged Sn® of Sn-N,-C, has been revealed
to accelerate the protonation process via CO,*~ and
*HCOO stabilization.?® Therefore, the coordination of Sn
with nitrogen generally enables the generation of formate
as the predominant product due to the specific electronic
status and thermodynamic difficulty in the formation of
CO. Specifically, the limited insight into the reaction
mechanism restricts the coordination structure design to
optimize the selective product generation.?”*°% Addition-
ally, it is still debated whether the surface oxide layer will
change the electrocatalytic activities of tin species for
carbon dioxide reduction.

With the above consideration, herein, as a proof-
of-concept, we demonstrated the ability to atomically
disperse Sn species in a nitrogen-doped carbon matrix
with a goal of modulating the unique coordination struc-
ture to enhance selective electrocatalysis via a facile in situ
polymerization-pyrolysis method. Impressively, the syn-
chrotron-radiation X-ray absorption fine structure (XAFS)
and aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) identified the novel atomic bridging structure of
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tin with two nitrogen and two oxygen atoms (nitrogen-tin-
oxygen [N»-Sn-0,]) for the first time, to the best of our
knowledge. The optimized Sn-NMC-1000 displayed good
CO, electroreduction performance with a high Faradaic
efficiency of 92.1% for CO, which is different from most
reported Sn-based electrocatalysts. Density functional
theory (DFT) calculations and in-situ characteristic results
revealed the crucial role of N»-Sn-O, moieties in regulating
the electronic structure to tailor the intermediate adsorp-
tion process with the lowest reaction barrier. Thus, the
rate-determining step is shifted from adsorbed intermedi-
ate *HCOOH into *COOH for the predominant generation
of CO. Uncovering the relationship between the unique
coordination structure of tin with nitrogen and oxygen
atoms is highly crucial to the rational design of advanced
electrocatalysts to regulate electrocatalytic activity and
product selectivity by applying basic principles. More in-
terestingly, a solar-driven CO»-H,O system was fabricated
with the as-prepared electrocatalysts to achieve the desir-
able solar-to-CO conversion efficiency of 12.9%. This work
provides a novel strategy for the rational design of coor-
dination structures to tailor the product distribution.

Experimental Methods
Methods

In a typical procedure, 2 mL aniline monomer was added
into 25 mL 2 M HCI solution with 0.05 mmol of SnCl,
under stirring to form the transparent solution. After
cooling to 4 °C, 1 mL H,O, (30 vol %) was poured into
the mixture and maintained for 24 h. The resultant pre-
cipitants were collected by thoroughly washing with
deionized (DI) water and freeze-drying overnight. The
obtained samples were annealed at different tempera-
tures (900, 1000, and 100 °C) in N, atmosphere,
denoted as Sn-NMC-900, Sn-NMC-1000, and Sn-NMC-
100, respectively. The 0.255n-NMC-1000 and 0.5Sn-
NMC-1000 were synthesized by a similar procedure ex-
cept that the addition of SnCl, was increased to 0.25 and
0.5 mmol. The same procedure was used to synthesize
the NMC-1000 in the absence of SnCl..

Electrochemical measurements

The electrocatalytic CO, reduction reaction was carried
out on an CHI760e workstation in the H-type cell with a
three-electrode system including a working electrode, a
platinum foil counter electrode, and an Ag/AgCl refer-
ence electrode, which was separated by a proton
exchange membrane (Nafion 117). The as-prepared cata-
lyst was loaded on carbon fiber with a mass loading of
1 mg cm™2. All potentials were referred to the reversible
hydrogen electrode (RHE) (Erne = Eag/agal + 0.059 X pH +
0.198). The electrochemical active surface area (ECSA)
was estimated by conducting electrochemical

G


https://doi.org/10.31635/ccschem.022.202202464
https://doi.org/10.31635/ccschem.022.202202464

@CCS

RESEARCH ARTICLE

Chemistry

double-layer capacitance (Cq)) in a non-Faradaic poten-
tial range. The electrochemical impedance spectroscopy
(EIS) was conducted over a frequency range from 100 to
1kHz at a potential of —0.8 V in CO,-saturated electrolyte.
The gaseous products (Supporting Information Figure
Sl1a) in the cathode chamber were vented directly into the
gas sampling loop of a gas chromatography (GC 7920)
equipped with Molsieve 5A column and a thermal
conductivity detector. The Faradaic efficiency of gas-
eous products can be calculated using the following
equation:

Qco

tot

B (60 57 min) X (24,OOO§m3 /mol) XNxF
- J

FE(%) = ~22 x100%

x100% (1)

where v is the flow rate of CO,, x is the concentration
of gaseous products in the sample-loop, Nis the number
of molecules for desired products, F is the Faraday
constant (96,500 C mol™), and J is the steady-state
current.

