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Abstract
Under the background of the continuous rise of  CO2 annual emissions, the development of  CO2 capture and utilization 
technology is urgent. This study focuses on improving the catalytic capacity of the catalyst for  CO2 hydrogenation, improv-
ing the efficiency of  CO2 conversion to methanol, and converting  H2 into chemical substances to avoid the danger of  H2 
storage. Based on the concept of element sharing, the ASMZ (Aluminum Shares Metal Zeolite catalysts) series catalyst was 
prepared by combining the CuO–ZnO–Al2O3 catalyst with the ZSM-5 zeolite using the amphoteric metal properties of the 
Al element. The basic structural properties of ASMZ catalysts were compared by XRD, FTIR, and BET characterization. 
Catalytic properties of samples were measured on a micro fixed-bed reactor. The catalytic mechanism of the catalyst was 
further analyzed by SEM, TEM, XPS,  H2-TPR, and  NH3-TPD. The results show that the ASMZ3 catalyst had the highest 
 CO2 conversion rate (26.4%), the highest methanol selectivity (76.0%), and the lowest CO selectivity (15.3%) in this study. 
This is mainly due to the fact that the preparation method in this study promotes the exposure of effective weakly acidic sites 
and medium strength acidic sites (facilitating the hydrogenation of  CO2 to methanol). At the same time, the close binding of 
Cu–ZnO–Al2O3 (CZA) and ZSM-5 zeolite also ensures the timely transfer of catalytic products and ensures the timely play 
of various catalytic active centers. The preparation method of the catalyst in this study also provides ideas for the prepara-
tion of other catalysts.

Keywords CO2 hydrogenation · Micro fixed-bed reactor · ASMZ catalyst · Methanol · Acidic sites · Catalytic mechanism

Introduction

According to carbon dioxide  (CO2) emissions data published 
by the International Energy Agency (IEA), global  CO2 
emissions from energy combustion and industrial processes 

increased by 0.9% in 2022 from the previous year, reaching 
a record high of 36.8 billion tonnes (energy agency 2022). 
These  CO2 emissions are attributed to energy combustion. 
Therefore, the further conversion of  CO2 into energy sub-
stances and the realization of  CO2 circular economy can 
effectively avoid  CO2 emissions caused by energy combus-
tion. The continued growth of global  CO2 emissions means 
that the goal of peaking  CO2 emissions has not yet been 
achieved, and technologies for reducing  CO2 emissions still 
need to be further developed. China has also proposed to 
achieve “carbon peak” by 2030 and “carbon neutrality” by 
2060. China’s Carbon Dioxide Capture, Utilization and Stor-
age (CCUS) Annual Report (2023) points out that CCUS 
technology can achieve large-scale sustainable low-carbon 
use of fossil energy, help build a low-carbon industrial sys-
tem, and is an indispensable part of China’s carbon neutral 
technology system (Zhang et al. 2023).  CO2 hydrogena-
tion utilization technology can convert  CO2 into energy 
substances to reduce  CO2 emissions, while converting  H2 
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into chemical substances, avoiding the danger of  H2 storage 
(Fang et al. 2023). Therefore, this study focuses on catalysts 
for the reaction of  CO2 and  H2.

In recent years, in the field of  CO2 hydrogenation, scien-
tists have carried out a lot of research. The reaction prod-
ucts of  CO2 and  H2 include methane (Ding et al. 2024), 
methanol (Chen et al. 2024b), dimethyl ether (Li et al. 
2023), olefin (Wang et al. 2024), aromatics (Chen et al. 
2024a), gasoline (Ahmed et al. 2023), etc. Among them, 
methanol can be used as a raw material for the synthesis 
of high-grade chemicals and an ideal hydrogen source to 
replace high-pressure hydrogen in hydrogenation reactions 
(Chen et al. 2023). In recent years, researchers have been 
working on catalysts that can promote the conversion of 
 CO2 to methanol under milder conditions (Sun et al. 2023). 
Through a large number of experiments and mechanism 
studies, the researchers found that the synergistic inter-
action between the active component of the catalyst and 
the carrier has an important effect on the performance of 
the catalyst, including porosity, surface area (Ren et al. 
2020), metal-carrier interaction (Yang et al. 2021b), metal 
particle size, metal dispersion (Wang et al. 2022), oxy-
gen vacancy (Zhang et al. 2022), chemical composition 
reduction (Singh et al. 2022), pH value, etc. Ren et al. 
(Ren et al. 2019) changed the specific surface area and 
porosity of the CuO–ZnO–Al2O3 catalyst by controlling 
the concentration of metal ions in the reaction solution. It 
was found that catalysts with high specific surface area and 
Cu surface area had higher  CO2 conversion. Chen et al. 
(Chen et al. 2022) prepared Cu/ZnO/ZrO2 catalysts with 
flower, plate, and rod-like ZnO morphologies by the urea 
hydrolysis method and used them for  CO2 hydrogenation 
to methanol. The results of performance test showed that 
the methanol yield increased linearly with the increase 
of oxygen vacancy concentration, indicating that oxygen 
vacancy played an important role in the process of  CO2 
hydrogenation to methanol. Guo et al. (Guo et al. 2021) 
prepared Cu–ZnO/Al2O3–ZrO2 (CZAZ) mesostructural 
catalyst and optimized the microstructure and surface 
properties of the catalyst. It was found that the homoge-
neous mesoporous structure and the strong interaction 
between Cu and support made the CZAZ-8 catalyst have 
higher metal Cu-active surface area and more Cu-CO2 
adsorption sites, which promoted the  CO2 conversion. Qi 
et al. (Qi et al. 2021) synthesized Cu/ZnO/Y2O3 ternary 
catalyst using citric acid coordination assisted strategy. It 
is found that the enhanced activity of the Cu/ZnO/Y2O3 
catalyst for methanol synthesis is related to the small size 
of the Cu/ZnO/Y2O3 catalyst, highly dispersed Cu spe-
cies, abundant surface adsorption sites, and more strong 
interaction between Cu–ZnO interfaces. However, how to 
carefully control and modify these structural properties at 
the same time in order to accelerate the catalytic process, 

