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Abstract

There are many obstacles to the industrial application of CO2 hydrogenation reduction tech-
nology, the most important of which is the high economic cost. The purpose of this study is
to explore the interaction mechanism between the active component CuO-ZnO-Al2O3(CZA)
and the zeolite carrier Zeolite Socony Mobil-5(ZSM-5), screen the simplified preparation
method of catalysts with high catalytic performance, and further promote the industrial
application of CO2 hydrogenation reduction technology. In this study, the effects of the gas
velocity of the feedstock, the reaction temperature, the content of acidic sites in the carrier,
the filling amount of active component, and the mixing mode of the active component and
the carrier on catalytic CO2 hydrogenation reduction were investigated. The structure of
the catalysts was analyzed by X-ray diffractometer (XRD), Brunauer-Emmett-Teller (BET),
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscope (SEM) and
transmission electron microscopy (TEM). The catalyst surface properties were analyzed by
X-ray photoelectron spectroscopy (XPS), ammonia temperature programmed desorption
(NH3-TPD), hydrogen temperature programed reduction (H2-TPR) and other characteriza-
tion methods. The research found that the grinding treatment led to the insertion of CZA
between ZSM-5 zeolite particles in CZA@HZ5-20-GB, which was prepared via grinding
both CZA and H-ZSM-5 with an Si/Al ratio of 20, inhibiting the action of strongly acidic
sites in the zeolite, resulting in only CO and MeOH in the catalytic products, with no
Dimethyl Ether (DME) generation.

Keywords: CO2 hydrogenation reduction; ZSM-5; CZA; physically mixing; interaction
mechanism

1. Introduction
To alleviate the pressure of global carbon dioxide emissions, the application of car-

bon dioxide capture and utilization technologies is indispensable [1]. As the main source
of carbon dioxide emissions, industry urgently needs efficient, low-cost and technolog-
ically mature carbon dioxide utilization technologies to achieve carbon dioxide reduc-
tion [2]. Compared with CO2 photocatalytic and CO2 electro-catalytic technologies, CO2

hydrogenation is currently the most mature process and has already achieved industrial
demonstration [3]. The CuO-ZnO-Al2O3(CZA) catalyst was initially widely used as a tra-
ditional commercial catalyst for hydrogenation of syngas to methanol [4]. However, it
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has disadvantages such as high selectivity for CO and easy sintering deactivation in the
process of CO2 hydrogenation catalysis [5]. To improve this phenomenon, some researchers
have chosen to combine the CZA catalyst with a carrier to increase the dispersion of CZA
and reduce the deactivation caused by Cu agglomeration sintering [6–8]. The selection of
carriers is diverse, including MOFs (metal–organic frameworks) [9,10], SAPO-34 [11–13],
ZSM-5 [14], etc. However, the preparation cost of MOFs is relatively high, and SAPO-34
zeolite generally has a relatively low lifespan [13]. ZSM-5 zeolite has the characteristics of
a very wide range of Si/Al ratios and diverse distribution of acidic sites, which enables
it to be widely applied in multiple directions such as CO2 hydrogenation conversion to
DME [6,15–19], light olefins [12,20–23], and aromatic hydrocarbons [14,24,25]. For this
reason, ZSM-5 zeolite has gradually attracted much attention as the carrier of CO2 hydro-
genation conversion catalysts.

However, the role played by ZSM-5 zeolite in the CO2 catalytic hydrogenation process
is highly controversial. The indicators for evaluating the performance of catalysts include
conversion rate, selectivity, yield, etc. Some scholars believe that ZSM-5 zeolite can promote
the CO2 conversion rate [26], while others think that ZSM-5 zeolite has no effect on the CO2

conversion rate [18]. Under similar reaction temperatures and pressures, the distribution of
the products converted from CO2 varies greatly. Some studies only involve CO, MeOH
and DME as catalytic products [17,27]. Some studies have further added CH4, C2H6,
C2H4, etc. [14,28–30]. Even if some research products are of the same type, the selectivity
of the products can vary greatly. These phenomena have brought great inconvenience to
researchers in exploring the application of ZSM-5 zeolite in the field of CO2 hydrogenation.
Therefore, exploring the role of ZSM-5 zeolite in the CO2 hydrogenation reaction remains
of great significance.

To eliminate the influence of metal oxides altering the structure of ZSM-5 zeolite on
the CO2 hydrogenation performance, many researchers conducted performance tests by
physically mixing metal oxides with ZSM-5 zeolite. The physical mixing methods mainly
involve two categories: (1) Metal oxides and ZSM-5 zeolite are respectively made into
particles and mixed in the form of particles to test performance. (2) After grinding and
mixing the metal oxide with ZSM-5 zeolite powder evenly, the particles are made for
performance testing. Regrettably, most researchers took the physically mixed catalyst as the
reference sample [31–33] and did not conduct a detailed analysis of its catalytic mechanism.

