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the promotional role of Ga2O3 on
the CuO–ZnO/HZSM-5 catalyst for CO2

hydrogenation†

Jie Du, Yajing Zhang, * Kangjun Wang,* Fu Ding, Songyan Jia, Guoguo Liu
and Limei Tan

Dimethyl ether (DME) can be directly synthesized from carbon dioxide and hydrogen by mixing methanol

synthesis catalysts and methanol dehydration catalysts. The activity and selectivity of the catalyst can be

greatly affected by the promoter; herein, we presented a series of CuO–ZnO–Ga2O3/HZSM-5 hybrid

catalysts, which were prepared by the coprecipitation method. The effect of the Ga2O3 content on the

structure and performance of the Ga-promoted Cu–ZnO/HZSM-5 based catalysts was thoroughly

investigated. The results showed that the addition of Ga2O3 significantly increased specific surface areas

and Cu areas, decreased the size of Cu particles, maintained the proportion of Cu+/Cu0 on the surface

of the catalyst, and strengthened the metal–support interaction, resulting in high catalytic performance.
1. Introduction

Recently, human beings mainly have two concerns, global
warming and energy shortage.1 CO2 is one of the main green-
house gases and is considered the main contributor to global
warming.2 The hydrogenation of CO2 to other chemicals
(hydrocarbons, methanol, and dimethyl ether (DME)) can
effectively solve these problems. Particular attention has been
paid to the synthesis of DME. DME may be used as an alter-
native fuel and is widely used as feedstock for the production of
aerosols, refrigerants, foaming agents, etc.3,4

One-step CO2 hydrogenation to dimethyl ether combines two
successive steps of methanol synthesis and methanol dehy-
dration over a hybrid catalyst in a single reactor. The catalyst is
composed of a methanol synthesis component5 and methanol
dehydration component together;6 in some cases, the catalyst is
also called a bifunctional/hybrid catalyst.7,8 The Cu–ZnO/HZSM-
5 based catalyst has been considered as an optimum combi-
nation of the two components, and the active temperature of
both components is within the same temperature range.9,10 At
present, however, the hydrogenation of CO2 to DME still has
a low CO2 conversion and a low selectivity to DME over the
catalyst. Various methods were employed to modify its
composition and structure, aiming to enhance the perfor-
mance. For example, optimization methods include modifying
ng University of Chemical Technology,
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433
methanol dehydration catalysts,11 changing the preparation
process of catalysts,12 adopting a core–shell structure13 and
mixing with new catalysts.14

Previous studies have shown that appropriate promoters can
effectively improve the performance of Cu–ZnO/HZSM-5 with
optimized composition. Many studies have been performed on
catalysts for the hydrogenation of CO2 to dimethyl ether, with
carriers,15 promoters,7,16 etc., aiming to increase the catalytic
performance of catalysts.

Ga2O3, as a promoter, has been used by some researchers in
CO2 conversion catalysts.17–19 In comparison, research has rarely
been reported on dimethyl ether catalysts20,21 and there are
fewer researchers who have studied the inuence of Ga2O3

content changes on catalysts. In the present work, we found that
Ga2O3 can signicantly improve the selectivity and yield of
dimethyl ether; the effects of Ga2O3 content on the performance
and structure of the CuO–ZnO/HZSM-5 catalyst were carefully
investigated in direct DME synthesis from a CO2 and H2

mixture.
2. Experimental section
2.1 Catalyst preparation

The catalysts were prepared by the oxalate co-precipitation
method, and the mass ratio of the CuO–ZnO–Ga2O3 compo-
nent to HZSM-5 (Catalyst Plant of Nankai University, SiO2/Al2O3

¼ 38, molar ratio) was 2 : 1.16 First, a certain amount of
analytically pure nitrate precursors Cu(NO3)2, Zn(NO3)2, and
Ga(NO3)3 was dissolved into a certain amount of ethanol
(denoted as solution A; the total molar concentration is
1 mol L�1); H2C2O4$2H2O (200 wt% of metal nitrate) was also
dissolved into ethanol (solution B, 1 mol L�1). Second, parallel
© 2021 The Author(s). Published by the Royal Society of Chemistry
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solutions A and B were slowly dropped into a beaker containing
HZSM-5 ethanol solution and kept under stirring at 60 �C. The
suspension was sealed and aged for 2 hours and then the
ethanol was evaporated at 80 �C to get a precipitate. Finally, the
precipitate was dried at 120 �C for 12 hours and calcined in air
at 400 �C for 4 hours. The powder of the CZGxH catalyst was
ground, pressed, pulverized and sieved to obtain particles of 20
to 40 mesh before the activity was tested. The Ga2O3 modied
CuO–ZnO/HZSM-5 (CuO : ZnO ¼ 7 : 3, mass ratio) catalysts
were abbreviated as CZGxH (x stands for theoretical Ga2O3/
CZ wt%).

