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02 March 2025 There is an urgent need to develop new technologies for converting greenhouse
gas CO2 into useful products to address environmental and energy crises
Keywords: Simultaneously. Electrochemical CO2 reduction reaction (eCO2RR) driven by
renewable electricity affords a capable route to realizing a carbon-neutral future
Metal-Organic and combating a global climate predicament. In determining the relationship
between synthesis approach, catalyst structure and performance, two Sn-MOF
Frameworks (MO'_:S)' electrocatalysts were produced with a bottom-up hydrothermal method. A two-
Electrochemical  gimensional catalyst 2D Sn-BDC was prepared by the open hydrothermal
Carbon Dioxide synthesis method, while a three-dimensional catalyst 3D Sn-BDC was prepared
Reduction Reaction under the closed hydrothermal method. In CO2-saturated 0.5 M KHCO3
(eCO2RR), aqueous solution, 2D Sn-BDC catalyst displayed good performance compared
Formate, wit_h_ 3D Sn-BDC catalyst _for co2 reducti_on to formate with Faradaic
Hydrothermal efficiency _of 96.3 %, partial current density of 10.0 m_A cm-2 at an
. overpotential of 0.42 V, TOF of 4887 h-1, charge transfer resistance of 42.98
Synthesis Met_hf)d’ Q and over a 10 h stability. It is recognized that the superiority of 2D Sn-BDC
Selectivity. s assumed to originate from the ultrathin structure, enhanced surface area and
presence of surface vacancies. Consequently, the improvement in mass
transport, accessibility of Sn active sites and carrier concentration resulted in

high catalytic performance.
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INTRODUCTION

The reduction of carbon dioxide (CO,) to fuels and
feed stalks is an imperative factor of an imminent
energy conservation approach to alleviate carbon
levels and its associated challenges. The CO;
conversion into desirable products can combat both
CO; emission and fossil fuel dependence X2 3 451,
Formate (HCOO") a raw material and a fuel, is
among the products of CO, conversion ¥l Due to
environmental friendliness, p-block metal-based
catalysts are among the currently studied catalysts
for formic acid production with reported good
performances I8, The electrochemical reduction of
carbon dioxide (eCO-RR) has attracted significant
research attention, nevertheless, selectivity, low
charge transfer and stability are among the limiting
factors to be improved for large-scale applications.
The challenges are mostly due to high energy
barrier, slow Kkinetics, mixed products and the
presence of impurities in the eCO,RR[: 1011
Therefore, for large-scale applications, promising
eCO:RR electrocatalysts should possess a low
overpotential, a high current density, and good
stability, while in the process suppressing any side
reaction to obtain specific products. Consequently,
it is significant to design an appropriate eCORR
electrocatalyst to realize satisfactory activity and
selectivity of HCOO" production.

Metal-organic frameworks (MOFs) have enticed
research devotion for application in eCO;RR due to
exceptional properties such as ordered porous
structures, large surface area and modifiable
structure which are vital factors in improving

chemical activity (28 |t is thought that the
polyaromatic carboxylic acids create several
coordination sites that assist in synthesizing MOFs
of different structures in addition to firm
conformation and the presence of carboxylate
groups that lead to strong coordination ability [9-22],
It is noted that the strength of MOF structure is
totally dependent on the nature of the metal, ligand
and the associated bond 2%, Hence, the structural
features of the MOFs are based on the net topology
which is highly dependent on the connectivity and
symmetry of the metal nodes and ligands 2241, |t is
well-known that the attainment of the structure and
net topology is highly influenced by the nature of
the metal node, ligand, reagents, stoichiometry and
temperature, besides the synthesis methods which
can alter and elevate the properties of the MOF
catalysts >3 Thus, the understanding of the
intrinsic properties of MOF’s nodes and ligands
may influence design approaches that can maximize
the synergetic interactions and activity of a catalyst
in addition to electrolyte, metal loading/sizes and
potential effect on performance 234, However,
proper catalyst design and synthesis method are
crucial to optimize catalyst composition,
morphology, performance and stability. Sn-based
catalysts have been studied in eCO.RR and
established good selectivity for the production of
formate; as oxide, alloys and non-metallic doped
catalysts 541, Furthermore, some Sn-MOFs have
been studied as precursors rather than directly being
used in catalysis [“?l, However, it has been realized
that the use of pristine MOFs may reduce both
energy usage and cost for the decomposition of the
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organic linkers and also prevent an unavoidable
collapse of the reticular structure #°I,