In this study, multiple factors including the gas velocity of the feedstock, reaction
temperature, the content of acidic sites in the carrier, the filling amount of active component,
and the mixing mode of the active component and the carrier were tested for their influences
on the results of the CO2 hydrogenation reaction. Combining various characterization
methods such as XRD, BET, SEM, TEM, XPS, H2-TPR, and NH3-TPD, the influence of the
appearance morphology and internal characteristics of the catalyst on the mechanism of
CO2 hydrogenation reaction was deeply analyzed.

2. Results and Discussion
Catalysts were prepared by mixing CZA catalyst with HZSM-5 zeolite with three

different Si/Al ratios and using three different methods of mixing. They will be named
CZA@HZ5-x-MM, where x may be 20, 30 or 40, depending on the Si/Al ratio, and MM
may be nothing if CZA and zeolite were not mixed before adding them to the reactor, PM
if the powders of both catalysts were mixed but not grounded, and GB if both solids were
grounded and pelletized. Details are given in Section 3.
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2.1. Characterizations

Figure 1a shows the crystal structure of the catalysts as tested by XRD. The characteris-
tic peaks of HZSM-5(ICDD PDF No.44-0003), CuO (ICDD PDF No.48-1548) and ZnO (ICDD
PDF No.36-1451) were simultaneously present in CZA@HZ5-20-GB and CZA@HZ5-20-PM
catalysts. These proved that the catalysts CZA@HZ5-20-GB and CZA@HZ5-20-PM simulta-
neously contain ZSM-5 zeolite and CuO-ZnO-Al2O3 metal oxides. We name the reduced
catalysts respectively as CZA-H, CZA@HZ5-20-PM-H and CZA@HZ5-20-GB-H. It can be
clearly observed that there are distinct Cu0 (ICDD PDF No.04-0836) characteristic peaks
in the reduced catalyst. Fourier transform infrared transmission spectroscopy analysis
(Figure 1d) of the catalysts proved that the catalysts CZA@HZ5-20-GB and CZA@HZ5-20-
PM simultaneously contained the characteristic peaks of metal oxides (~500 cm−1) and MFI
zeolites [34] (~1229, ~1120, ~778, ~560, and ~457 cm−1). The N2 adsorption and desorption
isotherms and pore size distribution diagrams of the catalysts more intuitively demonstrate
the influence of grinding treatment on the internal pore structure of the catalysts. When
P/P0 < 0.1 (Figure 1b), the N2 adsorption isotherms of CZA@HZ5-20-GB and CZA@HZ5-20-
PM almost coincide. At the same time, the micropore size distribution diagrams (Figure 1e)
of both are almost the same as the micropore volumes calculated based on the NLDFT
model (Table 1). It is indicated that the grinding treatment will not destroy the microporous
structure contained in ZSM-5 zeolite. However, by observing the data of P/P0 within the
range of 0.7 to 1.0 (Figure 1d), it can be found that the grinding treatment significantly
reduced the porosity of the catalyst near 30 to 100 nm.

In order to observe the distribution of CZA catalyst and HZSM-5 zeolite more intu-
itively, we conducted SEM and elemental mapping on the catalysts of HZ5-20 (Figure 2a),
CZA (Figure 2b), CZA@HZ5-20-GB (Figure 2c), and CZA@HZ5-20-PM (Figure 2d). It can
be observed that HZSM-5 zeolite is composed of small particles agglomerated one after
another. The CZA catalyst, on the other hand, is composed of small pieces interwoven
together. By observing the elemental mapping of the catalysts CZA@HZ5-20-GB and
CZA@HZ5-20-PM, it can be found that the distribution of Cu and Zn elements in the
catalyst CZA@HZ5-20-PM is clearly distinct from that of Si element, but in the CZA@HZ5-
20-GB catalyst, the distribution of the three elements intersects with each other.

Figure 1. Structural characterization of catalysts (HZ5-20, CZA@HZ5-20-GB, CZA@HZ5-20-PM,
CZA): (a) XRD pattern; (b) N2 adsorption–desorption isotherm; (c) local magnification of the N2

adsorption–desorption isotherm; (d) FTIR spectra; (e) pore size distribution.
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Table 1. Textural properties of samples.

Catalysts SBET
(m2/g)

t-Plot SMicro
(m2/g)

Vtotal
(cm3/g)

Vmicropore
(cm3/g)

Rmicropore
(%)

HZ5-20 348.4 220.8 0.5471 0.1715 31.35
CZA@HZ5-20-GB 189.5 138.5 0.3853 0.0918 23.83
CZA@HZ5-20-PM 186.8 104.6 0.4537 0.0900 19.84

CZA 66.7 13.9 0.4480 0.0289 6.45
Note: SBET = BET surface area, which was calculated using the BET method; t-Plot SMicro = micropore area, which
was determined using the t-plot method. Vtotal = total pore volume, which was calculated using the NLDFT
model; Vmicropore = micropore volume (D ≤ 2 nm), which was calculated using the NLDFT model. Rmicropore
represents the proportion of micropore volume to total pore volume.

 

Figure 2. SEM images and surface mapping of catalysts: (a) HZ5-20; (b) CZA; (c) CZA@HZ5-20-GB;
(d) CZA@HZ5-20-PM.