2.2 Catalyst testing

Catalyst testing was carried out in a continuous-ow xed-bed
reactor made of stainless steel (i.d. ¼ 10 mm). First, the cata-
lyst was reduced with 10% H2/N2 at 300 �C for 3 h under
atmospheric pressure. Then it was cooled to 50 �C and reactant
gas ow was introduced, raising the pressure to 3.0 MPa, and
the reaction temperature was 260 �C. The exit line was heated to
prevent condensation. The products were analyzed on line with
a gas chromatograph (SP-3420) equipped with both a TCD (for
CO and CO2, GDX-101 connected with Porapak T column) and
a FID (for CH4, CH3OH and CH3OCH3, Porapak Q column).
Conversion and selectivity values were calculated by the internal
standard and mass conservation method.

2.3 Catalyst characterization

XRD measurements were performed on a Rigaku D/max 2500pc
X-ray diffractometer with Cu-Ka radiation (l ¼ 1.54156 �A) at
a scan rate of 4� min�1 at 50 kV and 250 mA. The crystallite size
was calculated using Scherrer's equation. Copper surface areas
(SCu) were measured by a nitrous oxide titration method as
described elsewhere.22

BET surface areas were measured by N2 adsorption at
�196 �C using a Quantachrome Autosorb 1-C. Before the
absorption–desorption measurements, samples were degassed
under vacuum at 300 �C for 3 h. The specic BET (SBET) was
estimated from the linear part of the Brunauer–Emmett–Teller
(BET) plot.

H2-TPR of catalysts was performed on a chemisorption
analyser (ChemBET 3000). Before reduction, 0.02 g of sample
was preheated with owing He at 400 �C for 60 min, and then
cooled down to room temperature. Subsequently, the temper-
ature was raised in 10% H2/Ar (50 mL min�1) at a ramp rate of
10 �C min�1 to 400 �C. H2 consumption was detected with
a TCD.

NH3-TPD was conducted on a ChemBET 3000. 300 mg
catalyst was heated to 400 �C for 30 min, and then cooled to
50 �C; following that 6 vol% NH3/Ar was introduced for
adsorption (60 min). Then, the catalyst was ushed with a He
stream (30mLmin�1) for 60min to remove the weakly adsorbed
NH3, and nally it was heated from 50 to 800 �C at a rate of
10 �C min�1. The NH3-TPD signal was recorded.

CO2-TPD was also conducted on a ChemBET 3000. 50 mg
catalyst was rst reduced at 300 �C in a H2 ow of 30 mL min�1

for 1 h, purged with puried Ar, and further treated at 450 �C for
© 2021 The Author(s). Published by the Royal Society of Chemistry
0.5 h in Ar. Aer cooling to 40 �C, CO2 adsorption was switched
to saturation, and then the catalyst was ushed with a He
stream (30 mLmin�1) for 60 min, and nally it was heated from
50 to 900 �C at a rate of 10 �C min�1. The CO2-TPD signal was
recorded.

X-ray photoelectron spectroscopy (XPS) and X-ray-induced
Auger electron spectroscopy were performed on an ESCALAB
250Xi spectrometer. The monochromatized Al-Ka beam (1486.8
eV) was used as an X-ray source to conrm the characteristic
peaks of Cu 2p, Zn 2p, Ga 2p, and C 1s with a beam resolution of
0.1 eV. The characteristic C–C peak at 284.6 eV assigned to C 1s
was further used as a reference peak.