improve mass transfer, increase the number of active sites, 
and improve the efficiency of the reaction pathway still 
needs further research. Based on the above research status, 
this study innovatively proposed a new method of linking 
metal oxide catalyst with zeolite carrier, which realized the 
wide distribution of active components, the full exposure 
of weak and medium strong acidic sites, and greatly pro-
moted the  CO2 conversion efficiency of  CO2 hydrogenation 
reaction and the selectivity of product  CH3OH.

In this study, based on the concept of element sharing, 
we combined the CuO–ZnO–Al2O3 catalyst with the ZSM-5 
zeolite to prepare ASMZ series catalysts by utilizing the 
amphoteric metal characteristics of the Al element. Using 
Al in the CuO–ZnO–Al2O3 catalyst as an aluminum source, 
ASMZ catalysts with different Si/Al ratios were prepared, 
and their properties were tested and characterized. In order 
to explore the catalytic mechanism of ASMZ series cata-
lysts, XPS,  H2-TPR,  CO2-TPD, and other tests were carried 
out to reveal the mechanism of high  CO2 conversion and 
high  CH3OH selectivity of the ASMZ3 catalyst.

Experimental

Sample preparation

Copper nitrate, zinc nitrate, aluminum nitrate, ammonium 
nitrate, sodium bicarbonate, tetrapropyl ammonium hydrox-
ide (TPAOH, 25 wt.% in  H2O), sodium chloride, and tetra-
ethyl orthosilicate (TEOS) were purchased from Sinopharm.

The CuO–ZnO–Al2O3 catalyst was prepared by a reverse 
co-precipitation method named as CZAB (Wang et al. 2011). 
The molar ratio of Cu/Zn/Al was 6/3/1. The ZSM-5 zeo-
lite was synthesized by a hydrothermal method (Wan et al. 
2016). In particular, CZAB was used as an aluminum source 
to achieve aluminum sharing. TEOS was used as a silicon 
source. Samples with different Si/Al ratios (12.5, 25, 37.5, 
and 50) were hydrothermally reacted at 453 K and calcined 
at 823 K to remove TPAOH. Ion exchange was then per-
formed to replace  Na+ with  NH4

+ by mixing 1.0 g of every 
sample in 50 mL of 1.0 M  NH4Cl solution at 323 K for 
8 h. The procedure was repeated twice to ensure complete 
ion exchange. The ion-exchanged samples were again col-
lected by centrifugation and washed in deionized water three 
times, dried at 373 K overnight, and calcined at 773 K for 
5 h to obtain the final  H+ type ZSM-5 samples. Finally, all 
the samples were reduced under  H2/Ar (5%  H2) atmosphere 
for 4 h with the temperature of 573 K. The obtained sam-
ples were aluminum shared metal zeolite catalysts named 
ASMZ1, ASMZ2, ZSMZ3, and ASMZ4. The CZAB sample 
was reduced under the same conditions and named CZA. 
The approximate process is shown in Fig. 1.
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Characterization methods

The crystal structure of samples was measured by a powder 
X-ray diffractometer (D8 ADVANCE, Bruker) equipped 
with a Cu anticathode. The measuring range was from 5 
to 80° with a step of 0.02°. The skeleton structure of sam-
ples was measured by a Fourier infrared spectrometer 
(Cary 660 FTIR, Agilent). All the samples had been dried 
at 393 K overnight before measured and a measuring range 
of 500~4000  cm−1. The nitrogen adsorption/desorption 
isotherms of the samples were recorded using a physical 
adsorption apparatus (ASAP 2460, Micromeritics) at 77 K. 
The pretreatment condition of the samples was vacuum dry-
ing at 573 K for 6 h. The Brunauer-Emmett-Teller (BET) 
and T-plot models were used to analyze the specific surface 
area, pore size distribution, and the micropore volume. The 
chemical composition of samples was performed by X-ray 
fluorescence (XRF) with a ZSX Primus ii spectrometer 
(Rigaku, Japan). The microcrystal morphology of samples 
was observed by a scanning electron microscope (Gemin-
iSEM 300, ZEISS). The crystal lattice structure of samples 
was further observed by transmission electron microscopy 
(F200X, FEI Talos). Elemental mapping of samples was 
conducted using energy dispersive X-ray spectroscopy (EDS 
super-X) to describe the elemental distributions. Elemental 
distribution and valence states for each sample were ana-
lyzed by ex situ X-ray photoelectron spectroscopy (XPS, 
Thermo Scientific K-Alpha) with Al Kα (hν = 1486.6 eV) 
radiation. The samples were reduced by  H2 prior to analy-
ses, and the C1 s (284.8 eV) was used as reference for the 
calibration of binding energies.