Obviously, SEM can only observe the general morphology of the catalyst particles and
cannot closely examine the contact between HZSM-5 zeolite and CZA catalyst within a
single catalytic particle. For this purpose, we conducted TEM tests on the catalysts and
carried out mapping and lattice analysis. The results are shown in Figure 3. By magnifying
the CZA catalyst after dispersion treatment (Figure 3a), it can be observed that the CZA
catalyst has no regular morphology and the elements are evenly dispersed. Lattice analysis
(Figure 3d–f) of the catalyst shows that there are obvious crystal planes of CuO (1,1,1)
(d = 0.232 nm), CuO (1,1,−1) (d = 0.252 nm), and ZnO (1,0,1) (d = 0.248 nm) in the catalyst.
The catalyst CZA@HZ5-20-PM contains two morphologies: particles of about 100~200 nm
and an irregular structure (Figure 3c). Combined with the results of the mapping, it can
be found that the regular particles are HZSM-5 zeolite, and the substances with irregular
structures are CZA catalysts. The two had almost no contact. From the TEM image of the
catalyst CZA@HZ5-20-GB (Figure 3b), it can be clearly observed that the grinding process
inserted the CZA catalyst into the middle of the HZSM-5 zeolite particles. Based on the
characterization results of BET and pore size analysis, the formation of an approximately
100 nm pore size in HZ5-20 zeolite is attributed to the voids between zeolite particles rather
than the internal channels of the zeolite. Grinding treatment causes CZA to occupy part of
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the voids of zeolite particles, which also explains why the pore volume of the CZA@HZ5-
20-GB catalyst is much smaller than that of the CZA@HZ5-20-PM catalyst in the range of
30 to 100 nm.

Figure 3. TEM images and surface mapping of catalysts: (a,d) CZA; (b,e) CZA@HZ5-20-GB;
(c,f) CZA@HZ5-20-PM.

2.2. Catalytic Performance Test of Catalysts

The factors influencing catalytic performance are multi-dimensional, including cat-
alytic reaction conditions (temperature, pressure, flow rate, etc.), the type and dosage of
the catalysts, etc. This study successively explored the influence laws of the gas velocity of
the feedstock, the reaction temperature, the content of acidic sites in the carrier, the filling
amount of active component, and the mixing mode of the active component and the carrier
on the catalytic performance. The schematic diagram of the catalytic reactor applied in this
study is shown in Figure S1.

2.2.1. Gas Velocity

The test results of the influence of the gas velocity of the feedstock gas on the perfor-
mance of CO2 hydrogenation reaction are shown in Figure S2. Similarly to most research
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results [35], the higher the gas velocity of the feedstock gas, the lower the CO2 conversion
rate, and the lower the selectivity of CO and DME.

2.2.2. Reaction Temperature

When exploring the influence law of catalytic reaction temperature on catalytic per-
formance, we discovered an interesting thing: CH4 and C2H6 were newly added to the
catalytic products, although their yields were very low (As shown in Figure S3). It is well
known that increasing the catalytic reaction temperature will significantly promote the
occurrence of the reverse water gas reaction, which leads to an increase in the selectivity
of CO with the increase in reaction temperature. The research on the generation route
of CH4 shows that the further hydrogenation of CO produces CH4, which is completely
different from the MeOH synthesis route [36]. Therefore, the main reason for methane
formation is that high temperature leads to the reduction of Cu in the CZA catalyst to
large particles of Cu0, which promotes the further hydrogenation of CO to form methane.
Taking into account the catalytic test results comprehensively, although the increase in
reaction temperature significantly enhances the conversion rate of CO2 (from 8.12% at
250 ◦C to 25.06% at 350 ◦C), the selectivity of CO in the reaction products rises to over 90%,
and additional products such as CH4 are generated. Therefore, the catalytic temperature
selected for the performance test of the catalyst screening in the following steps is the
lowest, 250 ◦C.

2.2.3. Acidic Sites

The influence of the content of acidic sites in the carrier on the catalytic performance
was determined by preparing HZSM-5 zeolite with different Si/Al ratios. In this study,
HZSM-5 zeolites with Si/Al ratios of 20/30/40 were prepared and mechanically mixed with
CZA catalyst for performance testing. Specific catalytic test results are listed in Figure S4.
According to the performance test results, CZA@HZ5-30 catalyst has a slightly higher
CO2 conversion rate than the other two catalysts, but it also has the highest CO selectivity.
When the evaluation index of a catalyst focuses on the yield and space–time yield, it can be
found that under the action of HZ5-20 zeolite, the catalyst is more conducive to promoting
the formation of MeOH and DME. This is mainly attributed to the nature and content of
acidic sites in HZSM-5 zeolite. It is well known that there are usually two types of acidic
sites in HZSM-5 zeolite, namely weak acid sites and the strong acid sites [12]. Therefore,
NH3-TPD was also used in this study as a test procedure to detect the properties of acidic
sites in samples. Figure S5 shows the NH3-TPD test results of HZSM-5 zeolite, and Table S1
shows the content and distribution of different types of acidic sites. According to NH3

