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s generated by Sn-doped ZrO2

promoting the synthesis of dimethyl carbonate
from methanol and CO2
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Fangfang Daiab and Midong Shi *a

Oxygen vacancy sites on a catalyst surface have been extensively studied and been proved to promote the

adsorption and activation of carbon dioxide. We use Sn-doped ZrO2 to prepare a Zr/Sn catalyst rich in

oxygen vacancies (OVs) by co-precipitation. The yield of dimethyl carbonate is 5 times that of ZrO2.

Compared with the original ZrO2, Zr/Sn exhibits a higher specific surface area, number of acid–base sites

and a lower band gap, which improves the conductivity of electrons and creates more surface. The

number of reaction sites greatly enhances the adsorption and activation capacity of CO2 molecules on

the catalyst surface. In situ infrared spectroscopy shows that CO2 adsorbs on oxygen vacancies to form

monomethyl carbonate, and participates in the reaction as an intermediate species. This work provides

new clues for the preparation of ZrO2-based catalysts rich in oxygen vacancies to directly catalyze the

synthesis of dimethyl carbonate from methanol and CO2.
1. Introduction

Dimethyl carbonate (DMC) is considered to be one of the
important green chemical raw materials in the 21st century
because of its multiple active functional groups and low
toxicity.1 Dimethyl carbonate has high oxygen content (53%)
and high octane number (105), and is considered an excellent
fuel additive, which can be used to reduce CO, NOx, and SOx

emissions.2,3 The methyl, methoxy and carboxyl groups con-
tained in DMC can replace the carboxylation and methylation
reactions of phosgene and dimethyl sulfate.4 Furthermore,
DMC has broad application prospects in organic synthesis,
pesticides, medicine, spices, additives, etc.5–7 It can be directly
synthesized from CO2 and methanol as raw materials. This
method is considered to be a green, environmentally friendly,
and very promising synthesis method.

Metal oxides have a wide range of applications in the elds of
chemistry, physics, and materials science. Their redox properties
and acid–base sites are very important for absorption and catalytic
applications. In the literature, CeO2, ZrO2, SnO2, TiO2, V2O5, Y2O3,
Ga2O3 and other single metal oxides and their composite oxides
have been used to catalyze the direct synthesis of DMC from CO2

and methanol.8–12 However, because CO2 has the characteristics of
thermodynamic stability and chemical inertness, the route of
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direct synthesis of DMC still faces limiting factors such as low yield
and kinetics/thermodynamics. It is well known that acidity and
basicity of the catalytic sites of CO2 adsorption are the key factors
that determine the efficiency of CO2 activation.

Oxygen vacancies (OVs) on the surface of the catalyst can not
only promote the adsorption and activation of CO2, but also serve
as active sites for CO2 conversion in the methanation of CO2.13,14

Oxygen vacancies affect the effect of carbon dioxide catalytic
reaction by promoting electron transfer. It has been shown that
OVs enhance the catalytic performance of the catalyst by widening
the valence band (VB) and narrowing the band gap, and inhibiting
photo-induced electron–hole recombination.15,16

Crystal form of zirconia catalyst has a great inuence on the
acidity and basicity of the catalyst surface and the surface
oxygen vacancies. Oxygen vacancies are ubiquitous in metal
oxides and have obvious effects on the physical and chemical
properties of materials.17,18 Bell et al.19 studied the formation
rate of methoxy and methyl carbonate on the tetragonal and
monoclinic phases of zirconia, and found that zirconia with
a tetragonal crystal phase had a higher density and strength of
acid–base sites point, making the formation of methyl groups
easier on the tetragonal phase. Methoxy and methyl carbonate
are important intermediate species in the direct synthesis of
DMC. Compared with pure zirconia, doping other metal ions
into zirconia will change the oxygen vacancy concentration and
acidity and alkalinity of the catalyst surface.20–22 Tomishige
et al.23 found that the catalytic activity of ZrO2 catalyst for the
synthesis of DMC is signicantly improved compared with pure
ZrO2, which is related to the oxygen vacancies generated by the
introduction of Ce4+. However, the internal effect of OVs on the
RSC Adv., 2021, 11, 35361–35374 | 35361
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catalytic reaction is still elusive, which hinders the rational
design of catalyst defects.

Herein, zirconia catalysts with different Sn content were
prepared by co-precipitation and their activity in the direct
synthesis of dimethyl carbonic from methanol and carbon
dioxide was explored. TEM, XRD, N2 adsorption, UV-Vis spec-
troscopy, Raman spectroscopy, CO2/NH3-TPD, XPS technology
and in situ FTIR techniques were employed to identify the
structure and composition of the prepared catalysts. The
importance of oxygen vacancy for the synthesis of dimethyl
carbonate has been studied in detail.
2. Experimental
2.1. Materials

Crystallization of stannic chloride (SnCl4$5H2O, AR) was ob-
tained from Guangdong WengJiang Chemical Reagent Co, Ltd
(Guangdong, China), Zirconium nitrate (Zr(NO3)4$5H2O, AR)
was purchased from RON Reagent (Shanghai, China), ammonia
(NH3$H2O, AR) was obtained from Pingxiang White Lion
Chemical Reagent Co, Ltd (Jiangxi, China). All the above have
not been a reagent reaction under the further purication.
2.2. Catalyst preparation

ZrO2/SnO2 was synthesized by co-precipitationmethod. As shown in
Fig. 1, the mixture of zirconium nitrate and tin tetrachloride with
molar ratios of 1 : 1, 1.5 : 1, 2.5 : 1, 4 : 1 and 5.5 : 1 was placed in
250 ml of deionized water, and stirred until completely dissolved.
Aer dissolving, NH3$H2O was added into the above solution to pH
¼ 9–10 and stirring was continued for 1 hour. Then the stirring was
stopped, the product was aged and le standing for 12 hours at
room temperature. When the aging product was ltered, it was
washed with deionized water to neutrality until pH¼ 7, and washed
3–4 times with ethanol. The product aer suction ltration was
dried at 100 �C for 12 hours, and then calcined in a muffle furnace
at 400 �C for 5 hours to obtain Zrn/Sn, where is the molar ratio of Zr
to Sn, and the molar ratio of Zr to Sn is controlled at 1 to 5.5.
2.3. Catalyst characterization

The morphology of the catalyst powder was characterized by
Tecnai G2F20 transmission electron microscope with the
acceleration voltage of 200 kV. The analytical sample was
Fig. 1 Schematic diagram of the synthesis of Sn-doped ZrO2 catalyst and
dioxide.