In view of the exceptional properties of Sn nodes
and organic ligands: 1, 4-benzene dicarboxylic acid
(BDC), we effectively synthesized a 2D Sn-BDC
catalyst through an open hydrothermal synthesis
stirring approach. The as-synthesized 2D Sn-BDC
catalyst has a framework of para-phthalic acid
(BDC) as a linker with Sn nodes bound to O atoms
44 Figure la-b. In determining the relationship
between synthesis approach, topology and
electrocatalytic performance; a 3D Sn-BDC catalyst
was synthesized through a closed hydrothermal
synthesis method. Overall, this work has recognized
that the open hydrothermal synthesis stirring
approach created a two-dimensional framework, 2D
Sn-BDC with improved formate efficiency and
suppression of hydrogen and CO evolution.
Although Sn-MOFs was used as eCO2RR catalyst
in a recent publication ™, the difference of our
approach is the use of p-phthalic acid (1, 4-BDC) as
a ligand for Sn nodes, use of pristine 2D Sn-BDC in
eCO-RR, use of two synthesis methods (closed and
open hydrothermal synthesis methods) and the
catalytic performance of 2D Sn-BDC is much
improved with FEncoo™ = 96.3% at an overpotential
(m) = 0.42. In our present work, a significant
difference in eCO2RR performance exists among
2D Sn-BDC, 3D Sn-BDC and SnO,, due to
variations in structures, morphology and number of
active sites. To the best of our knowledge, this work
might imply that pristine 2D Sn-BDC could be
among the prominent tin polyaromatic-based MOF
catalyst for reduction of carbon dioxide into formate
with high efficiency, high current density at low
overpotential.

EXPERIMENTAL SECTION

All experiments used chemicals of analytical grade
without any purification.

Synthesis of 2D Sn-BDC MOF

2D Sn-BDC MOF was synthesized by a bottom-up
open hydrothermal stirring process*l. Solution 1
was prepared by using 0.96g of NaOH and 1.99g of
p-phthalic acid premixed in 200 mL of distilled
water. Solution 2 was set by dissolving 2.71g of
SnCl;-2H20 in 40 mL of distilled water. Then,
Solution 2 was slowly added to Solution 1 by
stirring in a water bath. Consequently, the solution
mixture was further stirred for 1h in the water bath
at 90 °C, followed by constant stirring at 60 °C for
another 10h. Lastly, the acquired white precipitates
were washed many times with DMF and ethanol and
dried at 80°Cl*4,

Synthesis of 3D Sn-BDC MOF

Through a bottom-up closed hydrothermal synthesis
approach Bl 3D Sn-BDC MOF was prepared by
mixing LiOH.H,O (82mg), p-phthalic (1, 4-BDC)
acid (498 mg), SnSO4 (165mg) and H20 (3 mL).
The mixture was later sealed in a Teflon vessel (23
mL inner volume) in air and heated at 160 ° C for 72
h. The yielded crystals were washed with N, N-
dimethylformamide (DMF), and methanol then
dried at 80 °C.

Preparation of Working Electrode

A homogeneous catalyst ink for each sample was
prepared from a mixture of 10.0 mg catalyst
powder, 2.0 mg carbon powder, 1000uL of ethanol
and 100 pL of Nafion D-521 (5 wt %) via
ultrasonication . Later, 1000 pL catalyst ink was
loaded onto 10 pieces of 1 x 1 cm? carbon paper.
The loaded carbon papers were finally dried in an
oven at 100 °C.

Characterization

Powder X-ray diffraction (PXRD) patterns of the
materials were obtained using a Rigaku 9 kW
Instruments (Japan) D/MAX-2500 diffractometer
with Cu Ko radiation (A=1.54056 A). The
morphology of the materials was characterized
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using scanning electron microscopy (SEM, JSM-
7600, JEOL Ltd, Japan) and X-ray photoelectron
spectroscopy (XPS). Fourier transform infrared
spectroscopy (FTIR) spectra were obtained using an
ALPHA II (Bruker) instrument. Energy Dispersive
Spectroscopy (EDS) measurements were recorded
with a JEOL 7500F Field Emission scanning
electron microscope. Electron paramagnetic
resonance (EPR), was employed to detect oxygen
vacancies associated with either missing BDC
linker defects or unsaturated Sn metal defects “°1,

