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ABSTRACT: The synthesis of a specific Sn plane as an efficient electrocatalyst for CO, electrochemical reduction to generate fuels
and chemicals is still a huge challenge. Density functional theory (DFT) calculations first reveal that the Sn(101) crystal plane is
more advantageous for CO, electroreduction. A metal—organic framework (MOF) precursor Sn-MOF has been carbonized and
then etched to successfully fabricate Sn(101)/SnO,/C composites with good control of the carbonization time and the
concentration of hydrochloric acid. The Sn(101) crystal plane of the catalyst could enhance the faradaic efficiency of formate to as
high as 93.3% and catalytic stability up to 20 h. The promotion of the selectivity and activity by Sn(101) advances new possibilities
for the rational design of high-activity Sn catalysts derived from MOFs.

1. INTRODUCTION

It is urgent to design significantly efficient catalysts for CO,
conversion to generate valuable products due to the increasing
amount of CO, and massive consumption of fossil fuels.' ™
Producing carbon-based fuels and chemicals through electro-
catalysis of CO, (e.g, CO,RR) has been widely proposed for
the storage and utilization of intermittent electricity, which is
mainly generated from renewable energy.*”® Among the
electro-reformed products of CO, reduction, the C1 product
formate (also known as formic acid, FA) is an important
chemical intermediate and can also be stored as a promising
chemical fuel for some fuel cells.”'” Although it has been
reported that In or Pd catalysts could be synthesized to
produce FA via electrochemical CO,RR, most of the metal
catalysts generally have poor selectivity for FA due to the high
overpotentials and weak affinities toward the CO,* inter-
mediate.'' ~'* Therefore, it is a technical challenge to develop
novel electrocatalysts with high activity, durability, and
selectivity for CO,RR to produce formate."”~'® Among non-
noble metal catalysts, Sn-based catalysts stand out with
nontoxicity and low cost.">"”

Sn, a cheap and abundant metal, is one of the most attractive
catalysts for CO,RR because of high faradaic efficiency up to
90%.”""~** Different crystal facets usually present different
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catalytic activities.”> > An electrochemical method is

developed to produce specific high-index facets.””** However,
the synthesis of specific tin crystal facets is rarely explored,
although it is significant to CO,RR and needs further study.
Recently, it has been suggested as an ideal sacrificial
template for metal—organic frameworks (MOFs) to fabricate
various nanomaterials, including metal/metal-oxide decorated
on carbon supports with thermal decomposition at controlled
atmospheres.”' ~*° Carbon-based nanomaterials, especially
single atom catalysts prepared by the novel MOF-templated
method, are more effective in electrocatalysis.3'6_41 The
structural merits result from the uniform distribution of
designable metal clusters and organic linkers within the MOF
templates. In addition, the thermal decomposition of MOFs
can provide the opportunity to form hitherto unrevealed
structure catalysts with tailored porosity at the meantime, while
diverse treatments with etching reagents offer more effective

Received: March 27, 2021

Inorganc Cheisty
Published: June 16, 2021 ‘

https://doi.org/10.1021/acs.inorgchem.1c00946
Inorg. Chem. 2021, 60, 9653—9659


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Xiang+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Rong+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang-Da+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu-Zhen+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Fei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-Yuan+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-Yuan+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.1c00946&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00946?fig=abs1&ref=pdf
https://pubs.acs.org/toc/inocaj/60/13?ref=pdf
https://pubs.acs.org/toc/inocaj/60/13?ref=pdf
https://pubs.acs.org/toc/inocaj/60/13?ref=pdf
https://pubs.acs.org/toc/inocaj/60/13?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00946?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

means to produce specific active sites.””~*’ Nevertheless, Sn-
MOF-templated carbon with a specific exposed Sn facet has
not yet been explored although it has high potential to
selectively produce formate from CO,RR.

Here, by means of density functional theory (DFT)
calculations, we first demonstrate that the Sn(101) crystal
plane is energetically more favorable for CO,RR. Then, we
synthesized a series of Sn/SnO,/C composite catalysts with
exposed Sn(101) facets through the carbonization of Sn-MOF
(Sn;O(1,4-BDC),) at different temperatures in an argon
atmosphere. The high selectivity of electroreduction CO,
toward formate was obtained and achieved a faradaic efliciency
(FE) up to 93.3% using Sn(101)/Sn0,/C-500 (carbonization
of Sn-MOF at 500 °C) as the catalyst, where it is higher than
most of the reported Sn-based catalysts, such as Sn-MOF,
SnO,, and Sn. The powder X-ray diffraction and catalytic
experiments confirmed that the intensity of the Sn(101)
diffraction peak is highly relevant to the electrocatalytic activity
and selectivity, which could be further enhanced with the
optimization of carbonization time and acid etching. These
results revealed the fundamental significance of Sn(101) from
carbonized Sn-MOF for highly selective production of formate.