To test the reducibility of the samples, hydrogen tem-
perature programed reduction  (H2-TPR) was conducted on 
a chemisorbed instrument (BSD-Chem C200) equipped with 
a thermal conductivity detector (TCD). Prior to the test, the 
sample was purged by argon at 473 K for 2 h to baseline 

stabilization aiming at removing moisture and absorbed 
water. The temperature of the sample was then cooled to 
323 K. Finally, the sample was heated from 323 to 1073 K 
(with a ramp rate of 5 K  min−1) in 5%  H2 flow (balanced 
with Ar), during which the  H2 consumption was measured 
by the TCD. The surface acidity determination of samples 
was tested by  NH3 temperature programmed desorption 
 (NH3-TPD). Weigh 0.1 g of the reduced sample and place 
it in a U-shaped quartz tube, program the temperature at 
10 K  min−1 from room temperature to 573 K for drying 
and pretreatment, purge with He gas (30 mL  min−1) for 1 h, 
naturally cool to 393 K, and add 10%  NH3 (balanced with 
He) gas (30 mL  min−1) for 1 h. After the baseline is stable, 
switch to 30 mL/min He gas, increase to 873 K at a heating 
rate of 5 K  min−1 for desorption, and use online mass spec-
trometry to detect the desorbed gas.

Performance testing

Catalytic properties of samples were measured on a micro 
fixed-bed reactor reported in our previous work. The sche-
matic diagram of the reactor is shown in Fig. S1. In order to 
avoid the reaction gas ratio deviation caused by the reaction 
pressure building process, the feedstock gas was directly 
selected  H2/CO2 (3:1) mixture. The reaction temperature 
(523 K) and pressure (3 MPa) were controlled by the three-
stage furnace and backpressure regulator, respectively. 
Products were online monitored by the gas chromatograph 
(GC, GC-102, Henven) equipped with a thermal conductiv-
ity detector (TCD) and a flame ionization detector (FID), 
and the outlet flowrate was measured by a digital bubble 
flowmeter.

In a typical measurement, 1 g of catalyst (50~70 mesh) 
was uniformly mixed with equal volume quartz sand 
(50~70 mesh) and together installed in the center of the 
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Fig. 1  Schematic diagram of the synthesis process
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reaction column. Then, the inlet gas was premixed gas of 
 H2 and  CO2 with the flowrate of 25 NmL  min−1.

The  CO2 conversion (%) was calculated as

where Fin (mL  min−1) was the inlet flowrate, PCO2,in (%) 
was the molar fraction of  CO2 in the inlet, Fout (mL  min−1) 
was the outlet flowrate, and PCO2,out (%) was the molar 
fraction of  CO2 in the outlet.

The selectivity of product (%) was calculated as

where i was the product of CO, MeOH, or DME. Pi,out 
(%) was the molar fraction of product i in the outlet. Ci was 
the carbon number of product i.

The yield (%) of product i was calculated as

where i was the product, viz., MeOH + DME, CO, etc.
The space-time yield (g  kgcat

−1  h−1) on the unit mass of 
the catalyst of product i was calculated as

where i was the product, viz., MeOH + DME, CO, etc. 
Mi (g/mol) was the mole weight of product i. mcat (g) was 
the mass of the catalyst.

Only methanol, DME, and CO were detected in prod-
ucts, and the carbon balance was confirmed before and 
after reactions (within 100 ± 2%).
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Results and discussion

Catalyst structure study

In order to confirm the crystal structure of the samples, 
XRD characterization analysis was performed on them. The 
results are presented in Fig. 2a. It is found that all ASMZ 
samples contain both the crystallization peaks of ZSM-5 
zeolite (ICDD PDF No.44-0003) and elemental copper 
(ICDD PDF No.85-1326). The XRD patterns (Fig. S2) of 
the pre-reduction catalysts (named ASMZ1-B, ASMZ2-B, 
ASMZ3-B, and ASMZ4-B) were compared. It was found 
that the structure of the ZSM-5 zeolite was not destroyed 
by the reduction treatment and CuO was fully reduced. The 
relative intensity change trend of the characteristic peak of 
the Cu element is consistent with the feeding amount. XRD 
analysis results verify that the crystal structure of the sam-
ples is in line with expectations.