3. Results and discussion
3.1 Catalytic performance of the catalysts

In Table 1, the catalytic performances of the CZGxH catalysts are
displayed, along with the behaviour of a Ga2O3-free sample
(CZG0H) taken as a reference. In this reaction, DME was the
main product, while methanol, CO and trace hydrocarbons
(methane, ethane, etc.) were identied as by-products. Appar-
ently, the catalytic performance is signicantly improved with
the addition of Ga2O3 compared to the Ga2O3-free catalyst
under the same reaction conditions. All the Ga2O3-added cata-
lysts exhibited higher CO2 conversion (Fig. S1†) and higher
selectivity to DME (Fig. S2†). On the other hand, it is also
observed that the CO2 conversion, DME selectivity and DME
yield show a trend of increase initially, followed by a decrease
with Ga2O3 addition; the attained better catalytic performances
were respectively 22.3%, 62.6% and 14.0% over the CZG5H
catalyst. By comparing the catalysts in this paper with similar
material catalysts with similar ratios in other literature under
almost the same test conditions,23 although there is no signi-
cant difference between the catalysts with promoters Ga2O3 and
ZrO2 in terms of the carbon dioxide conversion, the selectivity to
dimethyl ether of the Ga2O3 modied catalyst was signicantly
higher than that of the ZrO2 modied catalyst, so the yield of
dimethyl ether is improved accordingly. The catalytic perfor-
mance results showed that an appropriate amount of Ga2O3

could effectively convert CO2 into dimethyl ether, but not in
excess. In order to evaluate the inuence of Ga2O3 on the
catalysts, the catalysts were further characterized in the
following sections.

Turnover frequency (TOF) of CO2, which represents the
molecular number of the transferred CO2 per second per
surface Cu atom, has been calculated from the SCu for various
catalysts. As shown in Fig. 1, to better understand the role of
metallic Cu in the process of hydrogenation of CO2, TOF is also
plotted versus SCu of the CZGxH catalysts. It can be seen that the
values of TOF varied in the range of 0.67–0.75� 10�3 s�1. TOF is
not a xed value, which indicates that the catalytic activity is not
only related to SCu, but also affected by such factors as the
interaction between copper and zinc oxide.24 This observation
indicates a good correlation of structure sensitive characters of
DME from CO2.25 In addition, combining the values of TOF with
the results of Ga2O3 content in Table 1 indicates that the
addition of Ga2O3 can increase the value of TOF.
RSC Adv., 2021, 11, 14426–14433 | 14427
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Table 1 Physicochemical properties and catalytic performances of the catalysts

Catalyst SBET (m2 g�1) Dispersiona (%) SCu
a (m2 g�1) dCu

a (nm) CO2 conversion
b (%)

Selectivityb (%)

DME yieldb (%)CO C2H4 MOH DME

CZG0H 123.7 13.2 33.4 7.6 18.6 49.5 1.9 5.0 43.7 8.1
CZG1H 146.1 14.5 36.6 6.9 19.9 41.4 2.1 3.7 52.8 10.5
CZG3H 154.2 15.0 37.9 6.7 20.8 34.8 2.0 4.9 58.3 12.1
CZG5H 163.8 15.5 39.1 6.5 22.3 30.0 2.0 5.5 62.6 14.0
CZG10H 164.2 15.3 38.5 6.6 21.3 31.5 2.1 5.8 60.7 13.0

a Determined by the nitrous oxide titration method. b Reaction conditions: T ¼ 260 �C, P ¼ 3.0 MPa, weight¼ 1 g, CO2 : H2 : N2 ¼ 3 : 9 : 1, GHSV ¼
1500 h�1.

Fig. 1 The relationship between the TOF of reacted CO2 and the
surface copper areas (SCu).

Fig. 2 XRD patterns of the catalysts: (a) CZG0H; (b) CZG1H; (c) CZG3H;

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 7
:0

9:
38

 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
3.2 The structure of the catalysts

