
Journal of
Materials Chemistry A

COMMUNICATION

Pu
bl

is
he

d 
on

 0
7 

bi
rž

el
io

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
02

6-
06

-1
1 

15
:5

0:
04

. 

View Article Online
View Journal  | View Issue
Boosting electro
aCAS Key Laboratory of Nanosystem and H

Excellence in Nanoscience, National Center

100190, P. R. China. E-mail: stone623717@
bUniversity of Chinese Academy of Sciences,
cHangzhou Yanqu Information Technology C

† Electronic supplementary informa
10.1039/d1ta02780h

Cite this: J. Mater. Chem. A, 2021, 9,
19681

Received 4th April 2021
Accepted 2nd June 2021

DOI: 10.1039/d1ta02780h

rsc.li/materials-a

This journal is © The Royal Society o
chemical CO2 reduction to
formate using SnO2/graphene oxide with amide
linkages†

Zhongjie Yang,ab Caoyu Yang,ab Jianyu Han,a Wenshi Zhao,ab Shengxian Shao,ab

Siyu Li,a Huiwen Gao,ab Haijiao Xiec and Xiaofei Zhang *a
Selective electrochemical CO2 reduction to formic acid is an appealing

strategy to achieve efficient utilization of CO2. Modification of the

catalytic interfacewith organic linkers has been proven to promote the

conversion of CO2 to CO, but the highly selective generation of formic

acid is still a challenge. Herein, modification of the interface of gra-

phene oxide (GO) with amide linkages to anchor SnO2 nanoparticles is

presented to catalyze the CO2 reduction reaction (CO2RR). As ex-

pected, the as-synthesized SnO2/tert-GO shows a competitive high

cathodic faradaic efficiency (FE) of 84.4% for formate at �0.96 V and

shows long-term stability for the CO2RR. Further, density functional

theory (DFT) calculations indicated that amide linkages facilitate the

conversion of CO2 to formate.

Introduction

Excessive consumption of fossil fuels not only poses a huge
challenge to the sustainable development of society, but also
has a negative impact on the global climate with increasing CO2

emissions.1–4 However directly using carbon dioxide as a chem-
ical reactant will turn undesired waste into treasure. To alleviate
these problems, electrocatalytic reduction of CO2 to valuable
hydrocarbons is considered as a promising solution due to mild
conditions and conversion efficiency.5–10 Nevertheless, the
practical production of liquid fuels (e.g., C2H5OH and HCOOH)
is greatly impeded by the large overpotential and byproducts
derived from the hydrogen evolution reaction (HER).11–14

Among the various products, HCOOH occupies a pivotal
position in industry. As an important chemical intermediate,
formic acid is undoubtedly strongly needed and widely utilized
in textile manufacturing, antibacterial agents, fuel cells and
livestock feed.15–17 Recently, immense efforts have been made to
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produce formic acid with high selectivity.18–21 Homogeneous
and heterogeneous catalysts have been widely used.22–26

However some obvious aws still exist. The separation of
homogeneous catalysts requires high energy consumption and
a complicated process. Compared with their homogeneous
counterparts, heterogeneous catalysts overcome the problem of
separation. Commonly used materials including Pd, Pb, Hg, In,
and Cd exhibit good catalytic activity for HCOOH, but some-
times their application is hindered by the shortcomings of
scarcity and toxicity.27

Among reported emerging catalysts, Sn containing catalysts
are of particular interest due to the advantages of cost-effec-
tiveness and nontoxicity. As a result, different catalytic systems
including Sn containing alloys and SnO2 with specic crystal
planes and composites are developed to improve the yield of
HCOOH.28–30 Although some progress has been made, the
utilization efficiency of Sn is still very low. Furthermore, the
stability of the catalysts and the synergistic effect of multiple
components are oen low. Therefore, it is necessary to
construct a new catalytic system to meet the requirements of
high efficiency and stability for the CO2RR.