calibration data of mass spectrometry, HZ5-20 zeolite has the highest number of acidic sites,
reaching 1.61 mmol/g. The number of acidic sites of HZ5-30 zeolite and HZ5-40 zeolite
is only 0.64 mmol/g and 0.37 mmol/g, respectively. This is also why the proportion of
MeOH and DME in the catalytic products of HZ5-20 zeolite is much higher than that of
the other two zeolites. The ratio of space–time yields of the reaction products increased
from 0.2 to 0.5 (Figure S4d: CZA@HZ5-20: STY(MeOH+DME)/STYCO = 0.5; CZA@HZ5-30:
STY(MeOH+DME)/STYCO = 0.2; CZA@HZ5-40: STY(MeOH+DME)/STYCO = 0.2). Therefore, the
number of acidic sites in HZSM-5 zeolite contributes to the production of MeOH and DME
as reaction products. Similarly, because the area of peak α and peak β in HZ5-20 zeolite
is the largest, the inhibition effect on CO production and the promotion effect on DME
production are the strongest [37].

2.2.4. Filling Amount of Active Component

In order to explore the effect of the filling amount of the active component on the
performance of catalysts, the performance of catalysts CZA-0.1 (0.1 g CZA catalyst + quartz
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sand, 60~80 mesh), CZA-0.2 (0.2 g CZA catalyst + quartz sand, 60~80 mesh) and CZA@HZ5-
20 (0.1 g CZA catalyst + 0.1 g HZSM-5 zeolite + quartz sand, 60~80 mesh) at 250 ◦C and
3 MPa was respectively tested in this study. The volume flow rate of feedstock gas was
controlled at 10 mL/min. In order to ensure the consistency of other reaction conditions,
the filling volume of the reaction column was controlled by adjusting the quartz sand filling
amount during the catalyst filling process. The loading diagram of the catalyst is shown
in Figure 4c.

Figure 4. Performance of catalysts CZA-0.1, CZA-0.2, CZA@HZ5-20 in CO2 hydrogenation (250 ◦C,
3 MPa, 10 mL/min): (a) CO2 conversion of catalysts and selectivity of different products; (b) relative
selectivity of products without CO; (c) the yield of the different catalytic products and the ratio of
the yield of the target products (products without CO, Y(MeOH+DME+CH4+C2H6)) to the yield of the
by-product (CO, YCO); (d) the space–time yield of different catalytic products and the ratio of the
space–time yield of the target products (products without CO, STY(MeOH+DME+CH4+C2H6)) to the
space–time yield of the by-product (CO, STYCO). The red arrow indicates that the value of the red
line corresponds to the red coordinate axis on the right.

The catalytic properties of the catalysts are listed in Table 2. Through comparative
analysis, it was found that when the reaction pressure, reaction temperature and reaction
flow rate were the same, the increase in CZA catalyst loading significantly improved the
conversion of CO2 and then led to a substantial increase in CO yield. It is worth mentioning
that the reaction product selectivity of CZA-0.1 and CZA-0.2 is basically the same, which is
mainly due to the same internal structure of the catalysts, resulting in similar distribution
of Zn/Cu interfacial sites existing for formate hydrogenation and low-coordinated copper
sites existing for reverse water–gas shift (RWGS) reaction [38]. Formate hydrogenation is
regarded as the rate-determining step of methanol production [39] and RWGS reaction
leads to the formation of CO. Although the yields of CO and methanol obtained by the
CZA-0.2 catalyst are higher than those obtained by the CZA-0.1 catalyst, this is due to
the higher CO2 conversion rate of the CZA-0.2 catalyst. When the evaluation index of
the product was replaced by the space–time yield, it was found that the STYMeOH and
STYCO of CZA-0.2 catalyst (STYMeOH = 8.59 g·kgcat

−1·h−1; STYCO = 85.53 g·kgcat
−1·h−1)

were much lower than those of CZA-0.1 catalyst (STYMeOH = 19.68 g·kgcat
−1·h−1; STYCO =



Catalysts 2025, 15, 1068 8 of 18

141.52 g·kgcat
−1·h−1). Therefore, only increasing the use of catalyst cannot bring about an

improvement in the space–time yield of the target product.

Table 2. Catalytic properties of catalysts CZA-0.1, CZA-0.2, and CZA@HZ5-20.

Samples XCO2
(%)

Selectivity (%) Yield (%) Space–Time Yield
(g·kgcat−1·h−1)

MeOH DME CO MeOH DME CO MeOH DME CO

CZA-0.1 7.47 10.75 0.00 89.25 0.81 0.00 6.66 19.68 0.00 141.52
CZA-0.2 11.57 8.07 0.00 91.93 0.93 0.00 10.64 8.59 0.00 85.53