The X-ray diffraction results are shown in Fig. 2. For all the
catalysts, the diffraction peaks at 2q ¼ 35.5�, 38.7�, 48.6�, 58.3�,
68.1�, and 75.2� can be indexed to the CuO phase (tenorite,
JCPDS 48-1548), the peaks at 2q ¼ 31.8�, 34.4�, 36.3�, 47.6�,
56.6�, 62.9�, 66.4�, and 72.6� can be ascribed to the ZnO phase
(JCPDS 65-3411), and the diffraction peaks observed in the 2q
range of 21–25� can be attributed to HZSM-5 (JCPDS 44-0003).
However, diffraction peaks belonging to Ga2O3 or other new
binding products are not observed for the catalysts with the
promoter of Ga2O3 added, indicating that Ga2O3 species are
present in either the amorphous state or highly dispersed in the
catalysts and cannot be detected by XRD.26 Strong CuO peak
intensities were detected in all the catalysts, which conrmed
that they had been completely crystallized. With the increase of
Ga2O3 content to 5%, the intensities of the CuO diffraction
peaks decreased gradually, whereas the peak width broadened
slightly; it can be inferred from Scherrer's formula that the
average particle size of CuO decreases, indicating that the
crystallinity of CuO decreased and the dispersion of copper
increased with the addition of Ga2O3. Some diffraction peaks of
CuO (2q ¼ 35.5�) and ZnO (2q ¼ 34.4� and 36.3�) were severely
superimposed on each other, and similar phenomena had
14428 | RSC Adv., 2021, 11, 14426–14433
appeared in other works,27 which shows that the embedded
dispersion of CuO and ZnO are relatively uniform. The ne
particles of CuO and ZnO which may exist in an amorphous or
more disordered form, this will promote the synergistic effect,
thus resulting in the intensied CuO–ZnO interaction.28 This
interaction between CuO and ZnO is benecial to the increases
in the activity for CO2 conversion, which exactly coincides with
catalytic performance results.

The Cu surface area, Cu dispersion, and Cu particle sizes are
greatly affected by the concentrations of Ga2O3, as listed in
Table 1. When the content of Ga2O3 increased, the change of the
peak shape rst increased and then decreased appeared in the
Cu surface area and Cu dispersion. The Cu surface area corre-
lated well with the copper dispersion; the results showed higher
values of SCu and DCu for CZG5H than other catalysts, and the
maximum values were found to 39.1 (m2 g�1) and 15.5%,
respectively, while the particle size trend was opposite. The
small CuO particles and improved copper dispersion can be
ascribed to the character of the structural promoter of Ga2O3

increasing the resistance of CuO to sinter during the thermal
treatment,30 which consequently results in a larger Cu surface
(d) CZG5H; (e) CZG10H.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Relationship between the CO2 conversion and Cu surface area.

Table 2 Peak temperature, peak area and distribution ratio of H2-TPR

Catalyst Ta Tb Aa + Ab
Aa/(Aa +
Ab) (%)

CZG0H 236 269 6282 53
CZG1H 238 264 14463 57
CZG3H 241 270 15694 63
CZG5H 246 272 15849 69
CZG10H 248 277 8107 30
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area of the CZGxH catalysts. Decreasing the Ga2O3 loading below
5% or increasing the Ga2O3 loading over 5% also resulted in
a decrease in Cu surface area and Cu dispersion, and an increase
in Cu particle size, which is consistent with the XRD results. The
results conrmed the conclusion that adding excessive Ga2O3 is no
longer benecial to improve the dispersion of Cu on the catalyst
surface. As displayed in Fig. 3, a plot of CO2 conversion as a func-
tion of Cu surface area is depicted, and there is a linear relation-
ship between them. Perhaps an increase in the SCu resulted in
more dissociatively adsorbed hydrogen and itsmigration to ZnO or
Ga2O3 through hydrogen spillover, which improved the activity of
the catalyst. Therefore, Cu surface area is a crucial factor for the
high yield of DME by hydrogenation of CO2.
3.3 The reducibility of the catalysts

It has been reported that ZnO and Ga2O3 are not reduced under
the H2-TPR conditions; therefore, the H2 reduction peaks
Fig. 4 H2-TPR profiles of the catalysts: (a) CZG0H; (b) CZG1H; (c)
CZG3H; (d) CZG5H; (e) CZG10H.

© 2021 The Author(s). Published by the Royal Society of Chemistry
observed were only related to the CuO reduction. The H2-TPR
results are presented in Fig. 4. The occurrence of two Gaussian
tting peaks (a and b) is observed for all of the H2-TPR proles,
which has been related to the reduction of different CuO species
in the catalysts. Previous authors have observed similar reduc-
tion peaks for Cu based catalysts and have regarded the
a reduction peak at about 220–250 �C as the surface reduction
peak of dispersed amorphous CuO, whereas the b reduction
peaks around 270–300 �C can be classied as the reduction
peaks of CuO in the bulk phase with large grains.31