Electrochemical Measurements

Gas products were quantitatively analyzed using a
gas chromatograph (PANNA A91). Formate
content was obtained for quantitative analysis using
a high-performance liquid chromatograph (Waters
501). All electrochemical data were acquired using
Shanghai Chenhua CHI660E. The electrochemical
measurements were conducted in an H-cell joined
with an electrochemical workstation. The H-type
cell comprised of working electrode = (catalyst
electrode), (Ag/AgCI electrode, saturated KCI) =
reference electrode, (Pt plate) electrode = counter
electrode and a 0.5 M KHCO; solution® %1, The
level of CO. in the KHCO; electrolyte was
maintained by a continuous supply of CO;
throughout the experiments. Cyclic voltammetry
(CV) analysis was carried out to determine catalyst
activities and matching potentials. Afterwards,
faradaic efficiencies (FE) for the reduction products
and turn-over frequencies (TOF) were calculated.,
Electrochemical impedance spectroscopy (EIS) was
used to scrutinize the activity of catalyst electrodes
by using the three-electrode H-Type cell in 0.5 M
KHCO; solution.

RESULTS AND DISCUSSION
Catalyst Characterization

Firstly, powder X-ray diffraction (PXRD) and
scanning electron microscopy (SEM) were used in
the morphology characterization of the as-prepared
2D Sn-BDC and 3D Sn-BDC electrocatalysts. In all
the tests, the experimental PXRD results were
identical to the stimulated, Figures 1c-d, a hint that
the synthesis approaches reached the targeted
catalysts. Furthermore, the diffraction peak
intensity of the 3D Sn-BDC is weaker than that of
2D Sn-BDC, revealing the low crystallinity of the
sample prepared by the closed hydrothermal
method. The experiments divulged a -catalyst
framework with 1, 4-benzene dicarboxylic acid
(para-phthalic acid) as a linker and Sn nodes bound
to O atoms in the as-synthesized Sn-BDC catalysts.

The surface morphology and micro-structures were
detected using scanning electron microscopy (SEM)
with respect to morphology and structure play a
vital role in the physical and chemical properties of
a catalyst that impact incredibly on performance.
The SEM images, Figures le-f, reveal different
topologies of well-shaped crystals with different
sizes in all four Sn-MOF compounds from different
organic linkers, reagents, reaction conditions and
environments, that affected crystallization evidently
unveiling different morphologies and topologies. It
has been reported that Sn-MOF catalysts assume Sn
(I1) centres in tetra-coordinated settings, with the 5s2
lone pair inhabiting an edge of a distorted
polyhedral framework. Hence, the polyhedral
distortion indicates equivalence in the volume
occupied by the Sn lone electron pairs while of
oxide anion varies due to the nature of the organic
linker and electron donor groups’ motion[*6l,
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Figure 1: Structures of (a) 1,4-Benzene Dicarboxylic Acid (BDC) Ligand, (b) Sn-BDC Catalyst (Sn,
Green; C, Gray; O, Red), (c) PXRD Pattern of 2D Sn-BDC, (d) PXRD Pattern of 3D Sn-BDC, (e)
SEM Images of 2D Sn-BDC, (f) SEM Images of 3D Sn-BDC.
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XPS survey tests were also executed on the 2D Sn-
BDC and 3D Sn-BDC samples to discover the
elemental composition. The XPS spectra of 2D Sn-
BDC and 3D Sn-BDC are displayed in Figures 2a-
b, respectively. In both spectra, the O 1s and C 1s
are noticed at 532 eV and 285 eV, respectively.
Moreover, for both samples, Sn peaks are also
perceived in the spectra between 500 eV and 480
eV. Explicitly two discrete Sn 3d peaks are visible
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at 486.9 eV and 495.35 eV, Figure 2c attributed to
the 3d s and 3ds, states of Sn?*. This testifies to the
existence of Sn in the samples in the oxidation state
of +2U% 471 Furthermore, two C 1s peaks are
detected at 288.6 eV and 284.8 eV for C=C/C-C and
O-C=0 respectively, Figure 2d. Hence the
observation of the peaks at 532 eV and 284.8 eV
exhibits the availability of oxygen in the
functionality of the synthesized Sn-BDC MOFs.
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Figure 2: XPS Spectra of (a) 2D Sn-BDC, (b) 3D Sn-BDC, (c) 2D Sn-BDC Sn 3d, (d) 2D Sn-BDC C

1s Before Electrolysis.
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The qualitative and quantitative composition of the