CZA@HZ5-20 7.24 4.37 19.76 75.87 0.33 1.44 5.48 3.81 23.60 54.77

When 0.1 g of CZA in the catalyst is replaced by 0.1 g of HZSM-5-20 zeolite, it can
be found that the CO2 conversion rate of CZA@HZ5-20 catalyst is basically the same as
that of CZA-0.1 catalyst. However, compared with the nearly 90% selectivity of CO in
the catalytic products of CZA-0.1 catalyst, CZA@HZ5-20 catalyst reduces the CO selec-
tivity to less than 76%. This is mainly due to the fact that the acidic sites of HZSM-5
zeolite can promote the conversion of MeOH to DME, and the consumption of MeOH also
promotes the transfer of CO2 hydrogenation products to MeOH to a certain extent [40].
Figure 4 shows the detailed catalytic parameters of the catalysts CZA-0.1, CZA-0.2 and
CZA@HZ5-20. According to Figure 4b, it can be seen that DME is the main catalytic prod-
uct of CZA@HZ5-20 catalyst without considering the by-product CO. Compared with
CZA-0.1 catalyst, the ratio of the sum of MeOH and DME yields (Y(MeOH+DME)) in the
catalytic products of CZA@HZ5-20 catalyst to the by-product CO yields (YCO) increases by
2 times (Figure 4c: CZA-0.1: YMeOH/YCO = 0.1; CZA@HZ5-20: Y(MeOH+DME)/YCO = 0.3).
The ratio of space–time yields of their reaction products increased from 0.1 to 0.5 (Figure 4d:
CZA-0.1: STYMeOH/STYCO = 0.1; CZA@HZ5-20: STY(MeOH+DME)/STYCO = 0.5). Therefore,
the strong acidic sites in HZSM-5 zeolite contribute to the production of MeOH and DME
as reaction products.

2.2.5. Physical Mixing Mode of the Active Component and the Carrier

In order to explore the influence of the combination of CZA catalyst and HZSM-5
zeolite on the performance of the catalyst, we controlled the total filling amount of the
catalyst at 0.2 g. The filling method is shown in Figure 5, and the catalytic test conditions
are exactly the same. The catalytic test results are presented in Table 3 and Figure 6. By
comparing the performance of the catalysts CZA@HZ5-20 and CZA@HZ5-20-PM, it can
be found that the performance indicators of the two catalysts are not much different,
indicating that granulation treatment of the catalysts does not affect the performance of the
catalysts. Meanwhile, when there is no molecular-level contact between CZA and HZSM-5
zeolites, the distance reduction caused solely by the small size of the catalyst particles
will not affect the performance of the catalyst. According to the TEM element scanning
images in Figure 3, it can be found that the grinding method realizes the contact between
the nanoparticles of CZA and HZSM-5 zeolite, which has a significant impact on their
catalytic products. The catalytic products of CZA@HZ5-20-GB were only CO and MeOH. By
comparing and observing the catalytic results of other researchers using HZSM-5 zeolite in
the CO2 hydrogenation reaction (Table S2), DME was basically produced in all of them. To
explore the causes of these phenomena, we further characterized the catalyst with H2-TPR,
NH3-TPD, and XPS, and conducted further analysis of the catalytic mechanism.
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Figure 5. Catalyst loading state diagram: (a) CZA@HZ5; (b) CZA@HZ5-PM; (c) CZA@HZ5-GB.

Table 3. Catalytic properties of catalysts CZA@HZ5-20-PM, CZA@HZ5-20-GB, and CZA@HZ5-20.

Samples XCO2
(%)

Selectivity (%) Yield (%) Space–Time Yield
(g·kgcat−1·h−1)

MeOH DME CO MeOH DME CO MeOH DME CO

CZA@HZ5-20-PM 7.39 3.41 19.17 77.42 0.25 1.42 5.72 2.42 19.55 48.01
CZA@HZ5-20-GB 7.46 18.21 0.00 81.79 1.36 0.00 6.11 14.18 0.00 55.66

CZA@HZ5-20 7.24 4.37 19.76 75.87 0.33 1.44 5.48 3.81 23.60 54.77

Figure 6. Performance of catalysts CZA@HZ5-20, CZA@HZ5-20-GB, CZA@HZ5-20-PM in CO2

hydrogenation (250 ◦C, 3 MPa, 10 mL/min): (a) CO2 conversion of catalysts and selectivity of
different products; (b) relative selectivity of products without CO; (c) the yield of the different
catalytic products; (d) the space–time yield of different catalytic products. The red arrow indicates
that the value of the red line corresponds to the red coordinate axis on the right.
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2.3. Study on Catalytic Mechanism of Catalysts

The reducibility of the catalyst, as an important parameter of the catalyst characteristics,
was first tested by the H2-TPR method. Figure 7 shows that the peaks of H2 consumption for
each catalyst are 263.4 ◦C (CZA@HZ5-20-GB), 267.9 ◦C (CZA@HZ5-20-PM), and 277.9 ◦C
(CZA) respectively. The H2 consumed by the catalyst is mainly used to reduce CuO to Cu+

and further to Cu0 [41]. When CuO combines with ZnO and Al2O3, the H2 reduction of the
catalyst will shift towards the direction of higher temperature [42]. The H2 consumption
peaks of the catalysts CZA@HZ5-20-GB and CZA@HZ5-20-PM are close, mainly because
the content and state of CZA are the same in both. The area of the H2 consumption peak
of the CZA catalyst is much larger than that of other catalysts because the test mass of
CZA is twice the CZA content in other catalysts. As a result, the peak value of the H2

consumption of the CZA catalyst shifts towards high temperatures, and the complete
reduction temperature also increases.