In Table 2, it is notable that the reduction peaks of all Ga2O3-
added catalysts shied to the higher temperature region,
consistent with other literature studies.32 This is due to the
existence of CuO particles with different sizes and the different
interaction strength between CuO particles and other oxides in
the catalyst.17 As the content of Ga2O3 changes, the area ratio
of the two Gaussian peaks also changes. Among them, Aa/(Aa
+ Ab) of CZG5H is the largest, the proportion of easily reduced
CuO on the surface is up to 69% in this catalyst system, and
the more CuO on the surface is benecial to the hydrogena-
tion of CO2. Whether the amount of Ga2O3 is too large or too
small, the value of Aa/(Aa + Ab) will decrease. Moreover, it
could be observed that the addition of Ga2O3 (<5%) signi-
cantly increased the peak areas as compared to the reduction
peak area of the Ga2O3-free catalyst, indicating that more
CuO in the catalysts is reduced to produce more hydrogen
consumption. However, adding excess Ga2O3 (10%) leads to
a lower peak area; this suggests that Ga2O3 species may be
incorporated into CuO or may be deposited on the surface of
CuO, in accordance with previous observations.
3.4 Surface acidity of the catalysts

Fig. 5 shows the NH3-TPD proles of the catalysts. There are
three desorption peaks near 110–150 �C (peak a), 330–400 �C
(peak b) and 400–500 �C (peak g) on the surface of each catalyst,
which respectively correspond to the weak acid center, medium
acid center and strong acid center on the surface of the cata-
lyst.33 In Table 3, compared with the Ga2O3-free catalyst, peak
a moves slightly to higher temperature, while peaks b and g

shi to higher temperature more obviously, suggesting the
increased strength, implying that Ga2O3 modication increased
the catalyst medium and strong acidity obviously. During the
preparation process, the amount of oxalic acid as a precipitator
will be changed with the addition of Ga2O3, which may modify
the medium and strong acid sites. Comparing the total amount
RSC Adv., 2021, 11, 14426–14433 | 14429
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Fig. 5 NH3-TPD spectrum of catalysts with different Ga2O3 contents:
(a) CZG0H; (b) CZG1H; (c) CZG3H; (d) CZG5H; (e) CZG10H.

Fig. 6 Spectra of the prepared hybrid catalysts of CZG0H and CZG5H:
(A) Cu 2p; (B) Zn 2p; (C) Ga 2p.
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of acid with the increase of Ga2O3 content in the catalyst, the
peak areas of NH3 desorption peaks rst increase and then
decrease, indicating that the surface acid amounts change
correspondingly.34 It can be seen that the peak area of CZG5H is
the largest, and the content of weak acids is large, which is
benecial to the improvement of DME selectivity.17,33

Comparing the NH3-TPD and the previous catalytic perfor-
mance results (Table 1), the CZGxH with different Ga2O3

contents has similar methanol selectivity, which indicates that
the acidity of the catalyst is enough to convert the generated
methanol to DME. The dimethyl ether selectivity is signicantly
different. The results suggest that an appropriate acid content
and acid strength of the catalyst are favorable for the selectivity
to DME in the reaction of CO2 hydrogenation to dimethyl ether.
3.5 Adsorption and desorption performance of catalysts for
CO2

CO2 TPD proles of reduced CZG0H and CZG5H catalysts are
shown in Fig. S3.† There are three CO2 desorption peaks. With
Ga2O3 addition, the proportion of weak CO2 adsorption (<300
�C) and strong CO2 adsorption (>500 �C) increased, while the
proportion of medium adsorption (300–450 �C) decreased. It
can be seen that the addition of Ga2O3 did not promote the
absorption of CO2 (Fig. S3 and Table S5†).
Table 3 The acid properties of catalysts with different Ga2O3 contents
a

Catalyst Weak acidic amount
Medium acidi
amount

CZG0H 0.13 (140 �C) 0.32 (354 �C)
CZG1H 0.13 (144 �C) 0.34 (355 �C)
CZG3H 0.20 (148 �C) 0.47 (356 �C)
CZG5H 0.22 (146 �C) 0.44 (362 �C)
CZG10H 0.19 (152 �C) 0.39 (373 �C)

a The amount of acidity of CZG5H was assigned as 1.0, and compared wit

14430 | RSC Adv., 2021, 11, 14426–14433
3.6 X-ray photoelectron spectroscopy analysis