In recent years, two dimensional (2D) materials have been
widely used in catalysis and greatly promote the development of
heterogeneous catalysts.31,32 Whether the 2D materials them-
selves have active sites, or have active components loaded on
their surface, they can maximize the utilization of metal atoms
and help to increase the material transfer rate. However, only
a few cases of Sn based 2D materials have so far been reported
for catalyzing the CO2RR, which are subject to limitations of
synthetic methods and poor stability. For instance, Li et al. re-
ported a 2D SnO2 nanosheet catalyst for the CO2RR with
a faradaic efficiency of more than 80%.30 However low
conductivity hindered the transfer of electrons to the carbon
black support. More recently, Tsujiguchi et al. explored Sn
nanoparticles (NPs) loaded on reduced graphene oxide (rGO) for
the CO2RR.28 The synthesized Sn/rGO composites showed
stronger CO2 adsorption ability than bare Sn catalysts. Thus, the
synergy effect between the active centers and support promotes
J. Mater. Chem. A, 2021, 9, 19681–19686 | 19681
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Fig. 1 Synthesis scheme of SnO2/GO and SnO2/tert-GO.
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the catalytic conversion of carbon dioxide. Obviously, the
chosen supports not only can stabilize the active sites but also
provide additional opportunities to enhance the catalytic
activity.

The surface molecular approach has emerged as an effective
means of regulating catalytic activity due to straightforwardness
and controllability.33 The interaction between the catalysts and
reactants determines the overall catalytic activity and selectivity
of products. In our previous work, we demonstrated that the
introduced amide linkages on the surface of graphene oxide can
effectively capture CO2 and further accelerate the reaction of
terminal alkyne with CO2 to generate acetylenic acid with Ag
active sites.34 Motivated by the above exploration, we con-
structed SnO2/amide graphene oxide named SnO2/tert-GO, in
which the amide group enhances the enrichment of carbon
dioxide around tin oxide in ambient atmosphere (Fig. 1). To the
best of our knowledge, although the ligand effect is widely
studied in the electroreduction of carbon dioxide to carbon
monoxide,35 its role in promoting the production of formic acid
with high activity has been rarely explored.

Herein, SnO2/tert-GO was synthesized by a simple amide
linkage functionalization of graphite oxide powder and hydro-
thermal transformation of SnCl2 to form SnO2. The as-obtained
SnO2/tert-GO showed superior CO2RR catalytic performance
compared to SnO2/GO without amide linkages and bare SnO2

NPs, and the FEHCOO� reached 84.4% at – 0.96 V vs. RHE.
Experimental section
Chemical materials

Tin dichloride dihydrate (SnCl2$2H2O) was bought from Alfa
Aesar and 4-tert-butylaniline (98%) was purchased from TCI.
N,N-Dimethylformamide (DMF, 99.8%) was purchased from
Ailan (Shanghai) Chemical Technology Co., Ltd. Graphite oxide
was bought from Aladdin. Graphene oxide was bought from
Yuanye (Shanghai) Bio-Technology Co., Ltd. Ultrapure water (18
MU) was supplied by a Millipore System (Millipore Q). All the
chemicals were used without further purication.
Synthesis of tert-GO

Graphite oxide (150 mg) was dispersed in 15 mL ethanol. Then,
2,20-azobis(2-methylpropionitrile) (30 mg, 0.183 mmol) and 4-(t-
butyl)aniline (1.5 mL, 9.42 mmol) were added into the above
solvent. Subsequently, the mixture was subjected to sonication
for 3 h. Aerwards, the product was collected by centrifugation,
followed by washing with DMF, ethanol and ultrapure water in
19682 | J. Mater. Chem. A, 2021, 9, 19681–19686
turn. Finally, the product of tert-GO was successfully obtained
by freeze drying.

In this process, the amide bond is formed by the conden-
sation reaction between the carboxyl group on the surface of the
graphene oxide and 4-tert-butylaniline.

Synthesis of SnO2/GO, SnO2/tert-GO and SnO2

In a typical procedure, 85 mg of SnCl2$2H2O and 200 mg of tert-
GO were mixed with 40 mL of deionized water and stirred for 1
h. Then the suspension was transferred into an autoclave and
heated at 200 �C for 12 h. Aer cooling down to room temper-
ature, the precipitate was collected by centrifugation, followed
by washing with water and alcohol several times. The nal
product of SnO2/tert-GO was obtained aer drying for 12 h at 80
�C in a vacuum oven. Keeping other conditions unchanged,
with the addition of 200 mg or no GO, SnO2/GO and SnO2 were
obtained.36