The liquid products (Supporting Information Figure
S1b) were quantified by a high-performance liquid
chromatograph equipped with a Bio-Rad HPX-87H
column and ultraviolet-visible detector. The products
were evaluated according to the calibration curves
based on the dilution of standard products, and the
corresponding Faradaic efficiency can be calculated as
below:

anF

FE(%) =5 (2)

where o is the number of electrons required to form
targeted products (e.g., « = 2 for reduction CO, to
HCOOH or CO). Q is the total charge passed during
specified time.

Flow cell measurements

Typically, the gas diffusion electrode loaded with Sn-
NMC-1000 (GDE, area: 1 cm x 1 cm), a commercial RuO,
electrode, and Ag/AgCl (saturated KCI) electrode are
used as the working electrode, counter electrode, and
reference electrode, respectively. An anionic exchange
membrane (FAB-PK-130) was used to separate the ano-
lyte and catholyte chamber, while the working electrode
was placed between the CO, gas chamber and the elec-
trolyte chamber. 1 M KOH was used as the electrolyte to
improve the overall reaction efficiency, which was circu-
lated in the cathode chamber by a peristaltic pump at a
rate of 20 mL min™ to accelerate mass transfer. CO,
gas was directly fed to the GDE surface at a flow rate
of 18 sccm, and then introduced into the online gas
chromatography.
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Characterization

The powder X-ray diffraction (XRD) patterns was
performed on a Bruker D8 diffractometer (Bruker Cor-
poration, Karlsruhe, Germany) with Cu Ka radiation
(A = 0.15418 nm). Scanning electron microscopy (SEM)
was conducted using a Gemini SEM 300 electron
microscope (Carl Zeiss AG, Oberkochen, Germany)
at an acceleration voltage of 3 kV. Transmission
electron microscopy (TEM) images were conducted on
a JEM-2100F. An aberration-corrected HAADF-STEM
measurement was performed at a JEM-ARF300F. X-ray
photoelectron spectroscopy (XPS) analyses were per-
formed by an ESCALAB 250 instrument (Thermo Fisher
Scientific, Waltham, Massachusetts, United States). N,
and CO, adsorption-desorption isotherms were con-
ducted on BJ builder Kubo-x1000 instruments (Beijing
Builder Electronic Technology Co., Ltd, Beijing, China).
The Sn K-edge XAFS spectra was executed at the TW2B
station of the Shanghai Synchrotron Radiation Facility.

Solar-driven CO,-H,0 system

The flow cell with a solid-liquid-gas interface was used
to construct a solar-driven CO»-H,O system, and the
Sn-NMC-1000 electrode loaded on carbon paper was
used as the working electrode. The solar-to-CO conver-
sion efficiency would be improved with alkaline electro-
lyte over the whole reaction by suppressing the HER and
lowering the reaction energy barrier. A commercial triple-
junction GalnP/GaAs/Ge solar cell was used as the only
input energy under a 300 W Xe lamp with an AM 1.5 G
filter. The corresponding current-voltage (/-V) of the solar
cell was collected on a Keithley 2400. The solar-to-CO
conversion efficiency can be defined as:

AECO XJXFECO

STco=
o Psolar

x100% (3)
where AEco is the equilibrium potential for CO, conver-
sion to CO, FE(¢ is the Faradaic efficiency for CO produc-
tion, J is the operating current density of the work
system, and P4 IS the power of input sunlight density
(100 MW cm™).