As shown in Fig. 6, the surface chemical states of the Cu, Zn and
Ga on the prepared catalysts were analyzed by X-ray photo-
electron spectroscopy (XPS). As representative results, the XPS
spectra of Cu 2p for the ex situ prepared catalysts of CZG0H and
CZG5H are shown in Fig. 6A. It can be observed that the binding
energies (BE) of themain characteristics peaks at about 932.9 eV
and 953.0 eV are assigned to Cu 2p3/2 and Cu 2p1/2, respec-
tively,35 and two shake-up satellite peaks appeared at 940–
945 eV, indicating that the copper species in the catalyst surface
existed in the form of CuO.36 In addition, the binding energy
values of Cu 2p3/2 and cu 2p1/2 increased slightly with the
addition of Ga2O3, indicating that the interaction between Cu
and Ga was enhanced,37 which was consistent with the results of
H2-TPR. Both of the spectra contained two peaks at about 1022
and 1045 eV (Fig. 6B), which are assigned to Zn 2p3/2 and Zn 2p1/
2 peaks of ZnO,38 respectively, with a spin energy separation of
23 eV. This shows that zinc atoms are present in the catalyst in
the form of ZnO.39 The binding energies of Zn 2p1/2 and Zn 2p3/2
become larger with the addition of Ga2O3. Similarly, as shown
in Fig. 6C, the double peaks of 1117.4 eV and 1144.5 eV corre-
spond to the binding energies of Ga 2p3/2 and Ga 2p1/2 of
c Strong acidic
amount

Total acidic
amount

0.19 (407 �C) 0.64
0.25 (409 �C) 0.71
0.25 (415 �C) 0.92
0.34 (415 �C) 1.00
0.21 (425 �C) 0.79

h that of the other samples. The temperature in parentheses is Tmax.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Spectra of the reduced and recovered CZG0H and CZG5H
hybrid catalysts: (A) Cu 2p; (B) Cu (LMM) Auger; (a) the reducedCZG0H;
(b) the recovered CZG0H; (c) reduced CZG5H; (d) the recovered
CZG5H.

Fig. 8 Effect of reaction temperature on the catalytic performance: (a)
CZG0H; (b) CZG1H; (c) CZG3H; (d) CZG5H; (e) CZG10H.
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reduced CZG5H, respectively, indicating that Ga2O3 is in the
oxidation state of Ga3+.40

The XPS spectra of reduced and recovered CZG0H and
CZG5H hybrid catalysts are shown in Fig. 7. The signal peaks of
Cu that appeared at 933 eV and 952 eV are assigned to Cu 2p3/2
and Cu 2p1/2, respectively, which correspond to the reduction
sites (Cu0 and/or Cu+)41 (Fig. 7A). Compared with Fig. 6A, the Cu
2p XPS spectra of the catalyst aer H2 reduction show that the
satellite peak disappeared and the Cu 2p peak moved to lower
binding energy at the same time, indicating that copper was
almost reduced to Cu+ or Cu0.42 The enhanced peak intensity
indicates that the copper part of the bulk phase migrates to the
surface during reduction. Sun et al. proposed that the electronic
interaction between Cu and Zn will produce the active center
Cu+–O–Zn, which provides a synergistic effect between Cu and
ZnO for the production of dimethyl ether.43 Aer the reaction,
the XPS intensity of Cu 2p changed slightly, but no obvious
changes in the position and shape were observed. It can be seen
that the valence state of copper has not changed aer the
catalyst is used (10 hours). The comparison shows that the
valence states of Cu at the main Cu 2p3/2 and Cu 2p1/2 on the
catalyst surface are basically unchanged aer reduction and
reaction, indicating that the catalyst has good chemical stability
as a whole. In the XPS spectra of Cu 2p3/2, the binding energies
of Cu+ and Cu0 are almost the same, and those of Cu2O and Cu
metal are 932.2 eV and 932.4 eV, respectively. Therefore, the
kinetic energies (KE) of the reduced catalyst were studied by Cu
LMM X-ray auger electron spectroscopy (XAES) spectrum anal-
ysis to further distinguish the valence state of Cu on the catalyst
surface. The line positions in the Cu (LMM) Auger spectra of the
reduced and recovered CZG0H and CZG5H catalysts indicate
that the two asymmetrically located peaks near 916.5 eV and
918.7 eV correspond to Cu+ and Cu0 species,18 respectively, and
Cu+ is the main copper species detected on the catalyst surface
(Fig. 7B). Based on the corresponding Cu LMM peaks, the Cu+/
Cu0 area ratios of the two reduction catalysts are obtained by
calculation. The area ratio of the CZG5H catalyst was higher
than that of the CZG0H catalyst, which indicated that the ratio
of Cu+/Cu0 can be maintained better with the addition of Ga2O3