2D Sn-BDC and 3D Sn-BDC samples were
established by energy dispersive X-ray (EDX)
spectroscopy 4. The EDS mapping of micrometer-
sized crystal particles confirms the presence and
guantities of all the expected elements, (Sn, C, O)
signifying that the targeted catalysts are
successfully formed. The EDS of 2D Sn-BDC, and
3D Sn-BDC are presented in Figures 3a-b
respectively. It was analyzed that 2D Sn-BDC
possesses 7.2% weight of carbon with an atomic
percentage of 20.5. Oxygen has a 28.2% weight and
atomic percentage of 60.7 while tin was found to
have a 64.6% weight and atomic percentage of 18.7.
Similarly, 3D Sn-BDC consists of 55.6% weight of
carbon with an atomic percentage of 37.9. Oxygen
has a 40.6% weight and atomic percentage of 36.9
while tin was found to have a 3.7% weight and
atomic percentage of 25.2.

The synthesis of Sn-BDC MOFs considers the
formation of coordinated bonds between Sn ions
and the BDC ligand that contribute to changes in
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spatial structure and symmetry of the organic
ligand™“el. Hence, Fourier transform infrared (FTIR)
spectroscopy was employed to confirm the
successful synthesis of the targeted catalysts. As
presented in Figure 3c, the FTIR spectra of 2D Sn-
BDC and 3D Sn-BDC show some spectral
mismatch with the BDC spectrum. Likewise, new
peaks appear at 1691.3 — 1505.9 cm ™ and 1402.9 —
1316.4 cm™, which are accredited to the
asymmetric stretching vibration va(—COO-) and
symmetric stretching vibration vs(—COO-) of the
carboxylate iont4 481,

These changes confirm that Sn has successfully
coordinated with the BDC ligand in producing the
targeted catalysts. Also, the Sn-O peaks located at
532.6 cm™ for the 2D Sn-BDC spectrum and at
558.3 cm™ for the 3D Sn-BDC spectrum are
stretching vibration characteristic peaks that
confirm the existence of enough coordination of
abundant carboxylate groups with tin ions.
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Electron paramagnetic resonance (EPR) was
employed to detect oxygen vacancies associated

with either missing BDC linker defects or
unsaturated Sn metal defects. The concentration of
oxygen vacancies denotes the number of

coordinatively unsaturated Sn metal atoms. This
work managed to create defects in Sn-BDC samples
through a change in the synthesis temperatures.
Figure 3d shows that the 3D Sn-BDC synthesized
at elevated temperatures in a closed hydrothermal
approach has more defects than the 2D Sn-BDC
MOF synthesized at mild temperatures in an open
hydrothermal approach. The number of defects in
MOFs can alter catalytic properties and
performance through improvement in electronic
structure and an increase in the catalyst’s active
sites®l, However, the study has observed that an

adequate number of defects is correlated with
improved catalytic performance. Hence an excess
number of defects may mean loss of structural
integrity that might lead to loss of catalytic
performance. Li and coworkers reported the highest
conductivity and catalytic activity for ORR by [-
MnO; with moderate oxygen defect concentration
due to effective induced overlap of the surface d,.
orbitals that presented an extra donor level at the
bottom of the conductive band®!. Moreover,
another work established that SnOy with moderate
content of oxygen defects was the most active
surface that strongly suppressed hydrogen evolution
reaction and possessed high HCOOH selectivity due
to effective tuning of HCOO* adsorption
strength®],

Figure 3: (a) Energy Dispersive X-ray (EDX) Spectra of 2D Sn-BDC, (b) EDX Spectra of 3D Sn-BDC
Catalysts, (c) Fourier Transform Infrared (FTIR) Spectrum of BDC, 2D Sn-BDC, and 3D Sn-BDC
Samples, (d) Electron Paramagnetic Resonance (EPR) Spectra for 2D Sn-BDC and 3D Sn-BDC.
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Electrochemical CO, Reduction Performance of
2D Sn-BDC and 3D Sn-BDC