Computational methods

By using DMol® in Material Studio, all DFT calculations
were performed with the plane-wave pseudopotential
method for the first principle-based quantum mechanics
simulations. The generalized gradient approximation
within the Perdew-Burke-Ernzerhof form was used as an
exchange-correlation function. A TI'-centered Monkhorst-
Pack k-point mesh of (3 x 3 x 1) was applied throughout
the calculations. A Gaussian smearing finite-temperature
broadening method (=0.005 Hatree) was used during
structural optimizations and Kohn-Sham self-consistent
field calculations were performed with a convergence
tolerance of 1x 107° Hatree on the total energy. A 6 x 6 x 1
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super cell graphene with a vacuum layer of 15 A was used
to simulate the catalyst surface. The DFT-D3 correction
method of Grimme was used to describe the van der
Waals interactions. During computation, the double nu-
merical plus polarization functions (DNP) were used as
the basis set with an orbital cutoff of 4.4 A. K-point grids
of 3 x 3 x 2 were used for the density of states (DOSs)
calculations of all structures.

Results and Discussion

The synthesis process of N»>-Sn-O, moieties confined
in the three-dimensional carbon nanofiber networks is
illustrated in Figure 1a. Typically, the carbon fibers were
prepared with the addition of H,O, to trigger the in situ
polymerization of aniline and the oxidation of Sn?" ions
(Supporting Information Figure S2). XRD patterns and
XPS spectra (Supporting Information Figures S3 and
S4) confirm the formation of polyaniline and SnO, with
increasing content of Sn?" ions. The subsequent pyrolysis
under N, led to the formation of porous carbon due to the
release of gases during the polyaniline carbonization.
SnO, could be converted into atomically dispersed tin
atoms through carbothermal reduction and trap the re-
sidual oxygen via the coordination effect. SEM and TEM
images show that the 3D network structures of intercon-
nected fibers without obvious particles on the surface

(Figure 1b,c) can favorably accelerate charge and mass
transport to improve the electrocatalysis. The aberration-
corrected HAADF-STEM of Sn-NMC-1000 reveals that
the atomic-level dispersions of Sn atoms (Figure 1d) and
the corresponding energy-distribution X-ray spectrosco-
py results show the uniform distributions of N, O, and Sn
elements in the carbon matrix (Figure 1e). The Sn content
of SN-NMC-1000 examined by the inductively coupled
plasma optical emission spectrometry is about 0.24%.
Additionally, carbon fibers with similar morphologies
(Supporting Information Figure S5) were obtained by
changing the temperature from 900 to 1100 °C and were
denoted as NMC-1000, Sn-NMC-900, and Sn-NMC-1100.
The broad XRD diffraction peaks (Supporting Information
Figure S6) at about 25° are indexed to the graphitic
carbon, whereas the absence of tin-related diffraction is
attributed to the atomic dispersion of metal species in the
carbon support.®¥3* In contrast, several sharp diffraction
peaks of metallic tin (JCPDS No. 04-0673) are detected
as the addition of SnCl, increased from 0.05 to 0.5 mmol
(Supporting Information Figure S7).** Meanwhile, large
smooth spheres with diameters of ~2 pm are observed on
the fiber surface (Supporting Information Figure S8),
possibly due to the aggregation of metallic tin at high
temperatures. The N, adsorption-desorption isotherm
curves (Supporting Information Figure S9) show typical |
isotherms for all samples, indicating the presence of

(@)

Aniline

Figure 1| (a) Schematic illustration for the preparation of Sn-NMC-1000. (b) SEM, (c) TEM, (d) HAADF-STEM images
and (e) the corresponding element mapping images of Sn-NMC-1000.
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Figure 2 | High-resolution (a) N Is and (b) O Is XPS spectra of Sn-NMC-1000. (c) Sn 3d XPS spectra of Sn-NMC-900,
Sn-NMC-1000, and Sn-NMC-T100. (d) C K-edge XANES spectra of Sn-NMC-1000 and NMC-1000. (e) Sectional micro-
Raman spectrum of Sn-NMC-1000 and NMC-1000. (f) Sn K-edge XANES spectra and (g) the corresponding Fourier
transformed (FT) k*-weight EXAFS spectra of Sn, SnO,, and Sn-NMC-1000. (h) The fitting curve of k*-weight EXAFS

spectra. (i) The WT plot of Sh-NMC-1000.

abundant microporous structures. The largest surface
area of Sn-NMC-1000 (471.6 m? g™") is favorable to ex-
posing more active sites for electrocatalysis.