and the activity of the catalyst may be determined by Cu+ species
rather than Cu0 species.44 It is worth noting that this XPS test is
not performed in situ, and this may be subject to some errors.
Although there is still controversy about the active center of
copper-based catalysts in the process of CO2 hydrogenation to
© 2021 The Author(s). Published by the Royal Society of Chemistry
methanol, it is generally believed that Cu+ and Cu0 contribute to
the catalytic activity.19
3.7 Effect of reaction temperature on the catalysts

Reaction temperature also has a signicant effect on CO2

conversion, product selectivity and yield. Under different
temperature conditions, the changes of conversion and yield
are shown in Fig. 8. It has been reported in the literature that
Cu/ZnO-based catalyst activity will be reduced when the
temperature exceeds 300 �C; the deactivation is caused by the
aggregation of Cu crystals.45 Therefore, the maximum temper-
ature we tested was controlled at 300 �C. Comparing the curves
at different temperatures, it is concluded that the optimal
reaction temperature is 260 �C. At low temperature, there is
competitive adsorption of the reaction product CO and reactant
CO2 on metal active sites. Methanol is mainly prepared by
hydrogenation of CO produced by the reverse reaction of water
vapor, so the conversion of carbon dioxide is low. Since the
reaction is exothermic, with the increased temperature and
reaction time of HZSM-5, there will be carbon deposition on the
outer surface and in the channel, leading to a decrease in the
DME selectivity. In addition, higher temperatures will cause
sintering and crystallization of copper species, causing catalyst
coking and thereby reducing the conversion rate of carbon
dioxide.15 The yield of DME reached the maximum at 260 �C,
which means that due to the exothermic reaction, the conver-
sion of CO2 is thermodynamically restricted, or may be Cu
sintering.46 Relatively the selectivity of CO gradually increased,
which is due to the reverse water vapor reaction (RWGS) of
CO2.47 In view of these results, we investigated the CO2 hydro-
genation activity of the CuO–ZnO–Ga2O3/HZSM-5 catalyst at the
optimal temperature of 260 �C.

In view of these observations, each metal component has
a unique effect on the system studied in this paper. As stated
above, CuO is the active center of methanol reaction in the
catalyst of carbon dioxide hydrogenation to dimethyl ether,
which causes carbon dioxide hydrogenation to form
RSC Adv., 2021, 11, 14426–14433 | 14431
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methanol.48 ZnO can effectively improve the degree of copper
dispersion to increase the specic surface area of Cu and
increase the stability of the catalyst.49 The formation of the Zn–
CuO alloy from ZnO and CuO is the main active point of
methanol synthesis, thus increasing the conversion rate of
CO2.50 The Ga2O3 promoted bifunctional catalyst shows a good
dispersion of copper with a small particle size, which leads to
a high surface area of copper and an increase in the acidity of
dehydrated components. Ga2O3 as is used as an electronic
promoter to adjust the optimal ratio of Cu+/Cu0 in the catalyst.29

All of these lead to a high rate of methanol formation and
continuous dehydration to DME, thus increasing the selectivity
to DME.51

4. Conclusions

In conclusion, Ga2O3 promoted CuO–ZnO–Ga2O3/HZSM-5
catalysts for dimethyl ether synthesis from CO2 hydrogenation
were prepared and the catalytic performances were evaluated.
An appropriate amount of Ga2O3 beneted smaller Cu particles,
higher copper surface areas, intensied CuO–ZnO interaction,
and proper acid amounts, maintained the proportion of Cu+/
Cu0 on the surface of the catalyst and acid site distribution,
therefore leading to higher CO2 conversion and DME selectivity.
Among the investigated catalysts, the hybrid system CuO–ZnO–
Ga2O3/HZSM-5 showed the best performance when the content
of Ga2O3 was 5 wt% in the direct conversion of CO2 to DME. The
CZG5H catalyst showed the maximum CO2 conversion, DME
selectivity and DME yields of 22.3%, 62.6% and 14.0%,
respectively, under the reaction conditions of the optimal
reaction temperature of 260 �C, the space velocity of GHSV 1500
h�1 and the reaction pressure of 3.0 MPa.
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