In order to test the skeleton structure of the ASMZ sam-
ples, they were characterized by FTIR and presented in 
Fig. 2b. The transmission peaks observed at ~3130  cm−1 
and ~1400  cm−1 are relating to the stretching vibration 
of O–H bond, which results from the physically adsorbed 
water. The overlapped peaks of Cu–O bond, Zn–O bond, and 
Al–O bond are observed at the wavenumber of ~500  cm−1 
(Zhao et al. 2020). To ASMZ catalysts, the main vibration 
frequency peaks at ~1225, ~1100, ~800, ~550, and ~450 
 cm−1 can be identified, corresponding to the characteris-
tic of MFI type zeolites (Jia et al. 2021). The transmission 
peak intensity of the MFI zeolite structure increases with the 
increase of the Si/Al ratio, and the intensities of ASMZ3 and 
ASMZ4 are similar, further verifying that the MFI structure 
of the ASMZ3 and ASMZ4 catalysts is more complete.

In order to further analyze the internal pore structure 
of the catalysts, the  N2 adsorption-desorption isotherm 
(Fig. 2c) was tested at 77 K, and calculated and analyzed 

Fig. 2  Structural characterization of catalysts. a XRD patterns of ASMZ and CZA catalysts; b FTIR spectra of ASMZ and CZA catalysts; c  N2 
adsorption-desorption isotherms of ASMZ catalysts
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by the 2D-NLDFT model. The results are listed in Table 1. 
Among all the catalysts, ASMZ3 has the lowest specific 
surface area, but its micropore volume and the ratio of 

micropores to the total pore volume are the highest. Besides, 
the micropore area increases with the increase of the Si/
Al ratio. It shows that the zeolite microporous structure of 
ASMZ3 and ASMZ4 is more abundant in catalysts per unit 
mass.

Catalysis in  CO2 hydrogenation

Fig. 3 shows the performance of catalysts in  CO2 hydrogena-
tion with a feed gas at a typical reaction condition (the pres-
sure of 3 MPa and temperature of 523 K) containing  CO2 
and  H2  (H2:CO2 = 3:1). Meanwhile, Fig. 3a shows the  CO2 
conversion rate of the samples and the selectivity of each 
product; Fig. 3b shows the yield of each product and the pro-
portional relationship between the yield of MeOH and DME 
and the yield of CO; Figure 3c shows the space-time yield 

Table 1  Textural properties of ASMZ catalysts

SBET = BET surface area, which was calculated using the BET 
method; t-Plot  SMicro = micropore area, which was determined using 
the t-plot method

Samples SBET
(m2/g)

t-Plot  SMicro
(m2/g)

Vtotal
(cm3/g)

Vmicropore
(cm3/g)

Rmicropore
(%)

CZA 35.9 0.0 0.180 0.000 0.0
ASMZ1 282.0 0.0 0.414 0.000 0.0
ASMZ2 289.4 94.4 0.353 0.049 13.9
ASMZ3 252.8 116.0 0.272 0.061 22.4
ASMZ4 276.8 117.6 0.305 0.061 20.0

Fig. 3  Performance of ASMZ and CZA catalysts in  CO2 hydrogena-
tion: a  CO2 conversion of catalysts and selectivity of different prod-
ucts; b the yield of the different catalytic products and the ratio of 
the yield of the target products (methanol and DME,  Y(MeOH + DME)) 
to the yield of the by-product (CO,  YCO); c the space-time yield of 

different catalytic products and the ratio of the space-time yield of the 
target products (methanol and DME,  STY(MeOH + DME)) to the space-
time yield of the by-product (CO,  STYCO). (Reaction conditions: 1 g 
of catalyst, 3 MPa, 523 K,  H2:CO2 = 3:1, GHSV = 1500 mL  g−1  h−1)
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of each product and the proportional relationship between 
the space-time yield of MeOH and DME and the space-time 
yield of CO. Detailed data are shown in Table 2. According 
to the results, CZA could only convert  CO2 into methanol 
and CO with the  CO2 conversion of 15.4% and CO selectiv-
ity of 42.5%. The yield of MeOH was only 8.9%, and the 
space-time yield of MeOH was only 47.9 g  kgcat

−1  h−1. On 
the contrary, the catalyst after combining CZA and ZSM-5 
zeolite through the sharing of the aluminum element sig-
nificantly increased the  CO2 conversion and reduced the CO 
selectivity under the same reaction conditions. Among them, 
the sample with the best catalytic performance, ASMZ3, had 
a  CO2 conversion as high as 26.4%, and a CO selectivity 
as low as 15.3%. The yield and space-time yield of MeOH 
were as high as 20.0% and 108.1 g  kgcat

−1  h−1 respectively. 
The proportional relationship between  STY(MeOH + DME) and 
 STYCO of ASMZ3 was high to 6.6, which was much higher 
than that of CZA  (STY(MeOH + DME)/STYCO = 1.5). It can be 
speculated that the addition and dosage ratio of the ZSM-5 
zeolite had a significant effect on the catalytic performance 
of the samples.