2. EXPERIMENTAL METHODS

2.1. Synthesis of Sn-MOF. Zinc sulfate (0.5 mmol) (SnSO,), 0.5
mmol 1,4-benzedicarboyxlic acid, and 1 mmol KOH were added to 10
mL of water and ultrasonicated until fully dissolved Afterward, the
mixture was transferred into a Tefion-lined container, which would be
put in a steel autoclave, and the reaction temperature was set at 180
°C for 3 days. Water, DMF, and ethanol were used to wash the
colorless crystal powder, which dried in a vacuum at 60 °C.*°~**

2.2. Synthesis of Sn(101)/Sn0,/C-400 and Sn(101)/Sn0O,/C-
500. The ligands of as-prepared Sn-MOF were removed by pyrolysis
in an ultrapure Ar environment at two temperatures (400 and 500
°C) for 2 h with a 5§ °C/ min rate for heating. The final obtained
products, which were washed with 0.01 mol/L hydrochloric acid and
ultrapure water in turn, were dried in the vacuum drying chamber.
The samples were denoted as Sn(101)/Sn0O,/C-400 and Sn(101)/
$n0,/C-500 according to their pyrolysis temperatures.”>>*

2.3. Electrochemical Measurement. A typical H-type cell was
selected as the electrochemical reactor. With the assistance of an
electrochemical workstation, the electrocatalytic data of the working
electrode whose surface was coated with the synthesized catalyst
could be collected and analyzed.

3. RESULTS AND DISCUSSION

3.1. DFT Calculation. The origin of formate formation
with high selectivity observed on the Sn surface was first
analyzed by DFT calculations. The simulations were
performed on the basis of Sn (101) and (200) planes since
they were the predominantly exposed crystal planes.
Optimized geometric structures are depicted in Figure 1b,c,
while the corresponding energy profiles along the CO,RR
pathway are detailed in Figure 1a. The CO,RR initiates with a
proton-coupled electron transfer to CO,, leading to the
protonation of C or O atoms. Here, we found that the
protonation of the O atom to the *COOH is highly
endothermic on both (101) and (200) slabs with adsorption
free energies of 0.34 and 0.71 eV, respectively. In contrast, the
CO, activation to *OCHO with the proton added on C atoms
proceeds spontaneously thermodynamically. Compared to flat
Sn(200) with rather weak *OCHO binding (—0.08 eV), the
fold Sn(101) with more exposed top-layer Sn atoms can
anchor intermediates more strongly (—0.28 €V), which is more
beneficial for the second electron-coupled proton transfer. The
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Figure 1. DFT simulation of the CO,RR process on Sn(101) and
Sn(200) planes. (a) Calculated free-energy diagrams for HCOO—,
CO formation; optimized geometric structure of (b) Sn(101) and (c)
$n(200).

second H*/e™ can be added to *OCHO to form *HCOOH
with no free-energy barrier to conquer. However, the
coordination unsaturated Sn atoms on two planes bind
HCOOH strongly, limiting the desorption process potential.
A 0.42 V potential is needed to drive the HCOO™ evolution
for Sn(101), while another 0.15 V is required for the Sn(200)
surface. Therefore, the Sn(101) is a more favorable plane for
CO,RR. The side hydrogen evolution reaction (HER) was also
considered. According to our calculations, the adsorption free
energies of H* on both Sn(101) (0.23 eV) and Sn(200) (0.51
eV) are much more positive than those of *OCHO, indicating
that the side HER can be significantly overwhelmed on the
surfaces of Sn. It was worth noting that Sn was more
thermodynamically stable at highly reduced working poten-
tials."”> The p-band center of Sn(101) was much closer to the
Fermi-level than that of SnO(101),>> which indicated the
higher CO, reduction activities of Sn(101) (Supporting
Information Figure S1).