35362 | RSC Adv., 2021, 11, 35361–35374
dispersed in ethanol in the form of catalyst powder and then
deposited on the carbon lm on the copper grid.

The phase structure of the catalysts was characterized by
XRD (D/max-Ultima IV) using a Cu target Ka-ray (40 kV and 30
mA) as the X-ray source. The scanning range (2q) was from 10�

to 80� with a scanning speed of 8� min�1 and a step function of
0.02.

The specic surface area and pore structure of the catalyst
were measured by the Nitrogen adsorption method using the
Micromeritics TriStar II Specic Surface Analyzer at the
temperature of liquid nitrogen. Before the test, the sample was
degassed at a temperature of 180 �C for 6 hours, and the
isothermal desorption branch analysis was performed through
the Barrett–Joyner–Halenda (BJH) model to calculate the pore
volume and pore size distribution, and use the Brunauer–
Emmett–Teller (BET) method to estimate the catalyst specic
surface area.

The model of the Raman spectrometer used was Horiba
Scientic LabRAM HR Evolution installed an Ar laser with
a wavelength of 514.5 nm and an output power of 4 mW. The
UV-Vis spectrum of the catalyst sample was obtained by Shi-
madzu UV-2600 UV spectrophotometer.

X-ray photoelectron spectroscopy (XPS) was performed on
Thermo Scientic K-Alpha using a 300 W AlK X-ray source,
a constant residence time of 100ms, and a transfer energy of 40 eV.
The binding energy refers to the C1s hydrocarbon peak at 284.8 eV.

Temperature programmed desorption (TPD) was performed
on the automatic chemical adsorption analyzer PCA-1200. The
0.1 g sample was pretreated at 180 �C for 1 h under He. Then,
CO2/NH3 was adsorbed at 25 �C for 60 minutes. Aer the
adsorption was completed, the sample was puried with He for
1 hour to remove physically adsorbed CO2/NH3. At a constant
ow rate of He, the test was performed by heating from 50 �C to
600 �C at a heating rate of 10 �Cmin�1. Use TCD to continuously
detect the CO2/NH3 concentration in the exhaust gas.

The in situ infrared spectroscopy experiment was performed
on a Thermo Scientic Nicolet IS50 infrared spectrometer with
a resolution of 8 cm�1 and 128 scans accumulated. Add 20 mg
of catalyst powder to the diffuse reection cell, heat it for 2 h
under a He atmosphere at 180 �C, and measure the background
spectrum aer it is cooled to room temperature. The ow rates
of He and CO2 are 30 ml min�1 and 20 ml min�1, respectively.
DMC and methanol are injected into the infrared cell through
the direct synthesis of dimethyl carbonate frommethanol and carbon

© 2021 The Author(s). Published by the Royal Society of Chemistry
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He gas ow, and the ow rates are 10 ml min�1 and 20
ml min�1. When CO2, methanol and DMC are introduced into
the reaction unit, the temperature is maintained at 25 �C.
2.4. Catalyst performance evaluation

The DMC synthesis was carried out in a micro-reactor with
continuous stirring function, and the inner tank volume of the
reactor is 100 ml. 0.8 g of catalyst and 40 ml of methanol were
put into the autoclave reactor. Before the reaction started, the
reactor was cleaned with carbon dioxide several times to
exhaust air. Then, the pressure of carbon dioxide in the reactor
was pressurized to 5 MPa at room temperature, and the reaction
temperature was increased to 150 �C. Aer 15 h of reaction, the
reaction material was cooled to room temperature, and then the
reaction solution was obtained by ltration. N,N-Dime-
thylformamide (DMF) was used as an internal standard
substance and added to the mixture, and the product was
analyzed with a gas chromatography FID detector (Zhong Kepu
GC-2020). The chromatographic column type is OV-1701, 30 m
� 0.32 mm � 0.5 mm. The N2 ow rate was 30 ml min�1. The
sample volume was 0.2 ml per injection. The column tempera-
ture was initially 80 �C, then increased to 120 �C at a rate of
25 �C min�1 and held for 2 min. In this work, the yield of DMC
was calculated according to the following formula:

DMC yield ¼ nDMC ðmmolÞ
mcatalyst ðgÞ
Fig. 2 TEM images of ZrO2, Zrn/Sn, and pure SnO2.
3. Results and discussion
3.1. Transmission electron microscope image of the
catalysts

The TEM and HRTEM analysis were performed to explore the
morphology of the prepared ZrO2, Zrn/Sn solid solution and
pure SnO2 (Fig. 2). All solid solutions show different degrees of
agglomeration. Compared with other samples, the Zr2.5Sn
catalyst has the largest agglomeration degree, which is not
conducive to the dispersion of active sites. The particle diame-
ters of the catalysts were related to the variation of Sn doping.
Compared with ZrO2, the diameters of Zr1/Sn and Zr1.5/Sn
catalyst particles increased to 13.5 nm and 11.4 nm, respec-
tively. However, as the Zr content further increases, the diam-
eter of the catalyst particles gradually decreases.

HRTEM image can determine the crystallization character-
istics of the Zrn/Sn catalysts. The lattice fringes of 0.314 nm,
0.261 nm and 0.362 nm can be respectively referred to as the
(�111), (002) and (011) planes of monoclinic ZrO2 [PDF 86-
1450], while the lattice fringes of 0.284 nm and 0.171 nm are
due to (002) and (103) planes of the orthogonal ZrSnO4 [PDF 48-
0889]. In the SnO2 low-magnication TEM image, the existence
of particles in the dispersed state is clearly observed. The lattice
fringe data of 0.331, 0.261 and 0.160 nm obtained by calculating
HRTEM images conrmed the existence of (110), (101) and (220)
planes of SnO2 [PDF 41-1445], respectively.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2. XRD analysis

Fig. 3 gives the XRD patterns of Zrn/Sn catalyst. The addition of
SnO2 makes the diffraction peaks sharper and the crystallinity
of the material is higher. The diffraction peaks of the Zrn/Sn (n
RSC Adv., 2021, 11, 35361–35374 | 35363
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Fig. 3 XRD patterns of Zrn/Sn catalyst.
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¼ 1, 1.5, 2.5, 4, 5.5) catalysts move to a higher 2q angle, indi-
cating that Sn has been successfully inserted into the lattice
structure of zirconium. The diffraction peaks at 2q ¼ 24.1�,
28.3�, 31.5� and 50.3� are considered to be (011), (�111), (111),
(002) of monoclinic ZrO2 [PDF 86-1450] crystal planes, 26.5� and
33.8� to be (110) and (101) crystal planes of tetragonal SnO2