Materials characterization

SEM images were taken using a Hitachi S-8220 Scanning Elec-
tron Microscope (SEM) operated at 8 kV. Transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), high-angle
annular dark-eld scanning TEM (HAADF-STEM) imaging and
X-ray energy dispersive spectroscopy (X-EDS) were performed
using a Tecnai G2 F20 S-TWIN at 200 kV. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on an
ESCALAB250Xi spectrometer at a pressure of�3� 10�9 mbar (1
mbar¼ 100 Pa) using Al Ka as the excitation source (hn¼ 1486.6
eV) and operated at 15 kV and 20 mA. Powder X-ray diffraction
(XRD) patterns were recorded on a D/MAX-TTRIII (Cross Beam
Optics) with Cu Ka radiation (l ¼ 1.542 Å) operating at 40 kV
and 200 mA. Atomic force microscopy (AFM) was carried out by
using a Bruker multimode-8 scanning probe microscope.

Electrochemical measurements

Electrochemical experiments were carried out in a two-
compartment electrochemical cell with a Naon 117 proton-
exchange membrane as the separator. All electrochemical
measurements were performed with a CHI 660E (CHI Instru-
ment Co.) potentiostat using carbon paper as the working
electrode, a platinum wire as the counter electrode and Ag/AgCl
(3.5 M KCl) as the reference electrode, respectively. All poten-
tials were displayed versus the reversible hydrogen electrode
(RHE) values using the equation: E (vs. RHE) ¼ E (vs. Ag/AgCl) +
0.205 V + 0.059 V � pH. A 0.1 M KHCO3 aqueous solution
saturated with CO2 was (pH ¼ 6.8) used as the electrolyte.
During the electrochemical test, CO2 bubbles entering the
cathode portion of the cell were kept at 20 mL min�1. For the
preparation of the catalyst ink, 10 mg of catalyst and 30 mL of 5
wt% Naon solution were dispersed into 220 mL water and 750
mL isopropanol, and vigorously sonicated for 30 min to form
a uniform catalyst ink. Each working electrode was prepared by
uniformly dropping 100 mL of catalyst ink onto the 1 � 1 cm2

carbon paper electrode. Linear sweep voltammetry (LSV)
measurements were performed at a scan rate of 10 mV s�1. In
order to determine the reduction products and their faradaic
This journal is © The Royal Society of Chemistry 2021
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efficiency (FE), bulk electrolysis was conducted at selected
potentials (�0.66 V to �1.26 V vs. RHE). All electrochemical
curves were obtained without iR corrections. The gaseous
products from the CO2 reduction were measured by on-line gas
chromatography. The liquid products were determined by 1H-
NMR spectroscopy (Bruker Advance 400 spectrometer, 400
MHz) via water suppression using a presaturation method. 500
mL of electrolyte was mixed with 100 mL of D2O, and 0.7 ppm
dimethyl sulfoxide (DMSO) was added as the internal standard.
Fig. 2 Characterization of SnO2/GO and SnO2/tert-GO catalysts. (a)
TEM bright-field image of SnO2/tert-GO catalysts. (b) A higher
magnification STEM image of SnO2/tert-GO catalysts. (c–g) The X-
EDS mappings of SnO2/tert-GO catalysts. (h) XRD pattern of SnO2/GO
and SnO2/tert-GO catalysts. (i) High-resolution XPS spectra of SnO2/
GO, SnO2/tert-GO and SnO2.
Computational method

The Vienna Ab initio Simulation Package (VASP)37,38 is employed
to perform all density functional theory (DFT) calculations
within the generalized gradient approximation (GGA) using the
Perdew–Burke–Ernzerhof (PBE)39 functional. The projected
augmented wave (PAW) potentials40,41 were selected to describe
the ionic cores together taking valence electrons into account by
using a plane wave basis set with a kinetic energy cutoff of 400
eV. A Monkhorst–Pack k-point mesh of 2 � 2 � 1 was applied
for all the calculations. The DFT-D3 empirical correction
method was carried out to describe van der Waals interac-
tions.42 Geometry optimizations were performed with the force
convergency smaller than 0.05 eV Å�1. All the atoms in models
are relaxed in all the calculations. The reaction steps for the
electrochemical reduction of CO2 to formic acid and the
hydrogen evolution reaction were considered as follows:

CO2 + H + e� + * / OCHO*

OCHO* + H + e� + * / HCOOH

The free energy change DG of the reaction was calculated as
the difference between the free energies of the initial and nal
states as shown below:

DG ¼ DE + DZPE � TDS (1)

where E is the calculated energy using DFT, ZPE is the zero point
energy, S denotes the entropy, and T is the temperature at 300 K.
Results and discussion

The morphology of pristine graphite oxide shows three-
dimensional bulk in SEM and TEM images (Fig. S1a and 1b†).
Aer being treated with tert-butylaniline, the morphology of
synthesized graphene oxide (tert-GO) turns into ultrathin
nanosheets. The thickness of the obtained nanosheets is about
4 nm which was measured by AFM (Fig. S2†). The resulting tert-
GO is further utilized as a support to disperse SnCl2$2H2O in
water under stirring. The SnO2/tert-GO composites are obtained
under hydrothermal conditions at 200 �C for 16 h (Fig. 1). The
SEM image reveals that SnO2 nanoparticles are evenly dispersed
on the tert-GO substrate (Fig. S4†). The abundant oxygen-con-
taining groups provide uniform rivet sites to anchor SnO2 NPs.
The TEM image further conrms the successful preparation of
2D composite nanomaterials (Fig. 2a and S3a†). The SnO2(110)
This journal is © The Royal Society of Chemistry 2021
with a lattice constant of 0.33 nm can be observed in the high-
resolution transmission electronmicroscopy (HRTEM) image of
SnO2/tert-GO (Fig. 2c and S3b†). In order to further conrm the
composition of elements, high-angle annular dark-eld scan-
ning TEM (HAADF-STEM) and energy-dispersive X-ray (EDS)
elemental mapping analysis are carried out (Fig. 2b). The results
show that all the C, N, O and Sn elements are evenly distributed
on the tert-GO (Fig. 2d–g). Next, the SnO2/tert-GO composite is
characterized by X-ray diffraction (XRD). The XRD pattern of
SnO2/tert-GO exhibits diffraction peaks that can be assigned to
the planes of 110, 101, 200, 211, 220, 301, 310 respectively and
the standard diffraction data of SnO2 (COD 5000224) are
provided for comparison (Fig. 2h). The valence is further
investigated by X-ray photoelectron spectroscopy (XPS). The Sn
3d XPS spectra show a peak at 487.44 eV for SnO2/tert-GO
(Fig. 2i).

Furthermore, SnO2/graphene oxide composites denoted as
SnO2/GO and bare SnO2 NPs are synthesized under similar
conditions as a comparison. The difference is that only GO or no
substrate is added. The morphology of SnO2/GO remained
almost the same as that of SnO2/tert-GO, which can be conrmed
in the SEM and TEM images (Fig. S5 and S6a†). Further, the XRD
pattern of SnO2/GO and SnO2 reveals the successful synthesis of
SnO2 nanoparticles (Fig. 2h and S7†). Elemental mapping anal-
ysis shows that all the C, O and Sn elements are evenly distrib-
uted on the GO (Fig. S6c–e†). Meanwhile, the structure and
morphology of SnO2 NPs are characterized by XRD, SEM and
TEM (Fig. S7, S8a, and S8b†). Next, the electronic structures of
SnO2/GO and SnO2 are further explored by XPS. The XPS spectra
of Sn 3d (Fig. 2i) show peaks at 487.44 eV and 486.82 eV, and
what needs to be emphasized is that the XPS peak deviation of
SnO2 and SnO2/tert-GO comes from coordination unsaturated
Sn–O bonds caused by the graphene oxide substrate. The tin
atoms in SnO2/tert-GO have a higher oxidation state compared
with SnO2, which helps to increase reactivity.