Figure 7. H2-TPR of catalysts.

XPS test analysis was conducted on the reduced catalysts, with the main purpose
of understanding the valence state of Cu element and the framework structure of zeolite.
Figure 8a shows the fine spectrum of Cu, the main active component in the catalyst. The
Cu2p1/2 peak at the binding energy of ~953.6 eV and the Cu2p3/2 peak at the binding
energy of ~933.5 eV exist in all catalysts [43]. Through the fitting analysis of the Cu2p3/2

peak of the catalyst, this peak can be further divided into two main peaks: ~935.5 eV
ascribed to Cu2+ species and ~933.5 eV ascribed to Cu+ and Cu0 species [44]. In addition,
the peak at the binding energy of ~943.5 eV is the satellite peak and is regarded as Cu2+ [43].
It can be observed that the area of the Cu2+ peak of CZA@HZ5-20-GB catalyst is the smallest,
indicating that the proportion of reduced Cu in the sample is the highest. Combined with
the previous H2-TPR and TEM tests we conducted on the catalysts, this point has also
been confirmed. To further understand the valence state of the reduced Cu species, we
tested the Auger spectra of Cu (Figure 8b). Through the fitting analysis of the Cu LMM
spectrum, each catalyst can be fitted into three peaks: the peak of kinetic energy at ~909 eV
is considered to represent the transition state Cuδ+, the peak of kinetic energy at ~913 eV
is considered to represent Cu+, and the peak of kinetic energy at ~917 eV is considered to
represent Cu0 [44]. By comparison, it was found that the proportion of Cu+ was the highest
and the proportion of Cu0 was the lowest in the CZA@HZ5-20-GB catalyst treated by
grinding. This might be due to the grinding causing some of the CZA catalyst to combine
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with the HZSM-5 zeolite framework, where Cu2+ cannot be reduced to Cu0 but can only be
reduced to Cu+.

Figure 8. XPS results: (a) Cu2p fine spectra of catalysts; (b) Cu LMM fine spectra of catalysts.

Zn2p fine spectra of catalysts are shown in Figure 9a. All catalysts contain peaks of
Zn2p1/2 at ~1046.1 eV and Zn2p3/2 at ~1023.1 eV [6]. The Al2p peak (Figure 9b) in the
CZA catalyst is composed of the Al2O3 characteristic peak at ~73.9 eV and the Al-O-Cu
characteristic peak at ~77.8 eV [45]. However, the Al2p peak in HZSM-5 zeolite exists only
at ~75.0 eV, which is attributed to the Si-O-Al-O- chain in the zeolite skeleton [41,46]. The
value of binding energy at 103.1 eV in Si2p spectra (Figure 9c) is ascribed to silica in zeolite
structures [47,48]. From the XPS characterization of the catalyst, it was further proved that
the zeolite framework structure of ZSM-5 was not damaged, but the state of the reduced
Cu was completely different.

Figure 9. XPS results: (a) Zn2p fine spectra of catalysts; (b) Al2p fine spectra of catalysts; (c) Si2p fine
spectra of catalysts.

The distribution of acidic sites of the catalyst was tested by NH3-TPD (Figure 10).
The number and distribution of acidic sites are listed in Table 4. It is well known that
there are usually two types of acidic sites in HZSM-5 zeolite, namely weak acid sites
and the strong acid sites [12]. Apparently, the distribution of weak acid sites and strong
acid sites in CZA@HZ5-20-PM catalyst was almost the same as that in HZ5-20 catalyst,
indicating that powder mixing treatment had no effect on the acidic sites of the catalyst. The
content of weakly acidic sites in the grinding-treated catalyst CZA@HZ5-20-GB changed
little, but the number of strongly acidic sites decreased significantly. Combining the
previous BET characterization results and TEM test results, the grinding method led to the
interpenetration of CZA particles and HZSM-5 particles, reducing the mesoporous pores
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in the catalyst. Studies show that reducible oxides such as ZnO and In2O3 are partially
reduced to monovalent substances like In+ or [ZnOH]+ in the reaction atmosphere. These
substances can easily migrate to the zeolite and irreversibly neutralize the Bronsted acid
site on the closely contacting bifunctional catalyst [49]. Similarly, in this study, the catalyst
CZA@HZ5-20-GB caused the strong acidic sites in the zeolite to be occupied by CuO due
to the close contact space provided by the grinding treatment. The significant reduction
and inactivation of strong acid sites directly resulted in the absence of DME in the product
of CZA@HZ5-20-GB catalyst.

Figure 10. NH3-TPD of catalysts.

Table 4. Acid site content and distribution of HZSM-5 zeolite.

Samples Peak α (%) DANH3-α
(mmol/g) Peak β (%) DANH3-β

(mmol/g)

CZA@HZ5-20-GB 68.00 0.68 32.00 0.32
CZA@HZ5-20-PM 58.18 0.64 41.82 0.46

HZ5-20 58.91 0.95 41.09 0.66
Note: Peak α represents the NH3 desorption peak of catalyst at lower temperature. Peak β represents the NH3
desorption peak of catalyst at higher temperature; DANH3-α (mmol/g) represents the NH3 desorption amount of
unit mass sample at lower temperatures (calibrated by mass spectrometry); DANH3-β (mmol/g) represents the
NH3 desorption amount of unit mass sample at higher temperatures (calibrated by mass spectrometry).