[PDF 41-1445]. Since the ionic radius of Zr4+ (0.79 Å) is larger
than that of Sn4+ (0.68 Å), the substitution of Sn4+ ions will cause
the shrinkage of ZrO2 lattice, resulting in a decrease in the lattice
parameters. The formation of solid solution is accompanied by the
shrinkage of interplanar spacing, which drops from 3.71 Å to 3.64
Å. The Scherrer equation was used to calculate the average grain
size of ZrO2, Zr1/Sn, Zr1.5/Sn, Zr2.5/Sn, Zr4/Sn, Zr5.5/Sn, and SnO2

from the XRD results to be 91 Å, 127 Å, 110 Å, 90 Å, 87 Å, 79 Å and
56 Å, respectively (Table 1). Comparedwith zirconia, the grain sizes
of Zr2.5/Sn, Zr4/Sn, and Zr5.5/Sn are all smaller. The larger grain size
of Zr1.5/Sn and Zr2.5/Sn may be due to the larger grain size of
ZrSnO4 produced during the crystallization process than tetrag-
onal ZrO2 and tetragonal SnO2.24

According to reports by Štefanić et al.,25 metastable ZrSnO4

will only appear in calcination systems at 1000 �C or higher.
However, according to our research, in Zr1/Sn and Zr1.5/Sn, 2q¼
Table 1 Catalyst lattice spacing, average grain size, BET specific surface

Catalysts 2q
Interplanar
spacinga (Å)

Lattice parameterb

a b c

ZrO2 24.07 3.71 5.18 5.21 5
Zr1/Sn 23.92 3.64 4.95 5.20 5
Zr1.5/Sn 23.93 3.65 4.91 5.19 5
Zr2.5/Sn 23.96 3.67 5.17 5.19 5
Zr4/Sn 24.01 3.68 5.16 5.17 5
Zr5.5/Sn 24.03 3.70 5.15 5.14 5
SnO2 26.58 3.35 4.73 4.71 3

a Calculated by (110) plane from XRD. b Calculated for Zr1/Sn and Zr1.5/S
monoclinic, for SnO2 by tetragonal.

c Estimated from XRD by Debye–Sche

35364 | RSC Adv., 2021, 11, 35361–35374
31.5�, 51.2� show the (002) and (103) crystal plane growth of
orthogonal ZrSnO4 [PDF 48-0889].26 The formation of ZrSnO4 is
due to the solubility of Sn4+ ions in the ZrO2 lattice obtained
upon crystallization. However, it is not ruled out that other Zrn/
Sn samples also contain a small amount of ZrSnO4. This is
because the diffraction peaks of ZrSnO4 and that of t-ZrO2 and
m-ZrO2 overlap signicantly. With the increase of zirconia
content, the diffraction peak intensity of SnO2 gradually weak-
ened, which may be caused by the excessive dispersion of SnO2

in the ZrO2 matrix. At the same time, the (111) crystal plane of
tetragonal ZrO2 [PDF 88-0287] appeared at 2q ¼ 29.6�.

In our research, it was observed that pure zirconia particles
obtained a mixed tetragonal phase and monoclinic phase at an
annealing temperature of 400 �C. The presence of tin makes the
samples have stable tetragonal ZrO2 (t-ZrO2) crystal form. These
crystalline products may be the result of the surface interaction of
ZrO2–SnO2, similarly as in the ZrO2/SO4

2� system that prevents the
diffusion of oxygen from the atmosphere into the ZrO2 lattice and
triggers the t-ZrO2 to m-ZrO2 transition.27 The surface interaction
seems to be an important factor for stabilizing the t-ZrO2 phase in
the crystalline product of the ZrO2–SnO2 system. Therefore, calci-
nation in air leaves enough SnO2 on the surface to delay the phase
transition from t-ZrO2 to m-ZrO2 in the ZrO2–SnO2 system.24
3.3. Raman spectra of the catalyst

The Raman spectrum in Fig. 4 further illustrates the formation
of Zr–Sn solid solution. The peaks of ZrO2 particles at 179, 190,
477, 560, 634 cm�1 and 223, 333, 346, 537, 616 cm�1 respectively
correspond to the Ag and Bg vibrationmodes of monoclinic ZrO2

respectively.28 In addition, the weak peak intensity at 266 cm�1,
270 cm�1 and 307 cm�1 are attributed to the Eg and B1g vibra-
tion modes of the tetragonal ZrO2, respectively.29 It is also
observed that there is 382 cm�1 belonging to cubic ZrO2, which
is not found in the XRD pattern. The presence of cubic zirconia
indicates that there is a transition from t-ZrO2 to m-ZrO2, which
leads to the appearance of the unstable intermediate product c-
ZrO2.30 Interestingly, by inserting Sn in the ZrO2 lattice, it was
found that with the decrease of Zr content, the Raman peak at
179 cm�1 has a different degree of blue shi (from 179 cm�1 to
176, 177, 177, 175, and 175 cm�1, respectively), while the Raman
peak at 190 cm�1 has different degrees of red shi (increasing
area and pore volume

Average crystallite
sizec (Å) SBET (m

2 g�1) Vpore (cm
3 g�1)

.35 93 80.07 0.147

.73 127 56.91 0.134

.71 110 87.81 0.133

.34 89 84.12 0.129

.31 84 103.07 0.121

.30 79 126.03 0.109

.19 56 — —

n catalysts by tetragonal ZrO2, for ZrO2, Zr2.5/Sn, Zr4/Sn and Zr5.5/Sn by
rrer's equation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra of ZrO2, Zrn/Sn and SnO2 catalysts.
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from 190 cm�1 to 191, 191, 193, 191, 200 cm�1, respectively).
This is attributed to the substitution of Sn which leads to local
disordered changes and defects, which may lead to lattice
distortion and reduction of lattice spatial symmetry.31 The ratio
of 190 cm�1 peaks with faster intensity change to 177 cm�1

peaks with slower intensity change is selected to reect the
degree of material defects. As the amount of Sn doping
increases, the strength of the I190/I177 ratio gradually increases.
It shows that the defect content in the catalyst increases with
the decrease of Zr content (Table 2). This is highly consistent
with the above XRD results. The Raman peak at 75 cm�1 in the
Raman spectrum corresponds to SnO2, and the Raman peak at
190 cm�1 corresponds to ZrO2, and the two Raman peaks are
less interfered. The relative intensity of ZrO2 and SnO2 in the
material can be reected by the change in the relative intensity
of the absorption peaks. The main reason for the deviation of
the data of Zr4/Sn and Zr5.5/Sn is that the relative content of
ZrO2 in the sample is too large, and the Raman peak at 75 cm�1

overlaps with the weak Raman peak of SnO2, which leads to
inaccurate calculation of the relative content.