Mechanism study

Morphology and element distribution analysis

In order to study the effect mechanism of the ZSM-5 zeolite 
on the catalytic performance, the samples were characterized 
by SEM, TEM, and XPS. Fig. 4 shows the SEM images of 
catalysts ASMZ1, ASMZ2, ASMZ3, and ASMZ4. Accord-
ing to the analysis of the characterization results, the par-
ticle size of the ZSM-5 zeolite in the catalysts was about 1 
μm, except for ASMZ1 which was about 2 μm. The large 
walnut-shaped particle in the picture was the ZSM-5 zeo-
lite, and the small particle attached to it was the catalytic 
active component CZA. This could also be demonstrated by 
analyzing the SEM line scan test results of catalyst ASMZ4 
(Fig. S3). Through the partial magnification, it could be 
observed that the CZA particles were closely connected with 
the ZSM-5 particles instead of wrapped inside ZSM-5. With 
the increase of Si/Al, the coverage area of CZA gradually 
decreased, and the dispersion became better and better. At 
the same time, the proportion of active ingredient CZA was 
also less and less.

In order to further observe the internal structure and 
element distribution of ASMZ catalysts, individual parti-
cles of each catalyst were selected and subjected to face 
scanning of all elements. Fig. 5 shows TEM and surface 

Table 2  Catalytic property of 
ASMZ and CZA catalysts

Samples XCO2
(%)

Selectivity (%) Yield (%) Space-time yield (g 
 kgcat

−1  h−1)e

MeOH DME CO MeOH DME CO MeOH DME CO

CZA 15.4 57.5 0.0 42.5 8.9 0.0 6.6 47.9 0.0 30.9
ASMZ1 20.1 58.5 16.4 25.1 11.8 3.3 5.0 63.6 25.6 23.8
ASMZ2 23.9 63.4 12.6 24.0 15.2 3.0 5.7 81.8 23.3 27.0
ASMZ3 26.4 76.0 8.7 15.3 20.1 2.3 4.0 108.1 17.8 19.1
ASMZ4 24.0 68.8 11.4 19.8 16.6 2.7 4.7 89.3 21.3 22.3

2µm 2µm 2µm 2µm

100nm 100nm 100nm 100nm

(a) (b) (e) (g)

(b) (d) (f) (h)

Fig. 4  SEM images of ASMZ catalysts at different magnifications. a ASMZ1; b ASMZ1; c, d ASMZ2; e, f ASMZ3; g, h ASMZ4
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mapping of all catalysts. Among them, yellow is the Cu 
element distribution diagram of each catalyst, cyan is the 
Zn element distribution diagram of each catalyst, green is 
the Al element distribution diagram of each catalyst, red 
is the Si element distribution diagram of each catalyst, and 
blue is the O element distribution diagram of each catalyst. 
According to the test results, it can be found that the Si, 
O, and Al (from the CZA catalyst) elements of all cata-
lysts are very evenly distributed on the zeolite. With the 
increase of the Si/Al ratio, the addition of CZA in ASMZ 
series catalysts gradually decreased, and the content of 
Cu element also decreased. According to the TEM surface 
scanning results of individual particles, it can be found 
that the distribution of Cu elements in the catalyst varies 
from large particles to small particles dispersed and fur-
ther varies to very uniform. This verifies that the synthe-
sis method in this study realizes the connection between 
ZSM-5 zeolite and CZA catalyst through the Al element to 
a certain extent. It is precisely because the ASMZ3 cata-
lyst has the most uniform distribution of Cu elements, no 
agglomeration, and high content, its catalytic performance 
is the best.

Elemental state and valence analysis

In order to further understand the state of each element in the 
catalyst, the samples were analyzed by XPS. The XPS full 
spectrum analysis results of all catalysts are shown in Fig. 
S4. Fig. 6a shows the Al 2P of ASMZ3, CZA, and ZSM-5 
catalysts.

The characteristic peaks for Al 2p founded at 75.4 and 
78.0 eV of CZA were considered to be  Al3+ present in  Al2O3 
species (Senthilkumar et al. 2021). The characteristic peak 
for Al 2P founded at 74.8 eV of ZSM-5 was considered to be 
Al atoms in the ZSM-5 framework, where Al atoms are con-
nected to the bridged O atom in the –Si–O–Al–O– chains. 
Compared with CZA and ZSM-5 catalysts, the catalysts 
synthesized in this study additionally derived Al 2P with 
higher binding energy (~79.6). This observation shows 
that the aluminum atoms in ASMZ3, in addition to the two 
types mentioned above, form additional frames of alumina 
in very asymmetric and heterogeneous locations (twisted 
octahedrons) (Ali et al. 2014). This further proves that the 
experimental method in this paper realizes the connection 
between CZA catalyst and ZSM-5 zeolite through the Al 