3. Materials and Methods
3.1. Sample Preparation

(1) CZA catalyst
Copper nitrate, zinc nitrate, aluminum nitrate, and sodium bicarbonate were pur-

chased from Sinopharm. The detailed preparation process was as follows: 1⃝ Configure
1 M metal salt solution A. Solution A was configured to 100 mL, where the molar ratio
of Cu2+/Zn2+/Al3+ was 6/3/2. 2⃝ Prepare 1M of precipitant solution B (250mL) with
sodium bicarbonate. 3⃝ The CuO-ZnO-Al2O3 catalyst was prepared by traditional reverse
coprecipitation [6], in which solution A was slowly added to solution B in a water bath
at 55 ◦C. 4⃝ The resulting precipitated solution was further aged at room temperature for
2 h and then washed with deionized water. 5⃝ The dried sample was further calcined in a
muffle furnace at 450 ◦C for 4 h. The resulting catalyst was named CZA.

(2) HZSM-5 zeolite
Tetraethyl orthosilicate (TEOS) and aluminum isopropyl alcohol purchased from

Sinopharm were used as silicon source and aluminum source respectively for the prepa-
ration of ZSM-5 zeolite. Tetrapropyl ammonium hydroxide (TPAOH, 25 wt.% in H2O)
purchased from Sinopharm was used as a template agent. At the same time, sodium chlo-
ride and ammonium nitrate purchased from Sinopharm were also used in the preparation of
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ZSM-5 zeolite. In this study, ZSM-5 zeolites with different Si/Al ratios (20/30/40) were pre-
pared by the hydrothermal method. The detailed feeding ratio was 30TEOS:7.3TPAOH:1.5
(1/0.75)Al:500H2O:2NaCl. The specific preparation process was as follows [50]:

1⃝ Aluminum isopropyl alcohol was first dissolved in water and stirred for about
20 min to form a uniform suspension. 2⃝ TPAOH was added into the solution, which
was stirred for 30 min until the solution was transparent. 3⃝ After NaCl was added to
the solution as a structural guide agent, the solution continued to be stirred until it was
clarified. 4⃝ When TEOS was added to the solution, the solution was milky white. The
solution was stirred at room temperature for 10 h. 5⃝ The solution was then heated to
85 ◦C and maintained for 20 min in order to remove alcohol from the solution. 6⃝ After
adding deionized water to the solution to its volume before alcohol removal, we transferred
the solution to a Teflon reactor. 7⃝ Next, the Teflon reactor was transferred to an oven at
170 ◦C for 72 h. 8⃝ After the hydrothermal reaction, the samples were washed in deionized
water, dried, and then calcined in a muffle furnace at 550 ◦C for 6 h. 9⃝ Ion exchange was
then performed to replace Na+ with NH4

+ by mixing every sample in 50 mL of 1.0 M
NH4Cl solution at 50 ◦C for 8 h. The procedure was repeated twice to ensure complete
ion exchange. 10⃝ The ion-exchanged samples were again collected by centrifugation and
washed in deionized water three times, dried at 120 ◦C overnight and calcined at 550 ◦C for
5 h to obtain the final H+-type ZSM-5 samples. The obtained samples were named HZ5-20,
HZ5-30, and HZ5-40.

(3) CZA@HZ5 catalysts
Three kinds of physically mixed CZA catalyst and HZSM-5 zeolite were studied

in this paper. 1⃝ The first one was to press CZA and HZSM-5 zeolite into 60–80-mesh
particles and mix the two particles of the same weight. The prepared catalyst was named
CZA@HZ5-20 (Figure 5a). 2⃝ The second one was to directly shake and evenly mix the
powder of CZA and HZSM-5 zeolite of the same mass. The prepared catalyst was named
CZA@HZ5-PM (Figure 5b). 3⃝ The CZA powder and ZSM-5 powder at a 1:1 mass ratio
were placed in a mortar and ground until the color was uniform. The obtained sample
was pressed into 60–80-mesh particles, and the third catalyst named CZA@HZ5-GB was
prepared (Figure 5c).

3.2. Characterization Methods

A powder X-ray diffractometer equipped with a Cu anticathode (D8 ADVANCE,
Bruker) and Fourier infrared spectrometer (Cary 660 FTIR, Agilent) was used to measure
the crystal structure and skeleton structure of catalysts. Physical adsorption apparatus
(BSD-PS1/2/4, Beishide) was used to obtain the relevant parameters of specific surface
area and pore size distribution of catalysts. The microstructure and element distribution
of the catalysts were obtained using a scanning electron microscope (GeminiSEM 300,
ZEISS, Göttingen, Germany) and transmission electron microscopy (F200S, FEI Talos).
Elemental distribution and valence states for each catalyst was analyzed by ex situ X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA) with Al
Kα (hν = 1486.6 eV) radiation. The catalysts were reduced by H2 prior to analyses. Catalyst
reduction took place in the reactor under catalytic conditions of 300 ◦C, 4 h, and a H2

flow rate of 40 mL/min. C1 s (284.8 eV) was used as a reference for the calibration of
binding energies.