Since the Raman shi of Sn is not observed in Zrn/Sn, it
indicates that ZrO2 and SnO2 form a solid solution. For pure
SnO2, the vibration modes at 73 cm�1, 633 cm�1 and 770 cm�1

are attributed to the B1g, A1g and B2g vibration modes, respec-
tively, which belong to the natural mode of tetragonal rutile.32

The A1g and B2g modes may be related to the stretching vibra-
tion of the Sn–O bond, while B1g is more related to the oxygen
atom rotating around the C axis.

3.4. UV-Visible spectrum

Compared with pure ZrO2, the absorption edges of other
samples have different degrees of blue shi, and the absorption
Table 2 Zrn/Sn specific peak area ratio in Raman spectrum

Catalysts Zr1/Sn Zr1.5/Sn Zr2.5/Sn Zr4/Sn Zr5.5/Sn

I190/I177 3.66 1.72 1.69 1.66 1.38
I190/I75 1.16 1.47 2.71 4.35 5.71

© 2021 The Author(s). Published by the Royal Society of Chemistry
intensity is enhanced. The existence of oxygen vacancies in Zrn/
Sn makes a new energy level formed in the band gap, so there is
a new absorption peak in the range of 250 nm to 350 nm. Draw
the relationship between (ahn)1/2 and hn according to the
information in Fig. 5, and calculate the extrapolated intercept
relative to Eg, where a is the absorption coefficient and hy is the
photon energy. The Eg values of ZrO2, Zr1/Sn, Zr1.5/Sn, Zr2.5/Sn,
Zr4/Sn and Zr5.5/Sn are 4.58, 3.32, 2.96, 2.95, 2.85 and 2.70 eV,
respectively (Fig. 6).

With the increase of Sn dopant, the red shi of the
interference-free region can be observed, indicating that the
band gap of the Zr/Sn catalyst is signicantly reduced (from
4.58 eV to 2.70 eV). This may be due to the sp-d spin-exchange
interaction between the electron-carrying electron at the
cation site and the local d-electron of the Zr ion or the increase
in the surface area to volume ratio.33 The rst interaction lowers
the bottom of the conduction band, and the second interaction
increases the top of the valence band, narrowing the band gap.
The introduction of impurity bands and the trapping of Zr
atoms at the grain boundaries result in the formation of Zr
defect states in the forbidden band.34 As Zr doping increases,
the density of Zr-induced defect states increases, leading to the
observed band gap red shi or decrease.

In order to prove that the introduction of Zr defect states in
the band gap region will cause the change of disorder, we
introduce a concept 1/D.26 1/D represents the average crystallite
size, which is determined by the ratio of the surface area to the
volume of the constituent particles of the sample. As the grain
size decreases, more and more disorder is introduced into the
sample. Therefore, 1/D can be considered as a measure of
crystal disorder. Since the radius of Sn ions is smaller than that
of Zr ions, as the content of Zr increases, more disorder may be
introduced into the particles. Fig. 6g shows that the band gap of
the Zr/Sn catalyst increases with increasing particle disorder.

The results show that Sn doping in ZrO2 effectively reduces
the band gap energy, the substitution of Zr4+ with Sn species
facilitates the formation of Zr3+ions, leading to a rise of oxygen
vacancy concentration in Sn-doped ZrO2 through distorting the
lattice structure.35,36
Fig. 5 UV-vis absorption spectra of ZrO2 and Zrn/Sn.
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Fig. 6 The Tauc diagram derived from the ultraviolet-visible spectrum is used to estimate the optical band gap of semiconductors. (a) ZrO2, (b)
Zr1/Sn, (c) Zr1.5/Sn, (d) Zr2.5/Sn, (e) Zr4/Sn, (f) Zr5.5/Sn; (g) the relationship between crystal grain size (1/D) and band gap in Zr/Sn catalyst.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 7
:4

6:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.5. Temperature programmed desorption test of catalyst

It is reported that the surface oxygen vacancies of the catalyst
and the Lewis acid sites play an equally important role in CO2

adsorption.14 Temperature programmed desorption (TPD) can
provide the information on the strength and number of acidic
and basic sites on the surface of the catalyst. Therefore, we use
NH3-TPD and CO2-TPD to study the surface properties of the
Fig. 7 TPD profiles of ZrO2, Zrn/Sn and SnO2. (a) CO2-TPD, (b) NH3-TP

35366 | RSC Adv., 2021, 11, 35361–35374
catalyst (Fig. 7). The amount of CO2 desorbed by the catalyst in
Table 3 is calculated aer the desorption peak is deconvolved.
The desorption peaks of CO2 appear in the range of 50–150,
200–400, 400–550 �C, which are weak adsorption sites, medium
adsorption sites and strong adsorption sites, respectively. We
can observe that in the range of 200–400 �C, the peak intensity
shows a trend of rst decreasing, then increasing and then
D.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Relative acidity and basicity calculated from NH3-TPD and CO2-TPD measurements

Acid sites distribution of NH3-TPD measurement dataa Basic sites distribution of CO2-TPD measurement datab