XPS measurements were performed to examine the
chemical composition and surface states. The high-
resolution N 1s spectra (Figure 2a) of Sn-NMC-1000
reveals the presence of pyridinic (398.4 eV), pyrrolic
(400.4 eV), graphitic (401 eV), oxidized nitrogen
(402.8 eV), and coordinated nitrogen with metal atom
(399.7 eV), suggesting the successful doping of nitrogen
with the formation of the Sn-N structure.?®*¢*” Further-
more, graphitic nitrogen is the dominant component
when the temperature increases from 900 to 1000 °C
(Supporting Information Figure S10), indicating the cru-
cial role of temperature in regulating nitrogen species.
The O 1s spectra (Figure 2b and Supporting Information
Figure S11) could be fitted into three peaks with binding
energies of 530.7, 532.4, and 533.4 eV, corresponding to
Sn-0, C=0, and C-0, respectively. Specifically, Sn-NMC-
1000 displays a high tin-oxygen content of 18.5%, possibly
indicating the capture of abundant oxygen atoms with tin
and nitrogen atoms. The high-resolution Sn 3d XPS spec-
tra (Figure 2c) show two apparent peaks with binding
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energies of ~486.7 and ~495.2 eV corresponding to Sn
3ds/> and Sn 3ds/,, respectively, which are higher than
that of Sn°® (484.7 eV) and lower than that of Sn*"
(487.1 eV), illustrating the average valance state of Sn®
(0 < & < 4) in the SN-NMC-T samples.?”*® The soft X-ray
absorption near-edge structure (XANES) of C K-edge
spectrum (Figure 2d) exhibits the similar peaks located
at 285.8, 288.7, and 292.2 eV, attributable to the n*C=C,
1*C-N, and ¢*C-C antibonding orbitals, respectively.**°
Notably, the stronger peak b in Sn-NMC-1000 is ascribed
to the fingerprint of the sp® interaction, revealing the
strong interaction between Sn atom and nitrogen-doped
carbon.*"*? For the Sn-NMC-1000 samples, the Raman
peaks (Figure 2e) located at 158, 252, 429, and 630 cm™
further confirm the presence of the Sn-N structure.?®
Additionally, two prominent peaks centered at 1317 and
1600 cm™ are attributed to the defective (D band) and
graphitic (G band) carbon, respectively (Supporting
Information Figure S12). The intensity ratio of the D band
over the G band for Sn-NMC-T increases from 0.94 to
0.97 with increasing pyrolysis temperature from 900 to
10O °C, indicating the formation of a defect-rich structure
in the pyrolysis process.?®
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Figure 3| (a) LSV curves, (b) CO Faradaic efficiency, (c¢) CO partial current density at NMC-1000, Sn-NMC-900,
Sn-NMC-1000, and Sn-NMC-1100 in the H-type cell, respectively. (d) Schematic illustration of a flow cell. (e) The partial
current density and the corresponding FE for CO. (f) Long-term stability test of Sh-NMC-1000 at —0.5 V' in a flow cell.

To examine the chemical state and local coordination
of Sn atoms, XANES (Figure 2f) spectra reveal that the
absorption edge between Sn foil and SnO, suggests the
positive valence state of Sn atoms is located between O
and +4, which is consistent with the XPS results. From the
Fourier transform extended X-ray absorption fine struc-
ture (FT-EXAFS) oscillations (Figure 2g), a dominant
peak at 1.59 A for Sn-NMC-1000 in comparison with Sn
foil and SnOs, is attributed to the Sn-N/O path at the first
shell and the absence of the Sn-Sn bond at 2.77 A sug-
gests the atomic distribution of Sn atoms. The quantita-
tive coordination of Sn atom was fitted with the bond
distances of Sn-N and Sn-O in accordance with the
N>-Sn-O, model (Figure 2h and Supporting Information
Figure S13 and Table S1). To the best of our knowledge,
such a unigue coordination structure of Sn-NMC-1000 is
identified on the basis of experimental results for the first
time. In addition, the EXAFS wavelet transform (WT)
plots (Figure 2i and Supporting Information Figure
S14) of Sn-NMC-1000 display a remarkable signal of
Sn-N/O at 6 A~ for Sn-NMC-1000 in comparison with
Sn foil and SnO,, further confirming the formation of
Sn-N/O configuration. Therefore, the isolated dispersion
of N»-Sn-O5 in SN-NMC-1000 would optimize the elec-
tronic structure for improved electrocatalytic activity.