In order to discover the activity of the catalysts for
eCO2RR, we studied the current-voltage curves for
2D Sn-BDC, and 3D Sn-BDC from cyclic
voltammetry (CV) scans in CO-saturated 0.5 M
KHCO; (pH = 7.34) and in N-saturated 0.5 M
KHCO; (pH = 8.94) solution at a scan rate of 20 mV
s “L. Figure 4a-b portrays the CV curves in which
at negative potentials, the sharp rise of the current
densities can be perceived under both N2 and COx.
It was detected that with N, the rise is due to the
reduction of H,O from the hydrogen evolution
reaction while under CO,, the improved current is
due to the reduction of both H,O and CO..
Accordingly, it was observed that in all the samples,
the CO> current densities were higher than the N
current densities, signifying the dominance of the
CO:z reduction reaction (CO2RR) over the hydrogen
evolution reaction (HER). Furthermore, a large
difference exists in the reduction of current densities
under N2 and under CO; for 2D Sn-BDC, which can
be aligned to an improved CO2;RR and effective
inhibition of HER. In contrast, there exists a smaller
difference in the reduction current densities under
N2 and under CO; for 3D Sn-BDC a sign of an
increased HER. Besides, it can be noticed that the
reduction current density under N for the 2D Sn-
BDC electrode is evidently smaller than that of the
3D Sn-BDC sample, signifying the impact of
morphology differences on the suppression of HER.

In order to further understand the improved
performance of 3D Sn-BDC, compared to 3D Sn-
BDC, electrolysis experiments were performed at
potentials ranging from -0.57 V to -0.97V (vs.
RHE), 0.1V as the interval) to probe the effect of
electrolysis potential on eCO.RR. Similarly, the
experiments showed the relationship between the

electrolysis current density with electrolysis time at
varied potentials. The study revealed an increase in
electrolysis total current density from -0.57 to -0.97
V (vs. RHE) potentials of all the samples, Figures
4c-d. The current density remained constant in
almost all the potentials within the experimental
time, an indication of a good cathodic reaction, but
slightly changed at -0.97 V (Vs. RHE) due to
enhanced hydrogen evolution. The sample 2D Sn-
BDC achieved a maximum current density of 37.4
mA cm2 while 3D Sn-BDC had 20.6 mA cm? at -
0.97 V (Vs. RHE) respectively. The exceptional
performance could be aligned to an improved
morphology with high active Sn centres for CO;RR
and a lower energy barrier in creating *OCHO
intermediate from CO, persuaded by Sn nodes
which further eases the formation of HCOO145 521

We further reliably used gas chromatography and
high-performance liquid chromatography to
determine and quantify the eCO2RR products for the
gaseous and liquid products respectively™. It was
shown that 2D Sn-BDC had formate (HCOO") as a
major CO; product with a very minimal amount of
CO and H; compared to 3D Sn-BDC, Figures 4e-f.
The 2D Sn-BDC displayed good eCO;RR
performance compared with the 3D Sn-BDC
catalyst with FEmax (HCOO-) = 96.3%, choo', =10.0
mA c¢m and overpotential (n) = 0.42. In contrast,
3D Sn-BDC had a FEmax (HCOO-) = 88.7%, choo, =
8.5 mA cm? and overpotential () = 0.52. The
faradaic efficiency of the CO; reduction to formate
has a direct influence on the energy efficiency of the
practice, higher faradic efficiency suggests a higher
HCOO" rate and, subsequently, lower energy
consumption®l.  The enriched activity and
selectivity towards formate of 2D Sn-BDC
nanosheets may be accredited to the improved
morphology and number of active sites that aided
mass and charge transfers.
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Figure 4: Cyclic Voltammetry Scans in N:- and CO:-Saturated 0.5 M KHCQOs for Catalysts: (a) 2D
Sn-BDC, (b) 3D Sn-BDC; Total Current Densities in 0.5 M KHCO: CO--Saturated Electrolyte at
Different Potentials as Indicated for (c) 2D Sn-BDC and (d) 3D Sn-BDC; Faradaic Efficiencies of H,
CO, and HCOOH at Different Operation Voltages for Catalysts (e) 2D Sn-BDC and (f) 3D Sn-BDC

in 0.5 M KHCO:s CO:-Saturated Electrolyte.
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In addition, the stability of electrocatalysts is a
major concern in eCO;RR. The application of the
as-synthesized Sn-BDC electrocatalysts for the
eCOzRR is further confirmed by assessing their
stabilities. Figures 5a-b, show the stability
evaluation at 2D Sn-BDC and 3D Sn-BDC
electrodes and it was noticed that the stability of 2D
Sn-BDC could be upheld for over 10 h, and its
current density gradually changed from -8.5 mA cm-
2t0 -9 mA cm? at -0.67 V (Vs. RHE) and formate
efficiency gradually changed from 96.29% to
86.03% within the 10 h of the experiment, Figure
5a, which probably came from the restructuring of
the catalyst for the CO. reduction. Similarly, an over
10 h stability could be observed, Figure 5b, on 3D
Sn-BDC with a current density change from -11 mA
cm?2to -12 mA cm and FE change from 73.3% to
67.3% at -0. 87 V (Vs. RHE). The exceptional
structure of the 2D Sn-BDC electrocatalyst may
account for the good stability that was perceived.
The improved morphology of Sn-MOFs retained the