Weakc Moderate Strong Total Weak Moderate Strong Total

SnO2 0.26 0.55 0.17 0.98 0.12 0.13 0.12 0.36
Zr1/Sn 0.07 0.26 0.07 0.40 0.11 0.46 0.14 0.71
Zr1.5/Sn 0.19 0.50 0.08 0.77 0.12 0.19 0.01 0.32
Zr2.5/Sn 0.17 0.42 0.35 0.94 0.05 1.32 0.10 1.47
Zr4/Sn 0.33 0.23 0.44 1.00 0.13 0.49 0.38 1.00
Zr5.5/Sn 0.26 0.37 0.20 0.83 0.09 0.44 0.20 0.73
ZrO2 0.03 0.32 0.11 0.41 0.11 0.75 0.58 1.44

a Set the amount of acidic sites of Zr4/Sn as 1.00, and compare with other samples. b Set the amount of basicity sites of Zr4/Sn as 1.00, and compare
with other samples. c Weak (<200 �C), moderate (200 �C to 400 �C), strong (>400 �C).
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decreasing with the decrease of Zr content. Zr4/Sn contains the
highest number of weak acid sites, which is second only to ZrO2

and Zr1.5/Sn in the number of neutral acid sites, and the
number of strong acid sites is only lower than ZrO2. The total
amount of CO2 adsorbed by Zrn/Sn catalyst is lower than that of
ZrO2 (except Zr2.5/Sn), and higher than that of SnO2 catalyst
(except Zr1.5/Sn). The amount of CO2 adsorbed by these catalysts
shows a wave-shaped curve relative to the content of Zr and
followed the order: Zr2.5/Sn > ZrO2 > Zr4/Sn > Zr5.5/Sn > Zr1/Sn >
SnO2 > Zr1.5/Sn. The positive or negative charge in the model
structure is the reason why the mixed oxide produces acidic
sites. Since the difference in electronegativity between the two
transition metals (M1–O–M2) will lead to an imbalance of
charges, new acid sites with different strengths will be gener-
ated. It can be noticed in Fig. 7a that, compared with ZrO2, the
high temperature signal (at 400–550 �C) of the Zrn/Sn catalyst
changes to a lower temperature signal (<400 �C), which clearly
shows the synergistic effect between ZrO2 and SnO2.37

The results of using NH3-TPD to study the acid properties of
the catalyst surface are shown in Table 3 and Fig. 7b. It can be
observed from the gure that ZrO2, Zrn/Sn and SnO2 catalysts
have the same type of acid sites. The desorption peaks in the
range of 50–200, 200–400, 400–600 �C can be referred to as weak
adsorption, medium adsorption and strong adsorption,
respectively. The NH3 adsorption capacity of these catalysts is
also calculated and summarized in Table 3. Compared with
other catalysts, Zr4/Sn catalyst has the highest NH3 adsorption
capacity, indicating that Zr4/Sn catalyst has the most acidic
Table 4 The relative ratio of Zr(4�x)+ surface concentration and surface

Samples

Zr3d (%) O1s (%

Zr(4�x)+ ZrO2 OL OV

ZrO2 4.28 95.72 75.50 9.50
Zr1/Sn 7.12 92.88 77.50 18.68
Zr1.5/Sn 25.41 74.59 70.40 20.20
Zr2.5/Sn 31.26 68.74 67.20 23.20
Zr4/Sn 71.12 28.88 48.41 37.6
Zr5.5/Sn 40.58 59.42 63.90 26.30
SnO2 — — 52.4 26.1

a Determined by XPS. b Determined by Raman spectra. The peak intensity
peak intensity at 190 cm�1 in the Raman spectrum of pure ZrO2 is recorded
has been deconvolved before calculation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
sites. The adsorption amount of NH3 in all samples relative to
the content of Zr shows a volcanic curve in the following the order:
Zr4/Sn > SnO2 > Zr2.5/Sn > Zr5.5/Sn > Zr1.5/Sn > ZrO2 > Zr1/Sn. The
total acidity of Zrn/Sn catalyst is higher than that of pure ZrO2

catalyst (except Zr1/Sn), demonstrating ZrO2 and SnO2 have
a synergistic effect. At the same time, the total acidity of Zr1/Sn
catalyst is lower than that of the ZrO2 catalyst, whichmay be due to
the lower BET surface area (56.91 m2 g�1) and pore volume of Zr1/
Sn catalyst than the pure ZrO2 catalyst (80.07 m2 g�1), resulting in
a smaller number of exposed Lewis acid sites. Similar to the results
of CO2-TPD, with the increase of Zr content, the weakly acidic sites
of all Zrn/Sn catalysts rst increase and then decrease, and then
increase and nally decrease. It can be found that the Zr4/Sn
catalyst has the largest number of acidic sites. By doping with
oxides, the acid–base properties of ZrO2 surface will be signi-
cantly changed, accompanied by differences in performance,
similar results are obtained from previous reports.38–40
3.6. XPS analysis of catalyst

In order to further study the chemical state of the catalyst
composition and the surface oxygen vacancy concentration, we
compared the X-ray photoelectron spectroscopy (XPS) of the Zr3d
and O1s regions of Zrn/Sn and pure ZrO2. The spectrum of pure
ZrO2 can be divided into 4 peaks aer deconvolution. The prom-
inent Zr3d/5/2 peak at 182.56 eV corresponds to the Zr4+ of zirconia,
while the intensity between Zr4+ (182.56 eV) and Zr0 (178.3 eV) is
attributed to Zr(4�x)+, and no metallic zirconium is found.41
oxygen vacancy concentration based on XPS analysis

)
Surface atomic
ratio Zr/Sna (%)

Relative peak
intensity Zr/Ceb (%)OC

15.00 — —
3.82 1.18 1.16
9.40 1.64 1.79
9.60 2.41 2.72

13.83 4.44 3.87
9.80 5.55 5.82

21.5 — —

at 75 cm�1 in the Raman spectrum of pure SnO2 is recorded as 1, and the
as 1. I75/I190 reacts to the relative content change of Zr/Sn. The spectrum

RSC Adv., 2021, 11, 35361–35374 | 35367
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Since Sn4+ enters the lattice of zirconia, the binding energy of
Zr3d in the Zrn/Sn catalysts (at 182.1 eV, 184.5 eV) is higher than
that of zirconia. Aer deconvolution calculation of the Zr3d
spectrum in the ZrO2 catalyst, Zr3d can also be decomposed
into 2 groups of peaks: Zr(4�x)+ (�181.7 eV), ZrO2 (�182.2
eV).42,43 In Table 4, by calculating the ratio of the area of the
Zr(4�x)+ peak to the total area of the Zr(4�x)+ and ZrO2 peaks, the
concentration ratio of Zr(4�x)+ can be quantitatively estimated.