3.2. Synthesis and Characterization of Materials.
Inspired by DFT calculations, we successfully synthesized a
catalyst with an enhanced Sn(101) plane through Sn-MOF
carbonization and acidic etching. Sn-MOF was fabricated by a
hydrothermal method and was well characterized (Supporting
Information Figures $2-$3).°°7>% The Sn-MOF was then
carbonized in a flow of ultrapure argon at 500 °C for 120
min.>*** The material was then washed with 0.01 mol/L
hydrochloric acid in order to etch Sn and expose the Sn(101)
plane. Subsequent characterization showed that the X-ray
diffraction (XRD) pattern of the obtained catalyst is well
matched with the Sn and SnO, mixture (Figure 2a),'”**
while the intensity of the Sn(101) diffraction peak is
significantly high possibly due to the selective corrosion of
the Sn crystal surface by HCIL. The BET surface area was 137.6
m?*/g (Supporting Information Figure S4). For comparison,
HCl-etched Sn and SnO, and Sn/SnO, composites showed no
preference in Sn(101), confirming the significance of Sn-MOF
in the production of Sn(101) crystal facets (Supporting
Information Figure SS). Furthermore, an XRD peak occurred
at 20 = 26.5°, which matched with the graphitic carbon.”*>*
This could also be verified by Raman spectroscopy (Figure
2b); there were clearly two characteristic peaks at 1325 cm™
(D band) and 1588 cm™ (G band). The relative intensity ratio
of the D/G band (Ip/I;) of Sn(101)/Sn0,/C-500 was ~0.50.
Therefore, the material was denoted as Sn(101)/Sn0O,/C-500.
The further characterization by scanning electron microscopy
and high resolution transmission electron microscopy
(HRTEM) showed the structural difference between
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Figure 2. (a) XRD pattern and (b) Raman spectrum of Sn(101)/Sn0O,/C-500.
A~ s b 120
g é -Formate
P >
0- 90
t
= S
& -5 Sn(101)/Sn0,/C-500-CO, E 601
a —— Sn(101)/Sn0,/C-500-N, ©
£ 10/ 5 30
:
S w
O 45 r T T T 0
42 08 04 00 04 08 .09 1.0
Potential (V vs. RHE) Potentlal (V vs. RHE)
c 1000 d&.. 0 100
8 -
800+ < 0™ 180
—~ E
‘e 600+ 2 160 _
o & -20- 2
O 400- 5 {40
=4 a w
= .30
200+ s 420
=
=]
0 O 40 e ——rt : r —0
06 07 08 09 -1.0 o 2 4 6 8 10 12
Potential (V vs. RHE) Time (h)

Figure 3. Electrocatalytic property of Sn(101)/SnO,/C-500: (a) LSV; (b) FE; (c) TOF of formate and (d) long-term stability.

Sn(101)/Sn0,/C-500 and Sn-MOF (see Supplementary
Figures S3d, S6a and S6e) and clearly demonstrated Sn(101)
lattice fringes (Supporting Information Figure S6f). Due to the
structure of Sn-MOF, elemental mapping also revealed the
uniform distribution of Sn, C, and O elements in Sn(101)/
Sn0,/C-500 (Supporting Information Figure S6b—d). The
detailed Sn elemental analysis through X-ray photoelectron
spectroscopy elucidated the existence of Sn*', Sn**, and Sn°
with the three split Sn 3d 3/2 peaks (Supporting Information
Figure S7a) and the deconvoluted Sn 3d $/2 signal
(Supporting Information Figure S7b).°” These results
suggested that the presence of amorphous SnO is possibly
due to surface oxidation of Sn particles,” although it could not
be identified by XRD.

3.3. Electrochemical Properties. Linear sweep voltam-
metry (LSV) of Sn(101)/Sn0,/C-500 in CO,-saturated
electrolytes (pH = 7.2) showed a rapid increase of current
density from —0.5 V (vs RHE), which was significantly
different from that in N,-saturated (pH = 8.4) (Figure 3a).
The electrolysis experiment in N, confirmed that the carbon
came from CO, during CO,RR in which H, was the only
product (Supporting Information Figure S8). The electrolysis
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with Sn(101)/Sn0,/C-500 as the catalyst in CO, gave formate
and carbon monoxide as major reduction products with a small
amount of H, from the HER. As shown in Figure 3b and
Figure S9, FE of formate was 15.9% at —0.55 V (vs RHE) and
then rapidly went up to the maximum of 93.3% at —0.80 V (vs
RHE) with a partial current density jsmaee Of 8.2 mA/cm?” In
this condition, TOF was as high as 924 h™' (Figure 3c) with
the surface active Sn site of 1.66 X 10”7 mol/cm* (Supporting
Information Figure S10). From —0.55 V to —0.80 V (vs RHE),
FE of byproduct CO was very low (FE < 10%), and FE of H,
was significantly reduced. A further increase of the potential
over —0.80 V (vs RHE) could reduce the FE of formate. In
addition, the stability of Sn(101)/Sn0,/C-500 could be
maintained for 13 h, and its catalytic activity gradually reduced
from 93.3 to 72.8% (Figure 3d), which possibly came from the
restructuring of the catalyst with the weak Sn(101) crystal
plane to form Sn proved by XRD and HRTEM (Supporting
Information Figures S11-S12).