Linear sweep voltammetry (LSV) was performed in
CO,- and Ny-saturated 0.5 M KHCOz to examine the
electrocatalytic CO,RR performance. All the electrodes
exhibit higher current density in CO5-saturated electro-
lyte in comparison with N»-saturated one, indicating the
favorable reaction kinetics of CO,RR (Supporting
Information Figure S15). Notably, Sn-NMC-1000 exhibits
the highest current density in comparison with other

DOI: 10.31635/ccschem.022.202202464
Citation: CCS Chem. 2023, 5, 2415-2425
Link to VoR: https://doi.org/10.31635/ccschem.022.202202464

electrodes (Figure 3a), indicating the improved catalytic
activity. Potential-dependent electrolysis was conducted
to identify the possible reduction products. With trace
amounts of HCOOH and H, (Figure 3b and Supporting
Information Figure S16), the CO Faradaic efficiency
(FEco) at the SN-NMC-1000 electrode exhibits a volca-
no-like tendency to a maximum value of 90.5% with
gradually increasing potential from —-0.4 V, illustrating
good product selectivity. In contrast, the corresponding
FEco values at the NMC-1000, Sn-NMC-900, and Sn-
NMC-1100 electrodes are only 4.7%, 70%, and 83%. For
0.255n-NMC-1000 and 0.55n-NMC-1000, the increased
Sn content does not improve the FE-o for carbon dioxide
reduction (Supporting Information Figure S17), possibly
due to the loss of active sites along with the aggregation
into large Sn spheres. Notably, the current density of
Sn-NMC-1000 increased almost linearly with potential
from —-0.4 V (Figure 3c and Supporting Information
Figure S18) to the maximum CO current density of
~6 MA cm™ at -0.9 V, indicating enhanced CO,RR
performance.

Isothermal adsorption for CO, was conducted to
explore the origin of the excellent electrocatalytic
performance (Supporting Information Figure S19).
The maximum adsorption amount (36.7 cm® g™) of
Sn-NMC-1000 in comparison with those of Sn-NMC-
900 (34.7 cm® g™), Sn-N-NMC-1100 (31.8 cm® g™, and
NMC-1000 (28.5 cm® g™) suggests the largest surface area
for adsorption to improve eletrocatalytic performance,”
which is mainly attributed to the highly porous structure.
To evaluate the reaction kinetics of CO,RR (Supporting
Information Figure S20), the Tafel slope was calculated
to be 130 mV dec™ at the Sn-NMC-1000 electrode,

)


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202202464
https://doi.org/10.31635/ccschem.022.202202464
https://doi.org/10.31635/ccschem.022.202202464

©CCS

RESEARCH ARTICLE

Chemistry

1640 1362
(a) 1401
2350 2082 84 Stop
— / -1.0V
3 | -0.9V
e / -0.8V
()
% / -0.7V
o /] -06V
S I /1 -05V
2 r -0.4V
-03V
-02V
-0.1V
oV
2400 2100 1800 1500
Wavenumber (cm-1)
(©)  {n-sno,
~ 1.04 “CO
2 *COOH_-~
o 1 ........... S0 7 HCOOHN
3 0.54 g ’ “\*+HCOOH
2 0.75 eV ,,'cn J P
o ! B2/ *+CO
o 0.0- ’ 1.07 eV
5} “+CO,"« B1 )
LIL_ N . )
PR S A
-0-59 *OCHO

Reaction pathway

(d) I Sn 2p (Pristine)
Sn 2p (*COOH)
5 Agy=056—= i=—
\‘“/ H
8 I Sh 2p (*HCOOH)
a
Aty=037—w: im—