The percentages of Zr(4�x)+ to the total Zr (Zrtotal) are 4.28%,
7.12%, 25.41%, 31.26%, 71.12% and 40.58% for the ZrO2, Zr1/
Sn, Zr1.5/Sn, Zr2.5/Sn, Zr4/Sn and Zr5.5/Sn (Table 4), respectively.
The ratio of Zr(4�x)+ to Zrtotal decreased in the order: Zr4/Sn >
Zr5.5/Sn > Zr2.5/Sn > Zr1.5/Sn > Zr1/Sn > ZrO2. Furthermore, the
Zr(4�x)+/Zrtotal ratio of Zrx/Sn catalysts is higher than the pure
ZrO2 sample. Table 4 shows that in the Zrn/Sn catalysts, Zr(4�x)+

increases with the increase of the Zr content, and then
decreases with the further increase of the Zr content. This
reduction is believed to be caused by catalyst aggregation
caused by excess zirconium.44 The presence of Zr(4�x)+ was
conrmed to generate oxygen vacancies on the catalyst surface.
Therefore, the concentration of oxygen vacancies increases as
the concentration of Zr increases. Compared with other Zrn/Sn
catalysts, Zr4/Sn catalysts have the highest concentration of
oxygen vacancies because they have the highest Zr(4�x)+/Zrtotal.

Fig. 8b shows the O1s XPS results on Zrn/Sn, SnO2 and ZrO2

catalysts. The rst peak is attributed to the lattice oxygen (OL) in
the ZrO2 lattice at �530.1 eV. The peaks at �531.5 and
�532.7 eV are attributed to the O component associated with
the O2� ions in surface oxygen vacancies (OV) and chemisorbed
oxygen species (OC), respectively.45,46 Interestingly, the O1s high-
Fig. 8 (a) Zr 3d, (b) O 1s, (c) Sn 3d XPS spectra of ZrO2, Zrn/Sn and SnO

35368 | RSC Adv., 2021, 11, 35361–35374
resolution XPS spectrum of the Zrn/Sn catalyst (compared to
pure zirconia) has a long tail, and hopes to have a higher
binding energy. The O1s spectrum of Zrn/Sn is further decon-
volved into three peaks. The component at higher binding
energy could be due to C–O, O2� peroxides, or OH.47,48 The
results of the quantitative calculations of the oxygen vacancy
concentration on the catalyst surface are shown in Table 4.

The results show that the addition of Sn signicantly reduces
the lattice oxygen in the catalyst. The concentration of OV is in
good agreement with the results of the Zr(4�x)+ concentration in
the Zr3d spectrum. Due to the imbalance of oxidation state
between Zr4+ and Zr(4�x)+ sites, oxygen vacancies are generated,
resulting in an increase in the concentration of surface oxygen
vacancies. Sn doping in the zirconia lattice promotes the
formation of surface oxygen vacancies/defects.49

The XPS spectrum of Sn3d is shown in Fig. 8c. The Zrn/Sn
catalysts showed two peaks at 495.6–495.7 eV and 487.2–
487.5 eV. The peak at higher binding energy belongs to Sn3d3/2,
and the peak at lower binding energy belongs to Sn3d5/2, which
may be related to the spin–orbit splitting of Sn3d3/2 and Sn3d5/
2.50 The binding energy of Sn3d in the Zrn/Sn catalyst is higher
than that of tin dioxide, which further conrms that Sn4+ enters
the zirconia lattice and forms a solid solution.

3.7. DMC yield and methanol conversion rate of different
catalysts

Fig. 9 shows the catalytic performance of ZrO2, Zrn/Sn and SnO2

catalysts. Zrn/Sn catalyst has higher catalytic activity than
zirconium oxide and tin oxide. The DMC yield reached
1.59 mmol g�1 at Zr4/Sn, and then decreased with the further
2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Catalytic performance of different catalysts. Reaction condi-
tions: catalyst dosage: 0.8 g; methanol: 40 ml, temperature 140 �C,
pressure: 5 MPa, reaction time: 20 h. Methanol conversion ¼ 2nDMC/
nCH3OH � 100%.
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increase of the Zr/Sn ratio. According to reports, Tomishige
et al.23 used CeO2–ZrO2 to catalyze methanol and carbon dioxide
to catalyze the synthesis of dimethyl carbonate, and obtained
the highest DMC yield, which is 0.73 mmol (reaction tempera-
ture was 383 K, CH3OH : CO2¼ 192 : 200, reaction time was 2 h,
and catalyst dosage was 0.5 g). This is not the only case where
lower DMC yields are also obtained. In addition, Ikeda et al.8

found that the highest yield of DMC catalyzed by H3PO4/ZrO2

was 0.3 mmol (reaction time was 2 h; reaction temperature was
403 K; CH3OH/CO2 ¼ 192/200 mmol; catalyst weight was 0.5 g).
This result is equally unsatisfactory, but it is what it is.

The activity of Zr4/Sn is 3.9 times and 4.7 times that of pure
zirconium dioxide and tin dioxide, respectively. The order of
catalyst activity from high to low is: Zr4/Sn > Zr2.5/Sn > Zr5.5/Sn >
Zr1.5/Sn > Zr1/Sn > ZrO2 > SnO2, which followed the trend of the
surface oxygen vacancy concentrations. It can be observed that the
methanol conversion rate increases with the increase of the Zr/Sn
ratio, reaching the maximum peak value of 0.17% at Zr4/Sn, and
then decreases with the further increase of the Zr/Sn ratio.
3.8. The effect of reaction time on the yield of DMC

The effect of reaction time on the catalytic synthesis of DMC
with Zrn/Sn catalysts was evaluated. The results are shown in
Fig. 10 The influence of reaction time on the yield of DMC. Reaction co
pressure: 5 MPa (the cycle time for one reaction is 5 hours).

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 10a. The short reaction time (5 h) resulted in the DMC
yields of Zr1/Sn, Zr1.5/Sn, Zr2.5/Sn, Zr4/Sn, Zr5.5/Sn, SnO2 and
ZrO2 being 0.28, 0.32, and 0.35, 0.54, 0.51, 0.22 and 0.27 mmol
g�1, respectively. The DMC yield at this time was at a relatively
low level. The increase of the reaction time from 5 h to 25 h will
signicantly increase the DMC yield to 0.60, 0.65, 1.26, 1.60,
1.23, 0.34 and 0.40 mmol g�1. Aer the reaction time exceeded
20 h, the yield of the catalyst gradually decreased, indicating
that the reaction time is the best time for the maximum DMC
yield at 20 h. The activity of Zr4/Sn is the highest among all
samples. This study shows that due to the accumulation of
water, the optimal reaction time for the catalyst to directly
synthesize DMC from methanol and carbon dioxide is 20 h.