3.4. Comparison with Other Sn Catalysts. In order to
confirm the effect of Sn(101), we surveyed the CO,RR activity
of conventional Sn-based catalysts, such as Sn, SnO,, Sn/Sn0O,,
and Sn-MOF precursors. The experiments suggested that
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Figure 4. Sn-MOF was carbonized at S00 °C with different hydrochloric acid concentrations for etching (a) XRD and (b) FE of formate.

although CO,RR was the main cathodic reaction of four
catalysts, the selectivity for CO and formate was poor. For Sn,
SnO,, and Sn/Sn0O, catalysts, FE of CO and formate is less
than 50%. Meanwhile, for Sn-MOF as the catalyst, FE of
formate and CO is up to 61.5 and 21.5%, respectively
(Supporting Information Figure S13). Furthermore, the
number of active sites of Sn, SnO,, Sn/Sn0O,, and Sn-MOF
was lower than that of Sn(101)/Sn0O,/C-500 (Supporting
Information Figure S14). The above results indicated that
Sn(101)/Sn0,/C-500 could exhibit a much better selectivity
for CO,RR to formate than Sn, SnO,, Sn/Sn0O,, and Sn-MOF.

3.5. Active Center Exploration. To further elucidate the
effect of the Sn(101) plane to the selectivity for CO,RR, the
carbonization conditions of Sn-MOF with different times and
temperatures were investigated. The catalytic performance and
characterization with different carbonization times from 30
min to 120 min were tested without changes of other
experimental conditions. The XRD pattern showed that
SnO, can always be found in the structure (Supporting
Information Figure S15b), while the peak of the Sn(101)
crystal plane appeared since 60 min and gradually increased
gradually on extending the carbonization time. Meanwhile, FE
for formate dramatically increased from 45.4 to 93.3% at —0.8
V (vs RHE) with the increase of carbonization time from 30 to
120 min, indicating that the Sn(101) crystal plane indeed
enhances the selectivity of formate (Supporting Information
Figure S16b). A carbonization temperature of 400 °C with
different times from 30 to 120 min was also tested without
changes of other experimental conditions, and the catalyst was
identified as Sn(101)/Sn0O,/C-400 through the comprehen-
sive characterization (Supporting Information Figures S15a
and S16a). For 120 min (Supporting Information Figures
S17-S19), a value as high as 2277 h™" at —0.9 V (vs RHE)
(Supporting Information Figure S20c) with the surface active
sites of 8.86 X 10™® mol/cm* (Supporting Information Figure
$20b) was observed. It was worth noting that the stability of
Sn(101)/Sn0,/C-400 could be maintained for 20 h with the
catalytic activity gradually reduced from 87.6 to 76.8%
(Supporting Information Figure S20d). Further optimization
of carbonization time at 400 °C also suggested that Sn(101)
strongly enhanced the CO,RR selectivity.

Different etching conditions were the key factors to form
Sn(101). We employed no etching and etching with 0.01 and 6
mol/L hydrochloric acid to test the Sn(101) effect on CO,RR.
On the one hand, the material was identified as Sn/SnO,/C-
500°*** by XRD (Figure 4a and Supporting Information
Figure S2la) without etching in which the peaks mainly
matched with Sn and SnO, without the strong Sn(101) peak.
The FE of formate for the catalyst without etching was up to
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39.5% (Figure 4b and Supporting Information Figure S22b) at
—0.80 V (vs RHE), indicating the poor formate selectivity. On
the other hand, with 6 mol/L hydrochloric acid etching, the Sn
component was removed throughout to generate SnO,/C-500,
confirmed by XRD (Figure 4a and Supporting Information
Figure S21b). The SnO,/C-500 catalyst was poor for formate
between —0.55 and —1.0 V (vs RHE) with the highest FE of
only 27.9% (Figure 4b and Supporting Information Figure
S23b). With appropriate etching conditions (0.01 mol/L), the
obtained Sn(101)/Sn0,/C-500 showed superior CO,RR
performance to the above two materials. A similar correlation
between etching conditions and catalytic activity with a
carbonization temperature of 400 °C was also observed
(Supporting Information Figures S21, S22a and S23a),
strongly demonstrating that the etching was crucial for the
Sn(101) crystal plane to efficiently produce formate.

4. CONCLUSIONS

In summary, Sn(101) was a more favorable plane for CO,RR
revealed by both DFT calculations and experimental evidence.
Therefore, a Sn(101)-containing catalyst was successfully
fabricated with the precise control of carbonization and
etching conditions, which efficiently catalyzed CO, to formate
with FE of 93.3% and TOF of 924 h™". This work would open
up a new opportunity for the synthesis of specific oriented
crystal planes from presynthesized MOFs, which could further
promote the real application of electrocatalytic CO,RR.
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