exposure of Sn?* active sites and expedited the
transport of electrolyte ions and CO; diffusion.

We further scrutinized catalyst electrodes before
and after long electrolysis to get a perception of the
structure of the active catalyst and the CO;
reduction  process. The crystal structure,
morphological evolution and chemical composition
of Sn-BDC MOFs after eCO.RR were studied by
PXRD and SEM. The PXRD patterns of the as-
prepared samples confirmed that Sn-BDC was the
only crystalline phase before eCO2RR and SnO-
was slowly generated at the expense of metallic Sn
with the continuing CO; reduction. The SEM
measurements  revealed that  after  the
electrochemical reaction, the 2D and 3D
morphologies of the catalysts didn’t collapse but
possessed slight surface reconstruction, Figure 5c-
d. Hence, the characterization results revealed slight
instability of the Sn-BDC during a longer period of
eCOzRR.
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To ascertain the effect of the transformed tin oxides
in the eCO,RR, we conducted the formate
performance test on SnO; at potentials -0.57 V to -
0.97 V (vs. RHE). SnO; achieved low current
densities and FEncoo™ of 56.7%, and jucoo™ of 5.5
mA cm2at-0.87 V (V vs RHE). The results indicate
low performance of SnO, compared to 2D Sn-BDC
and 3D Sn-BDC at a wide range of potentials. This
confirms the dominance of the synthesized Sn-BDC
catalysts in the eCO2RR into formate, regardless of
the presence of the tin oxides. It testifies the
relationship between the synthesis approach,
structure and electrochemical performance of a
catalyst in eCO2RR.

Electrochemical impedance spectroscopy (EIS) is
another advanced technique to study the activity of
an electrode®. Here, the electrochemical
impedance was analyzed by using the same three-
electrode H-Type cell in 0.5 M KHCO3 solution.
The EIS gives knowledge about charge resistance
transfer (Rct) which is a resistance at the electrolyte/
electrode boundary. This describes mass transport
in reactions, conductivity and electrode’s porosity.
Figure 5e outlines EIS information of 2D Sn-BDC,
3D Sn-BDC and SnO,. Besides, the Warburg
diffusion coefficient (CPE) is related to charge
transfer activity and its minimal value attests that a
reaction proceeds through all diffusion-controlled
phenomena. The EIS study discloses an R of 42.98
Q and CPE of 0.78975 Q/s for 2D Sn-BDC.
Likewise, 3D Sn-BDC yielded 60.12 Q and 0.86261
Q/s for Ret and CPE respectively. In contrast, SnO;
displayed Rc: of 148. 4 Q and CPE of 0.91584 Q/s.

Consistently, it was thrilling to realize that 2D Sn-
BDC not only owned excellent activity, high
selectivity and good stability but also displayed high
turnover frequency (TOF). TOF was used to assess
the real activity of effective active sites in the

electrocatalysts. Consequently, the surface-active
site density of electrochemically accessible 2D Sn-
BDC was solved by integrating the Sn°/ Sn** a CV
anodic wave in an N-saturated electrolyte, that
reached 8.809 x 1078 mol cm™2. Then, we found a
TOF of the 2D Sn-BDC catalyst as high as 4887 h*
at —0.97 V (vs. RHE), a sign of high utilization of
surface-active sites. Similarly, the surface-active
site density of electrochemically accessible Sn in
3D Sn-BDC was determined to be 9.767 x 1078 mol
cm 2. Hence, the maximum TOF was calculated to
be 2419 h™* at —0.97 V (vs. RHE). This confirmed
that the 2D Sn-BDC catalyst is an excellent
electrocatalyst for high TOF performance in
addition to other indicators of CO;RR catalysis.