The stability of heterogeneous catalysts has always been one
of the concerns (Fig. 10b). Under the same reaction conditions
as above, ve reaction cycles were used to test the reusability of
the catalyst in DMC synthesis. The activity of all catalysts
decreased to varying degrees aer ve cycles of reaction.
However, the catalytic activity of Zr4/Sn is still the highest. The
activities of the catalysts were reduced by 57.5, 56.7, 51.3, 31.2,
44.8, 62.9 and 59.9% aer ve cycle times corresponding to Zr1/
Sn, Zr1.5/Sn, Zr2.5/Sn, Zr4/Sn, Zr5.5/Sn, SnO2, ZrO2, respectively.
3.9. Characterization of the used catalyst

To further analyze the cause of catalyst deactivation, we
compared the TEM, XRD, and XPS results of the used and fresh
Zr4/Sn catalyst (Fig. 11). According to the analysis of TEM
results, the morphology of Zr4/Sn aer being recycled seven
times is the same as that of fresh. However, the size of the used
(�10 nm) is larger than that of the fresh (�9 nm), and the
agglomeration phenomenon is more serious. The fresh and
used Zr4/Sn catalysts still show the characteristic diffraction
peaks corresponding to monoclinic zirconia, which is consis-
tent with the TEM results.

By comparing the XPS spectra of Zr3d and O1s of fresh and
used Zr4/Sn aer deconvolution, it is found that the concen-
tration of Zr(4�x)+ and surface oxygen vacancies dropped from
71.12% and 37.6% to 11.03% and 9.1%, respectively. The reason
for this reduction is that part of the O atoms used to adsorb
carbon dioxide is used to ll the surface oxygen vacancies.51

Compared to fresh, the fourth peak is attributed to adsorbed
nditions: catalyst dosage: 0.8 g, methanol: 40 ml, temperature 140 �C,

RSC Adv., 2021, 11, 35361–35374 | 35369
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Fig. 11 TEM, XRD and XPS spectra of used and fresh catalysts. (a) TEM, (b) XRD, (c) Zr3d, (d) O1s.
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water (�535.5 eV), this may be caused by too much water
adsorbed in the air.52 A large number of DFT studies and
experimental studies have shown that the surface oxygen
vacancies are thermodynamically unstable and highly reactive,
as well as the interaction between the surface oxygen vacancies
and the O atoms that adsorb carbon dioxide.53,54
Fig. 12 The effect of surface oxygen vacancy concentration on the
catalytic activity of catalyst.
3.10. The relationship between catalytic activity of catalyst
and surface oxygen vacancy concentration and DMC yield

The surface oxygen vacancy on the catalyst surface can be used
as Lewis acid sites to promote carbon dioxide adsorption.14

Fig. 12 shows that the catalytic activity of the catalyst increases
as the concentration of surface oxygen vacancies increases,
indicating that surface oxygen vacancies promote the produc-
tion of DMC. Oxygen vacancies can be associated with Zr(4�x)+.
The XRD, XPS and TEM images of Zrn/Sn indicate that the
increase in Zr(4�x)+ content is due to the doping of Sn. The
oxygen vacancy can interact with the non-bonded electrons in
the O atom of carbon dioxide because its Lewis acid property
follows the relationship of Lewis acid–base interaction.14

Among these catalysts, Zr4/Sn has the greatest catalytic
activity because it has the highest surface oxygen vacancy
concentration. The oxygen vacancies on the surface of the
oxygen defect of the metal oxide can adsorb and activate carbon
dioxide, and promote the direct reaction of methanol and
carbon dioxide to form DMC.55,56 According to previous reports,
the activation of carbon dioxide is achieved by lling the oxygen
vacancies with free oxygen generated by the interaction at the
vacancies, which is easier than on the metal surface.57
35370 | RSC Adv., 2021, 11, 35361–35374
The methanation of carbon dioxide proves that surface
oxygen vacancies can catalyze the key step that determines the
rate at a lower activation temperature.58,59 According to the
results obtained in this work and previous reports, tin doping
into the zirconia lattice will increase the number of active
oxygen vacancies on the surface of zirconia, thereby promoting
the interaction between Zrn/Sn and carbon dioxide.25,26,39
3.11. In situ FTIR study

Fig. 13a shows the adsorption behavior of CO2 on Zr4/Sn. The
obvious 2366 cm�1 linear CO2 adsorption peak appears at room
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 DRIFTS spectra of adsorbed species on Zr4/Sn catalyst: (a) adsorbed CO2; (b) adsorbed methanol; (c) comparison of adsorbed DMC and
CO2 with adsorbed methanol.
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temperature, which is attributed to the adsorption of CO2 on Zr4+.60

The vibration peaks at 1634, 1349, 1251 and 1476 cm�1 are
attributed to bicarbonate and ionic carbonate, respectively.61 Since
CO2 reacts with the surface hydroxyl groups of ZrO2 to generate
bicarbonate, it will cause the consumption of hydroxyl groups,
causing two negative peaks at 3750 and 3669 cm�1.61 At the same
time, bidentate carbonate and monodentate carbonate appeared
at 1548 and 1383 cm�1 and 1476 cm�1 respectively.62

Fig. 13b shows that when methanol is adsorbed on ZrO2 at
room temperature, they appear at 1016 cm�1 in addition to the
apparent linear (1160 cm�1) and two bridging (1052 and 1031 cm�1)
methoxy species.63 Another cone-bridged methoxy species may be
related to the abundant surface hydroxyl groups on the surface of
ZrO2.63 The two negative peaks at 3755 and 3650 cm�1 may be
caused by the reaction of surface hydroxyl groups with methanol. At
the same time, the consumption of bridged hydroxyl groups ismore
than that of linear hydroxyl groups, which indicates that the bridged
hydroxyl groups on the surface of ZrO2 are more active than linear
hydroxyl groups. Due to the effect of surface lattice oxygen, formate
species appeared at 1375 and 1360 cm�1, and obvious carbonate
species appeared at 1550 and 1412 cm�1.64