Fig. 5  TEM images and surface mapping of ASMZ catalysts: a TEM 
image of the ASMZ1 catalyst; b TEM image of the ASMZ2 catalyst; 
c TEM image of the ASMZ3 catalyst; d TEM image of the ASMZ4 

catalyst; (1)~(5) surface mapping of the ASMZ catalysts: (1) Cu ele-
ment; (2) Zn element; (3) Al element; (4) Si element; (5) O element
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element. Fig. 6b, c, d shows the fine spectra of the three 
elements Al, Si, and Zn in the ASMZ catalyst, respectively. 
Fig. 6b shows that all the catalysts contained three Al 2P 
characteristic peak at the binding energy of around 74.8, 
77.5, and 79.6 eV. This means that each catalyst has to some 
extent achieved the connection of the ZSM-5 zeolite to the 
CZA by sharing the Al element. Fig. 6b shows that the Si 2P 
characteristic peak of each catalyst appears near the binding 
energy located at 103.3 eV, which is considered to be Si in 
the zeolite skeleton structure (Ojeda et al. 2018). Besides, 
as depicted in Fig. 6c, the evident peaks of binding energy 
located at around 1022.4 eV and 1045.7 eV can be ascribed 
to Zn 2p3/2 and Zn 2p1/2, respectively (Yang et al. 2018). 
The changing trend of Zn and Si element content is consist-
ent with the added amount of raw materials. The results of 
XPS verify that the catalysts prepared in this study contain 
both CZA metal oxide and ZSM-5 zeolite structure, which 
is consistent with the characterization results of XRD. At 
the same time, XPS further verified the existence of the Al 
element connecting CZA and ZSM-5 zeolite in the catalyst 
and realized the close connection between the two, laying a 
foundation for the rapid transfer of catalytic products.

As the key active component of the catalytic  CO2 hydro-
genation reaction, Cu’s valence has the most direct influence 

on the reaction results. Therefore, the fine spectrum and 
Auger spectrum of Cu elements were further tested and ana-
lyzed in this study. Fig. 7a shows the results of the Cu 2p 
of ASMZ catalysts. The binding energies (BE) of Cu 2p3/2 
and Cu 2p1/2 appear at around 933 eV and 953 eV, respec-
tively. The presence of a shakeup satellite peak at about 944 
eV reveals that the divalent copper  (Cu2+) is presented in 
catalysts (Xue et al. 2019). The shakeup satellite peak in the 
ASMZ1 catalyst is significantly higher than other catalysts, 
which is also because the proportion of CZA metal oxides 
in the ASMZ1 catalyst is the highest. A high proportion of 
CZA metal oxides were enriched and agglomerated in the 
catalyst, resulting in the inability of CuO to be completely 
oxidized to  Cu0 or  Cu+1 under the reduction conditions in 
this study. The spectra of Cu 2p3/2 of all catalysts were 
deconvoluted into two peaks at around 932.9 eV and 935.1 
eV. The spectra of Cu 2p1/2 of all catalysts were decon-
voluted into two peaks at around 952.8 eV and 955.2 eV. 
However,  Cu0 and  Cu+ cannot be well distinguished by the 
Cu 2p spectrum due to their very close binding energies, and 
the X-ray induced Auger spectrum (XAES) of Cu LMM was 
hence adopted, in which the standard peaks of  Cu0 and  Cu+ 
are at approximately 916.8 and 913.8 eV, respectively. As 
can be observed in Fig. 7b, there is an obvious peak at 913.8 

Fig. 6  XPS results: a Al 2P 
of ASMZ3, CZA, and ZSM-5 
catalysts; b Al 2P of ASMZ 
catalysts; c Si 2P of ASMZ 
catalysts; d Zn 2P of ASMZ 
catalysts
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eV (corresponding to  Cu+) for ASMZ catalysts, suggesting 
that copper mainly exists in the form of  Cu+. Although both 
 Cu+ and  Cu0 species are believed to the activity of Cu-based 
catalysts, a proper ratio of  Cu+ and  Cu0 is important for the 
catalytic performance in  CO2 hydrogenation to methanol (Li 
et al. 2020). Liu et al. (Liu et al. 2017) simulated and ana-
lyzed the mechanism of catalytic methanol synthesis at the 
Cu (111) and  Cu2O (111) interfaces by using DFT and con-
cluded that  CO2 is the main carbon source on the  Cu0 sur-
face and CO is the main carbon source on the  Cu+ surface. 
This further proves that the organic combination of  Cu0 and 
 Cu+1 is more conducive to the efficient  CO2 hydrogenation 
reaction (CO is the main intermediate product of the  CO2 
hydrogenation reaction).