To elucidate the kinetics of the eCO2RR, the Tafel
study was performed on all the electrodes prepared
from the two catalyst samples in a 0.5 M KHCO3
electrolyte saturated with CO,. The sample 2D Sn-
BDC displayed a smaller Tafel slope of 218 mV dec
! comparable to 3D Sn-BDC with a slope of 268 mV
dec?, Figure 5f. In reference to the 118 mV dec’?
slope, it is established that all four samples had the
first electron transfer as the rate-determining step
for the eCO,RRE3. The smaller Tafel slope of 2D
Sn-BDC signifies a much faster mass transport
Kinetics characteristic in comparison to other
synthesized Sn-MOFs. Hence, we consider that a
2D Sn-BDC catalyst can enhance the *OCHO
pathway and impede the *COOH pathway through
Sn-O interaction, thus improving formate
selectivity. It is reported that 2D MOFs have
superior chemical and structural properties than 3D
bulk MOFs due to ultrathin structure that promotes
electrical conductivity, mass transport during
reaction and enhanced electrocatalysis. Thus, the
vacancies created in 2D compounds can boost the
carrier concentration for enhanced electrical
conductivity#56l,
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Figure 5: Stability Curves for 10 h Electrolysis Tests of Catalysts (a) 2D Sn-BDC and (b) 3D Sn-BDC
in 0.5 M KHCO: CO:-Saturated Electrolyte; SEM Images of Catalysts (c) 2D Sn-BDC and (d) 3D Sn-
BDC After Electrolysis Tests; (e) Electrochemical Impedance Spectra of 2D Sn-BDC, 3D Sn-BDC,
and SnO: in 0.5 M KHCOs Solution; (f) Tafel Slopes of 2D Sn-BDC (Black) and 3D Sn-BDC (Red).
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Comparison of 2D Sn-BDC in eCO;RR

Performance to Formate with Recent Reported

Sn Catalysts

This work has established superior eCO;RR of 2D
Sn-BDC considered to originate from the ultrathin
structure, improved surface area and surface

Z'/ohm

vacancies. This performance is comparable to or
higher than that of other related CO;RR Sn-based
electrocatalysts reported in very recent literature,
Table 1. The comparison indicates the efficient
CO:RR Kinetics catalyzed by the 2D Sn-BDC
among the other Sn-based eCO:RR.

Table 1: Electrochemical Reduction of Carbon Dioxide Performance by Tin-Based Catalysts.

Catalyst FEformate (%0) Electrolyte Jiormate ~ Tafel slope n (V) Ref.
(mAcm?) (mV dec?)

2D Sn-BDC 96.3 0.5 M KHCO;3 100  167.0 0.42 This work
Sn-MOFeys 94.6 0.5 M KHCOs 250 1382 0.85 45
Sn-MOF 91.8 0.5 M KHCO;3 232 1730 0.95 [45]
Vo-Sn02-60 min ~ 92.4 0.5 M KHCO:3 18.8 76.0 0.45 (571
Sn(101)/SnO./C  93.3 0.5 M KHCO;4 8.2 - 0.55 (42]
Sn-N6-MOF 85.0 0.5 M KHCO;3 23.0 - 0.98 [58]
SnSos5/CC 93.1 0.5 M KHCO;3 284 1209 0.85 52]
Sn/SnO,@NC 83.0 0.5 M KHCO;3 17.0 - 0.65 (59
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SUMMARY

The performance of 2D Sn-BDC and 3D Sn-BDC
catalysts for the transformation of CO, to formate
synthesized through open and closed hydrothermal
synthesis approaches are thoroughly investigated.
The influence of the synthesis approach was
observed in catalyst structure variations and CO;
reduction performance differences of the as-
synthesized catalysts. The 2D Sn-BDC displayed
an improved performance compared with the other
as-synthesized Sn-MOF catalysts for reduction of
carbon dioxide with maximum FEncoo™ of 96.3%,
jrcoo™ of 10.0 mA cm at overpotential (1) of 0.42,
Tafel slope of 218 mV dec? and charge transfer
resistance of 42.98 ohm arisen from enhanced
morphology and more active sites that boosted the
reduction process. In contrast, 3D Sn-BDC
displayed maximum FE(ncoo’) of 88.7%, jucoo’, of
8.5 mA cm at overpotential (1) of 0.52, Tafel slope
of 268 mV dec? and charge transfer resistance of
60.12 ohm. It is concluded that the 2D Sn-BDC
catalyst is simple to prepare, cost-effective,
environmentally friendly and prominent for large-
scale application of eCO2RR to formate.
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