By exposing the catalyst to methanol for 30minutes, ushing
the infrared cell with He, and then introducing the He stream
containing CO2, the interaction between CO2 and the adsorbed
methanol material was studied. Aer the introduction of CO2 in
© 2021 The Author(s). Published by the Royal Society of Chemistry
the methanol-adsorbed sample, the spectrum is very similar to
the methanol adsorption on the ZrO2 surface without pre-
adsorption. In Fig. 13c, the bands appearing at 1595, 1497,
1370, and 1201 cm�1 can be attributed to carbonic acid mon-
omethyl ester (m-CH3OCOO–Zr), and the bands at 1157 and
1032 cm�1 are caused by methoxy substances.19,65,66 The
adsorption of DMC on the catalyst further veried the existence
of monomethyl carbonate, which is an intermediate species in
the direct synthesis of DMC from methanol and CO2. Studies
have shown that the high selectivity of DMC on the catalyst may
be due to the rapid conversion of methoxy species to methoxy
carbonate species under high carbon dioxide pressure.67,68

3.12. The formation mechanism of DMC on the surface of
Zrn/Sn catalyst

Fig. 14 proposes the synthesis mechanism of DMC on the
surface of Zrn/Sn catalyst. The rst step of the mechanism is the
adsorption and activation of carbon dioxide on the surface oxygen
vacancy sites. The oxygen vacancy site is located between Zr and Sn,
which is conrmed by DFT research.69 Methanol is adsorbed and
activated by the hydroxyl group at the end of Zr/Sn to form
a methoxy group. The abundant terminal methoxy groups can be
attributed to the high number of oxygen vacancies on the catalyst
surface. In other words, the catalyst activity is restricted by the
number of oxygen vacancies and the activity of adsorbed substances.
RSC Adv., 2021, 11, 35361–35374 | 35371
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Fig. 14 Synthesis mechanism of DMC on the surface of Zrn/Sn catalyst.
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The carbon dioxide is adsorbed on the oxygen vacancies as
diacid carbonate.70 Then methanol is cleaved at adjacent acidic
sites through OM–H4 bonds to form methyl and methoxy
groups.68 Many studies have shown that acid–base sites are
critical to the activation of carbon dioxide, which will facilitate
the synthesis of DMC.71–73 The activated carbon dioxide is
inserted into the oxidation bond of the methoxy species to
produce monomethyl carbonate (Zr–OC(O)OCH3), and the
methyl group activated by methanol at the acidic site and
methyl carbonate produce DMC.19 Oxygen vacancy has the same
effect as Lewis acid sites. The interaction with C and O in carbon
dioxide and the Lewis acid–base pair (Zr4+O2�) on the catalyst
surface together promote this process. The reaction of the
methyl carbonate and the methyl group of the methoxy group
will regenerate dimethyl carbonate and oxygen vacancy.

The results of XPS and CO2-TPD show that doping Sn in
zirconia can promote the generation of surface oxygen vacan-
cies. Carbon dioxide will be adsorbed as bidentate carbonate on
the oxygen vacancies.74

4. Conclusions

In this study, a series of Sn-doped zirconia catalysts were
synthesized by the co-precipitation method, and the effect of tin
doping on the microstructure, lattice structure, oxygen vacancy
amount and the synthesis of dimethyl carbonate frommethanol
and carbon dioxide was studied. XRD results show that Sn
doping in the ZrO2 lattice leads to structural modication. In
addition, XPS and CO2-TPD conrmed that Sn doping can
increase the generation of oxygen vacancies. The Zr4/Sn catalyst
with the highest surface oxygen vacancy concentration showed
35372 | RSC Adv., 2021, 11, 35361–35374
the highest catalytic activity in DMC synthesis. It was also found
that the activity of DMC synthesis was related to the concen-
tration of surface oxygen vacancies. FITR shows that the inter-
mediate methyl carbonate and methoxy are actively involved in
the synthesis of DMC. The results of this study provide
reasonable guidance for the synthesis of DMC on ZrO2 catalysts
by Sn doping, and provide a technical basis for the design of
new high-efficiency ZrO2-based catalysis.
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28 E. Fernández López, V. Sánchez Escribano, M. Panizza,

M. M. Carnasciali and G. Busca, J. Mater. Chem., 2001, 11,
1891–1897.
© 2021 The Author(s). Published by the Royal Society of Chemistry
29 H. Zhang, B. Xu, Z. Li, D. Fruchart, E. K. Hlil and L. Zhou,
Rare Met. Mater. Eng., 2012, 41, 776–780.

30 Z. Wang, B. Yang, Z. Fu, W. Dong, Y. Yang and W. Liu, Appl.
Phys. A, 2005, 81, 691–694.

31 J. Kaur, J. Shah, R. K. Kotnala and K. C. Verma, Ceram. Int.,
2012, 38, 5563–5570.

32 Y. I. Choi and Y. Sohn, RSC Adv., 2014, 4, 41292.
33 V. D. Mote, J. S. Dargad and B. N. Dole, Nanosci. Nanoeng.,

2013, 1, 116–122.
34 V. I. Sokolov, A. V. Druzhinin, N. B. Gruzdev, A. Dejneka,

O. Churpita, Z. Hubicka, L. Jastrabik and V. Trepakov,
Phys. Rev. B: Condens. Matter Mater. Phys., 2010, 81, 153104.

35 G. Poungchan, B. Ksapabutr and M. Panapoy, Mater. Des.,
2016, 89, 137–145.

36 C. Morant, J. M. Sanz and L. Galán, Phys. Rev. B: Condens.
Matter Mater. Phys., 1992, 45, 1391–1398.

37 D. R. Burri, K.-M. Choi, D.-S. Han, Sujandi, N. Jiang, A. Burri
and S.-E. Park, Catal. Today, 2008, 131, 173–178.

38 Z. Fu, Y. Zhong, Y. Yu, L. Long, M. Xiao, D. Han, S. Wang and
Y. Meng, ACS Omega, 2018, 3, 198–207.

39 G.-W. Wang, H. Hattori and K. Tanabe, Bull. Chem. Soc. Jpn.,
1983, 56, 2407–2410.

40 B. Liu, C. Li, G. Zhang, X. Yao, S. S. C. Chuang and Z. Li, ACS
Catal., 2018, 8, 10446–10456.

41 M. A. Rahman, J. P. Thomas and K. T. Leung, Adv. Energy
Mater., 2018, 8, 1701234.

42 Z. Bastl, A. I. Senkevich, I. Spirovová and V. Vrt́ılková, Surf.
Interface Anal., 2002, 34, 477–480.

43 L. Pandol, S. Kaciulis, G. Padeletti, A. Cusmà and
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