Catalyst surface active sites analysis

The reducibility of the active component Cu plays an impor-
tant role in the catalytic reaction. Fig. 8a provides a detailed 
comparison of  H2-TPR test data for CZA, ZSM-5, and 
ASMZ3 catalysts. Since there is no active component Cu 
in the ZSM-5 zeolite, there is no obvious  H2 consumption 
peak during the testing process. The  H2 consumption peaks 
of CZA catalyst mainly occur at 231.8 and 259.9 °C. The  H2 

consumption peak at 231.8 °C is considered a separate CuO 
reduction peak because it is the most easily reduced. The  H2 
consumption peak of 259.9 °C is considered to be the CuO 
reduction characteristic peak combined with ZnO and  Al2O3 
(Fang et al. 2021). The  H2 consumption peak area of 259.9 
°C accounts for 78.1% of the total peak area, indicating that 
most of the Cu in the CZA catalyst is combined with ZnO 
and  Al2O3. In addition, when the temperature reaches 300 
°C, the CuO in the CZA catalyst is basically completely 
reduced. Compared with the CZA catalyst, the  H2 consump-
tion peaks of ASMZ catalysts shift to the direction of higher 
temperature. This is mainly due to the combination of some 
CuO in the CZA metal oxide with the ZSM-5 zeolite (Chen 
et al. 2016). In the ASMZ series of catalysts (Fig. 8b), CuO 
exists in two main situations: the situation of binding with 
ZnO and the situation of binding with the ZSM-5 zeolite 
(by binding with  Al2O3). As the Si/Al ratio increases, the 
crystallinity of the ZSM-5 zeolite increases (according to 
XRD test results in Fig. 2a), and the corresponding propor-
tion of CuO bound to the ZSM-5 zeolite also increases. All 
catalysts can be completely reduced at 300 °C, except for 
ASMZ1. This is mainly because the high CZA content in the 
ASMZ1 catalyst causes a large amount of CuO–ZnO–Al2O3 
co-precipitate to agglomerate and accumulate on the zeolite 

Fig. 7  a Cu 2P and b Cu LMM 
of ASMZ catalysts

Fig. 8  H2-TPR of a CZA, ZSM-
5, and b ASMZ catalysts
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surface, which increases the difficulty of reducing CuO in 
the catalyst, which is consistent with the scanning results of 
SEM. This also explains why there is a clear satellite peak 
in the Cu 2P test of the ASMZ1 catalyst (Table 3).

The strength and distribution of acidic sites in catalyst 
have an important influence on the  CO2 conversion and 
product distribution in the  CO2 hydrogenation reaction. 
Fig. 9 provides a detailed comparison of  NH3-TPD test data 
for CZA, ZSM-5, and ASMZ catalysts. In the CZA catalyst, 
almost no analytical peak of  NH3 exists, which means that 
there are almost no acidic sites in the catalyst. In the ZSM-5 
zeolite, two typical  NH3 resolution peaks can be observed, 
at approximately 175 °C and 370 °C, respectively, for the 
desorption of  NH3 adsorbed at weakly acidic sites and at 
surface strongly acidic sites (Lou et al. 2016). It has been 
reported that the weak acid sites (Lewis acid sites) are cor-
related with the Si–OH in the H-ZSM-5 zeolite, whereas 
the strong acid sites (Brønsted acid sites) correspond to the 
protonic (Si–OH Al) (Zhu et al. 2021). In this study, CZA 
metal oxide was used as the aluminum source for the syn-
thesis of the ZSM-5 zeolite, and the Al element not only 
formed proton Si–OH–Al in the zeolite skeleton, but also 
formed metal coprecipitate with CuO–ZnO. Therefore, the 
strong acid sites in ASMZ series catalysts were occupied, 
forming a large number of medium strength acid sites (Zhu 
et al. 2021). The weakly acidic site of Lewis acid carrier can 

promote the formation of  CH3OH, but the stronger acidic 
site can further catalyze the dehydration of  CH3OH to DME 
(Lam et al. 2019; Jiang et al. 2020). This also explains why 
the catalysts prepared in this study significantly improved 
the conversion rate of  CO2 and reduced the selectivity of 
CO in the product during the process of catalyzing  CO2 
hydrogenation. It also explains why the reaction product is 
mainly methanol rather than DME. According to Fig. 9b, the 
acidic sites of ASMZ series catalysts first increased and then 
decreased with the increase of the Si/Al ratio, among which 
the weakly acidic sites of ASMZ3 were the most abundant. 
The low content of acidic sites in ASMZ1 and ASMZ2 is 
mainly due to the overcovering of large amounts of CZA 
metal oxides and the blockage of microchannels (Zhu et al. 
2021). This is consistent with SEM results. In comparison, 
the CZA metal oxide content of the ASMZ3 catalyst is rela-
tively appropriate, and the exposure of effective acidic sites 
in the catalyst is preserved to the greatest extent, while the 
number of acidic sites in the ASMZ4 catalyst is reduced due 
to the high Si/Al ratio.