0 -8 -6 -4 -2 0 2 4
Energy (eV)

Figure 4 | (a) Time-dependent ATR-IR spectra for Sn-NMC-1000. (b) Simulation considering reaction pathways for CO
and HCOOH generation, respectively. (c) Calculated Gibbs free energy diagrams for CO, to CO and HCOOH
conversion, respectively. (d) Projected electron DOS of the N>-Sn-O, structure before and after *COOH or *HCOOH

interaction.

much lower than those at Sn-NMC-900 (214 mV dec™,
Sn-NMC-1100 (172 mV dec™) and NMC-1000 (269 mV
dec™), indicating favorable reaction kinetic process.*®
From the EIS results (Supporting Information Figure
S21), the smallest semicircle radius of SNn-NMC-1000 indi-
cates the lowest interfacial charge-transfer resistance due
to the fast electron transfer of the interconnected carbon
fiber networks. The ECSA are calculated based on the Cgy
(Supporting Information Figure S22), where the highest
Cq value for Sn-NMC-1000 (13 mF cm™), in comparison
with those of Sn-NMC-900 (4.4 mF cm™2), Sn-NMC-1100
(6.8 mF cm™), and NMC-1000 (3 mF cm™), confirms the
increased electrochemically active sites involved in
CO,RR.

A flow cell with a gas-liquid-solid interface was con-
structed to address low CO, solubility in the electrolyte
and mass transport limitations (Figure 3d). The polariza-
tion curve of SN-NMC-1000 in 1 M KOH displays the re-
markably low onset potential of ~—0.2 V in comparison
with that in an H-shaped one, which is close to the theory
equilibrium potential for CO generation. More important-
ly, the current density is increased to about ~240 mA cm™2
at —=1.2 V due to the improved CO, diffusion, indicating
the promising industrial level applications (Supporting
Information Figure S23). Sn-NMC-1000 exhibits the
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enhanced FEco of 92.1% at —0.5 V probably due to the
suppressed HER and improved overall reaction efficiency
in the high concentration of alkaline electrolyte, outper-
forming most of the state-of-the-art Sn-based electroca-
talysts (Figure 3e and Supporting Information Figure S24
and Table S2). In addition, the electrochemical stability is
an important indicator for the evaluation of practical
applications, and no obvious current density decay is
observed at the Sn-NMC-1000 electrode during the sta-
bility test with an average FEp of 92%, and no significant
change of morphology and composition is detected in
comparison with the pristine electrode, manifesting the
good electrocatalytic activity and structural stability
(Figure 3f and Supporting Information Figure S25).

In situ attenuated total reflection-infrared spectroscopy
(ATR-IR) was explored to investigate the reaction path-
way of CO production on Sn-NMC-1000 (Figure 4a).
In addition to the characteristic peak of the adsorbed CO,
at 2350 cm™, the peaks of HCOz~, H,CO3, and interfacial
H,O at 1362, 1484, and 1640 cm™ respectively,** increase
gradually and stabilize from —0.3 V to a more negative
potential, which is attributed to the rapid equilibrium
between CO, and HCOz.** Specifically, the peak at
1401 cm™ corresponding to the adsorbed *COOH is en-
hanced from -0.4 V, suggesting the rapid protonation of
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Figure 5 | (a) Schematic illustration of the solar-driven CO>-H>O splitting system. (b) -V curves of photovoltaic under
irradiation and electrolysis cell. (c) The stability test with current density and corresponding Faradaic efficiency for the
solar-driven CO, reduction. (d) Solar-to-CO conversion efficiency.

CO,*~ via the proton-coupled electron transfer steps.” The
peak at 2082 cm™ attributable to the linearly bonded CO
(CO)) is detected from —0.4 V, consistent with the onset
potential of CO generation (Figure 3b).*® Specifically, the
immediate absence of peaks for *COOH and *CO during
the potential rest further confirms the formation of such
intermediates during CO5RR. Thus, the presence of the
N,-Sn-O, structure would regulate the surface chemical
status and promote the electrochemical conversion of
CO, into CO.