The electrochemical CO2RR performances of SnO2, SnO2/GO
and SnO2/tert-GO were evaluated in CO2-saturated 0.1 M KHCO3
J. Mater. Chem. A, 2021, 9, 19681–19686 | 19683
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(pH ¼ 6.8) electrolyte in an H-type cell. All catalysts were
uniformly drop cast onto carbon papers and subjected to elec-
trolysis. All potentials reported here were measured versus the
Ag/AgCl (3.5 M KCl) electrode and then converted to values
versus the reversible hydrogen electrode (RHE) without iR
compensation. The liquid and gaseous products were detected
by 1H NMR spectroscopy and on-line GC, respectively. The
electrochemical activities of SnO2, SnO2/GO and SnO2/tert-GO
were initially investigated by linear sweep voltammetry (LSV)
which was performed at a scan speed of 10 mV s�1 in a CO2-
saturated solution of 0.1 M KHCO3 (Fig. 3a). All three catalysts
showed obvious catalytic activity indicating that SnO2 was the
original active site for catalytic electroreduction of carbon
dioxide. Among all three samples, the current density of SnO2 is
signicantly lower than that of SnO2/GO and SnO2/tert-GO. This
indicated that the 2D GO substrate can effectively increase the
conductivity for SnO2, which is benecial for the fast transfer of
electrons during the CO2RR. Notably, SnO2/tert-GO displays the
largest current density in the potential range �0.6 to �1.3 V vs.
RHE. Compared with the carboxyl functional group in SnO2/GO,
the amide linkages in tert-GO show stronger CO2 adsorption
ability, thus increasing the catalytic activity.31

Product selectivity of HCOOH is a vital evaluation index in
the CO2RR. The gaseous products and liquid products were
quantied by online GC and 1H-NMR, respectively. In order to
obtain suitable electrolytic potentials, SnO2, SnO2/GO and
SnO2/tert-GO modied electrodes were electrolyzed at a gradu-
ally increasing applied voltage range of �0.66 to �1.26 V vs.
RHE for 3600 s, respectively (Fig. S9†). As shown in Fig. 3b and
S10,† the maximum FEHCOO� is 62.2%, 75.7% and 84.4% for
SnO2, SnO2/GO and SnO2/tert-GO at �0.96 V vs. RHE, respec-
tively. Obviously, SnO2/GO and SnO2 showed lower FEHCOO�

than SnO2/tert-GO. The hydrophilicity test is carried out to
explore the effect of different linkers on products. The contact
angle of SnO2/GO and SnO2/tert-GO is 13.7� and 42.2�, respec-
tively. The weakening of hydrophilicity in SnO2/tert-GO can
Fig. 3 (a) LSV curves (a) of SnO2, SnO2/GO and SnO2/tert-GO at
a scan rate of 10 mV s�1. (b) Faradaic efficiencies of formate when
using SnO2, SnO2/GO and SnO2/tert-GO. (c and d) The partial current
densities of formate, CO and H2 of SnO2/GOand SnO2/tert-GO. (e)
ECSA of SnO2, SnO2/GO and SnO2/tert-GO,where ja and jc are the
anodic and cathodic current density, respectively. (f) The durability test
of SnO2/tert-GO at �0.96 V vs. RHE. All the tests were done in CO2-
saturated 0.1 M KHCO3 aqueous solution.

19684 | J. Mater. Chem. A, 2021, 9, 19681–19686
inhibit the HER reaction to a certain extent, thus enhancing the
selectivity of formate (Fig. S12†). To achieve high CO2RR
production rates, the concentrations of CO2 at the surface of
obtained catalysts should be promoted at the molecular level.
However, CO2 molecules are originally dissolved in the liquid
electrolyte and hardly supplied to the surface of catalysts due to
the low CO2 solubility. The introduced amide linkages on gra-
phene oxide build an effective fence around the active center to
capture carbon dioxide.

We also summarized the FEH2 and FECO of the three cata-
lysts, as shown in Fig. S9.† For SnO2/tert-GO, the FEHCOO� and
FECO added up to stay above 80% at the applied voltage range of
�0.76 to �1.26 V vs. RHE. For SnO2 and SnO2/GO, the FEH2 was
obviously higher than that of SnO2/tert-GO. The partial current
densities of formate, hydrogen and carbon monoxide were
calculated according to the FEs of the products and the LSV
curves for SnO2/GO and SnO2/tert-GO. As shown in Fig. 3c, for
SnO2/tert-GO, the partial current density of formate is higher
than that of hydrogen and carbonmonoxide, indicating that the
reactions of both carbon monoxide and hydrogen are inhibited,
which is also attributed to the GO surface modied by the
hydrophobic group. For SnO2/GO, as shown in Fig. 3d, the
partial current density of hydrogen is higher than that of carbon
monoxide. This result indicated that SnO2 loaded on GO had
improved electrical conductivity, and some active sites of GO for
the HER were activated.