Catalytic mechanism analysis

After a series of characterization analysis, the catalytic 
mechanism of the catalyst in this study is inferred as shown 
in Fig. 10. In this study, the CZAB catalyst was prepared 
first, and CZABB was used as an aluminum source, and 
the characteristic that  Al2O3 could be dissolved in alka-
line solution was used to dissolve it in the TPAOH tem-
plate agent, and then the HZSM-5 zeolite was prepared 
by a hydrothermal reaction. Thus, the catalysts prepared 
in this study mainly include the following reaction active 
sites:  Cu0/Cu+, Cu–ZnO alloy interface, weak acid sites, 
medium strength acid sites, and strong acid sites. Accord-
ing to previous studies (Wang et al. 2019), the active sites 
for  CO2 adsorption and conversion are mainly Cu–ZnO alloy 
interface, and the active sites for  H2 adsorption and conver-
sion are mainly  Cu+ and  Cu0. Under their catalytic action, 
 CO2 and  H2 produce two main products, methanol and CO 
(Yang et al. 2022). The two active sites are derived from the 

Table 3  Partial peak fitting results of catalyst  H2-TPR test

Peak α represents the  H2 consumption peak of the catalyst at lower 
temperature; Peak β represents the  H2 consumption peak of the cata-
lyst at higher temperature

Samples Peak α (%) Peak β (%)

CZA 21.9 78.1
ZSM-5 — —
ASMZ1 82.8 17.2
ASMZ2 80.7 19.3
ASMZ3 71.5 28.5
ASMZ4 58.2 41.8

Fig. 9  NH3-TPD of a CZA, 
ZSM-5, and b ASMZ catalysts
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CZAB catalyst prepared by coprecipitation and  H2 reduc-
tion treatment of ASMZ catalysts (Yang et al. 2021a). It is 
well known that there are usually two types of acidic sites 
in HZSM-5 zeolites: weakly acidic sites (Lewis acid sites) 
and strongly acidic sites (Brønsted acid sites). And the lower 
the Si/Al ratio, the higher the proportion of strongly acidic 
sites. The strong acidic site has a stronger dehydration abil-
ity, and it is easier to promote the dehydration of methanol 
to DME under the reaction conditions in this study. Because 
the concept of element sharing was applied to prepare the 
ASMZ catalyst in this study, the Al element not only formed 
proton Si–OH–Al in the molecular sieve skeleton, but also 
formed metal co-precipitation with CuO–ZnO, which led to 
the strong acid sites of ASMZ series catalysts being occu-
pied, forming a large number of medium strong acid sites. 
This point is also verified by the characterization analysis 
of XPS and  NH3-TPD, and the presence of a large number 
of medium-strong acidic sites promotes the conversion of 
 CO2 hydrogenation to methanol. Therefore, the selectivity of 
CO in the reaction products is greatly reduced. In addition, 
the presence of a few strong acidic sites also promoted the 
dehydration of a small amount of methanol to DME. Based 
on the above analysis, the schematic diagram of the catalytic 
mechanism of ASMZ series catalysts is shown in Fig. 10.

In this study, by regulating the Si/Al ratio of the ZSM-5 
zeolite and the ratio of zeolite to CZA metal oxide, it was 
found that the catalyst had the best performance when Si/
Al was 30, which greatly improved the  CO2 conversion and 
methanol selectivity. This is mainly attributed to the follow-
ing reasons: (1) Compared with ASMZ1 and ASMZ2, the 
distribution of CZA in the ASMZ3 catalyst is the most uni-
form, and there is no agglomeration of Cu elements (TEM 
test results), which ensures that the active component of 

ASMZ3 catalyst gives full play to its catalytic capacity; (2) 
Compared with catalysts ASMZ1 and ASMZ2, CZA largely 
covered the surface of the HZSM-5 zeolite and occupied 
its acidic sites, and the ASMZ3 catalyst retained the most 
medium-strong acidic sites  (NH3-TPD test results), which 
ensured that the catalyst promoted the conversion of  CO2 
hydrogenation to methanol, and improved the  CO2 conver-
sion rate and methanol selectivity. (3) Although the distri-
bution of CZA in the ASMZ4 catalyst is also very uniform, 
its catalytic performance is slightly lower than that of the 
ASMZ3 catalyst due to the low content of active components 
and the small number of acidic sites.

Conclusions

In this study, ASMZ series catalysts were successfully pre-
pared by means of element sharing. By adjusting the Si/Al 
ratio, it is found that the ASMZ3 catalyst has the highest 
 CO2 conversion (26.4%), the highest methanol selectiv-
ity (76.0%), and the lowest CO selectivity (15.3%) in this 
study. Through a series of characterization tests and analy-
sis of the catalyst, it was found that the ASMZ catalyst 
prepared by this method significantly improved the  CO2 
conversion and methanol selectivity compared with the 
traditional CZA catalyst, because the ZSM-5 zeolite intro-
duced by this method contained a large number of weak 
acidic sites and medium strength acidic sites (which pro-
moted the conversion of  CO2 hydrogenation to methanol). 
The appropriate ratio of CZA to ZSM-5 zeolite ensured 
the number of various acidic sites and the exposure of 
effective acidic sites. In addition, the close combination of 
CZA and ZSM-5 zeolite also ensured the timely transfer of 

Fig. 10  Reaction mechanism 
diagram
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catalytic products and ensured that various catalytic active 
centers played a role in time to promote the reaction. The 
preparation method of the catalyst in this study also pro-
vides ideas for the preparation of catalysts for other uses.
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