The general Sn-N-C structures reported enable the
electrocatalytic CO, reduction to formate as the main
product, but the selective CO generation via regulating
the coordination structure and surface electronic proper-
ties is rare. To gain insight into the good activity and
selectivity of N»-Sn-O, in the electrocatalytic reduction of
CO,, DFT calculations were performed to examine two
main pathways for the production of CO and formate on
the optimized N»-Sn-O, structures in different states
(Figure 4b and Supporting Information Figure S26). From
the free energy diagram (Figure 4c), the formation of
*OCHO is easy due to the down-hill free energy pathway
in comparison with *COOH, but the subsequent proton-
ation process is severely inhibited due to the increased
energy barrier. In contrast, the smaller energy barrier
required for the formation of CO is favorable for the
whole catalytic process. It should be noted that the pres-
ence of N,-Sn-O, leads to a significant change in the
overall reaction pathway, lowering the energy barrier of
1.07 eV for the rate determination step of HCOOH
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generation and 0.75 eV for CO generation. Thus, the
selectivity is improved, possibly due to the distinct
changes in the electronic structure for the adsorption
process. Additionally, the generated *CO on the N»-Sn-
O, surface could be easily desorbed without poisoning
the active sites, in accordance with the in situ ATR-IR
results. The electronic interplay between N,-Sn-O, and
intermediates (e.g., *HCOOH, *COOH) was further inves-
tigated by the projected DOS (Figure 4d). The N»-Sn-O,
structure before and after interaction with *COOH shows
the significant change in the d-band center of the Sn 2p
orbital in comparison with the interacting *HCOOH, and
the obvious charge delocalization between the Sn 2p
orbital of N>-Sn-O, and the antibonding C 2p orbital of
*COOH* would facilitate and stabilize *COOH to produce
CO rather than HCOOH. Therefore, different from the
normal metal-nitrogen-carbon structures, the oxygen
species in the N»-Sn-O, structure would significantly
change the electronic structure to modulate the interme-
diate adsorption process and accelerate the proton-cou-
pled electron transfer for CO generation.

Benefiting from the excellent CO,RR performance of
Sn-NMC-1000, the CO,-H,O overall splitting system in
1M KOH electrolyte was constructed using a solar cell as
the only input energy (Figure 5a and Supporting
Information Figure S27). The GalnP/GaAs/Ge cell dis-
plays the open-circuit voltage and short-circuit current
is 2.42 V and 12.3 mA cm™ respectively, under solar
irradiation. The working potential and current density of
the system can be determined by the intersection of the

-
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/-V curves of the electrochemical cell and solar cell via
catalyst loading optimization (Figure 5b). At a potential
of 218 V, the solar-driven CO,-H,O system displays a
current density of 10.3 mA cm™ with an average FEco
over 90% during the operation process, illustrating the
good selectivity and catalytic activity (Figure 5c).
More importantly, the high solar-to-CO conversion effi-
ciency of 12.9% can be achieved (Figure 5d). This work
provides a promising strategy to couple solar and chem-
ical energy to achieve the effective recycling of renew-
able energy.

Conclusion

In summary, the tin single-atom with unique atomic bridg-
ing structure confined in a porous carbon fiber was syn-
thesized by a one-step carbonization strategy. The
X-ray absorption spectroscopy (XAS) and HAADF-STEM
results revealed that the coordination of oxygen with the
metal-nitrogen-carbon led to the formation of novel
atomic bridging structure of N,-Sn-O, The resultant elec-
trocatalyst exhibited good catalytic activity and selectiv-
ity for CO generation with a high Faradaic efficiency of
92.1% and large current density over 240 mA cm™, differ-
ent from the generally reported Sn-based electrocata-
lysts for formate generation. The combination of in-situ
experimental results and theoretical calculation demon-
strated that the modification of metal-nitrogen-carbon
with coordinated oxygen in the interconnected carbon
fiber networks with fast electron transport can efficiently
regulate the surface electronic structure to improve the
electrocatalytic activity and selectivity. Additionally, the
integrated CO,-H,O splitting system composed of Sn-
NMC-1000 electrocatalyst displayed high solar-to-CO
conversion efficiency. This work reveals the conforma-
tional relationship between the coordination structure
and catalytic performance, providing basic guidance for
the design of unique atomic structure to achieve good
electrocatalytic activity.
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