Furthermore, the electrochemical surface areas (ECSAs) of
the cathodes were examined to understand the reaction mech-
anism. The double layer capacitance values of SnO2, SnO2/GO
and SnO2/tert-GO were calculated as 1.82, 6.29 and 10.43 mF
cm�2, respectively. By estimating the double-layer capacitance
measured via cyclic voltammetry (CV, Fig. S11† and Fig. 3e), it
can be inferred that the ECSA of SnO2/tert-GO is larger than that
of SnO2/GO and SnO2. It can be concluded that both GO and
tert-GO substrates could effectively increase the ECSA and the
number of CO2RR active sites. Moreover, the durability of SnO2/
tert-GO is obtained at an applied potential of �0.96 V vs. RHE
(Fig. 3f). The cathodic current density was maintained at �4.5
mA cm�2 for 12 h with negligible activity decay and the corre-
sponding FEHCOO� was kept at around 84% for the whole elec-
trolysis period, suggesting that SnO2/tert-GO exhibited
prominent stability under the test conditions. In addition,
Fourier Transform Infrared Spectroscopy (FTIR) is utilized to
prove the presence of amide groups and stability of SnO2/tert-
GO (Fig. S13†). The signal of bending vibration of N–H in the
amide bond appears at 1567 cm�1, and a small amount of
reduced signal of carbonyl can be distinguished at 1726 cm�1 in
the FITR spectrum of SnO2/tert-GO. Aer the CO2RR process,
the signal of the amide bond still exists, indicating the good
stability of amide groups in catalysis. As a result, compared with
the reported literature, SnO2/tert-GO shows a competitive
performance for CO2-to-formate (Table S1†).

To further understand the origin of catalytic activity of the
SnO2/tert-GO catalyst, the calculation models in which a small
SnO2 cluster was loaded on GO and tert-GO are established. The
SnO2 could be stabilized by the abundant oxygen-containing
groups on the surface of graphene oxide. Thus, the interface of
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Theoretical calculation of conversion of CO2 to HCOOH.
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SnO2/tert-GO and SnO2/GO is composed of SnO2 and different
organic linkers, which could reasonably illustrate the effect of
ligand on catalytic activity. The Gibbs free energies of convert-
ing CO2 into formic acid were calculated with SnO2 loaded on
tert-GO and GO (Fig. 4). Furthermore, the OCHO* intermediate
has been regarded as the key intermediate in HCOOH produc-
tion. We discovered that SnO2/tert-GO is benecial to form the
OCHO* intermediate (DG ¼ 0.63 eV). In contrast, SnO2/GO
shows a lower value (DG¼ 0.98 eV) for the OCHO* intermediate.
These results indicated that the amide linkages in surfaces of
tert-GO could accelerate the rate-determining step of *COOH
formation, thus, HCOOH formation was enhanced. In order to
understand the reason of high selectivity for formate, the
theoretical calculations including the competitive pathway of
the HER and CO2 to CO are carried out. The free energy (DG) of
SnO2/tert-GO and SnO2/GO in the HER is 0.95 eV and 1.43 eV,
respectively. Meanwhile, the DG of SnO2/tert-GO and SnO2/GO
in production of CO is 1.53 eV and 1.85 eV, respectively
(Fig. S14†). Obviously, both of them show a higher energy
barrier compared with production of formate and prove that
SnO2/tert-GO facilitates the conversion of CO2 to formate.
Conclusion

In summary, we develope graphene oxide functionalized with
amide linkages to support SnO2 to elucidate the role of catalytic
interface modication in electrochemical CO2 reduction. The
as-synthesized SnO2/tert-GO shows a competitive high cathodic
FE of 84.4% for formate at �0.96 V vs. RHE and retains long-
term stability for the CO2RR. Further, the DFT calculations
illustrate that the introduced amide linkages in tert-GO facili-
tate the adsorption and further promote the conversion of
carbon dioxide by decreasing the activation energy of the rate-
determining step. Therefore, this approach by regulating the
catalytic interface to activate CO2 can be applied to other cata-
lytic systems involving CO2.
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