A chemisorption instrument (BSD-Chem C200) equipped with a thermal conductivity
detector (TCD) was used to test hydrogen temperature-programmed reduction (H2-TPR)
curves of catalysts. The testing process was roughly as follows: (1) Each catalyst (~0.1 g)
was placed into a U-shaped quartz tube and purged by argon at 473 K for 2 h to baseline
stabilization, aiming at removing moisture and adsorbed water. (2) The temperature of
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the catalyst was then cooled to 323 K. (3) The catalyst was heated from 323 K 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. A chemisorption instrument (BSD-Chem C200)
equipped with mass was used to test NH3 temperature-programmed desorption (NH3-
TPD) curves of catalysts. The testing process was roughly as follows: (1) Each catalyst
(~0.1 g) was placed into a U-shaped quartz tube and heated from room temperature to
573 K with the heating rate of 10 K·min−1. At the same time, 5% H2 flow (balanced with Ar)
(30 mL·min−1) was passed into the U-tube to reduce the catalyst and remain at 573 K for
1 h. (2) The 5% H2 flow (balanced with Ar) was replaced by He gas until the baseline was
stable, while the temperature was naturally cooled to 393 K. (3) Then, 10% NH3 (balanced
with He) gas (30 mL·min−1) was passed through the catalyst for 1 h to make sure the
catalyst reacted completely with NH3. (4) He gas was again switched back to purge the
catalyst until the baseline was stable. (5) The temperature rose to 1073 K at a heating rate of
5 K·min−1 for desorption. The data was detected by online mass spectrometry.

3.3. Performance Testing

In order to avoid the reaction gas ratio deviation caused by the reaction pressure
building process, the feedstock gas was directly selected as a H2/CO2 (3:1) mixture. The
reaction temperature and pressure were controlled by a three-stage furnace and backpres-
sure regulator, respectively. Products were monitored online by a gas chromatograph (GC,
GC-2014C, Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector (TCD,
Kyoto, Japan) and a flame ionization detector (FID, Kyoto, Japan), and the outlet flowrate
was measured by a digital bubble flowmeter.

In a typical measurement, the catalyst was evenly mixed with quartz sand and placed
in the center of the reactor. The catalyst was reduced in situ in the reactor, and the reduc-
tion condition was maintained at 300 ◦C for 4 h, and the H2 flow rate was controlled at
40 mL/min. The reaction gas was switched to a mixture gas (H2:CO2 = 3:1), the pressure
was increased to 3 MPa, the reaction temperature and the flow rate of the mixture gas
were controlled to the target value, and the reaction results were collected and calculated
after the performance of the catalyst was stable. The formulas for calculating relevant
performance indicators were as follows:

The CO2 conversion (%) was calculated as

XCO2 =
Fin × PCO2,in − Fout × PCO2,out

Fin × PCO2,in
× 100% (1)

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

The selectivity of product (%) was calculated as

Si =
Pi,out × Ci

∑ Pi,out × Ci
(2)

where i is the product of CO, MeOH, DME, CH4 or C2H6. Pi,out (%) is the molar fraction of
product i in the outlet. Ci is the carbon number of product i.

The relative selectivity of product (%) was calculated as

RSi =
Si

∑ Si − SCO
(3)

where i is the product.
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The yield (%) of product i was calculated as

Yi = XCO2 × Si × 100% (4)

where i is the product.
The space–time yield (g·kgcat

−1·h−1) in unit mass of a catalyst of product i was
calculated as

STYi =
Fin × PCO2,in × XCO2 × Si × Mi × 60

mcat × 22.4
(5)

where i is the product. Mi (g/mol) is the mole weight of product i. mcat (g) is the mass of
the catalyst.

The carbon balance of each catalyst was confirmed before and after reactions (within
100 ± 1%).

4. Conclusions
This study analyzed the mechanisms by which various factors affect the catalytic

results from multiple perspectives, including the gas velocity of the feedstock, the reaction
temperature, the content of acidic sites in the carrier, the filling amount of active component,
and the mixing mode of the active component and the carrier. The conclusion is as follows:
(1) The increase in the catalytic reaction temperature will significantly enhance the CO2

conversion rate, but the reverse water–gas reaction is also greatly promoted. When the
temperature reaches 350 ◦C, CO further converts to CH4 and even reacts with the adsorbed
H* on the surface of the catalyst to produce C2H6. The temperature of the catalytic reaction
can affect the type of catalytic products. (2) The CO2 conversion rate is positively correlated
with the dosage of CZA. The addition of HZSM-5 zeolite carrier does not increase the
conversion rate of CO2, but it promotes the catalytic reaction in the direction of MeOH
and DME, significantly reducing the selectivity of CO in the product. (3) The uniform
grinding treatment of CZA powder and HZSM-5 powder can cause the inactivation of
strongly acidic sites in HZSM-5 zeolite due to element migration, but it cannot affect the
content and activity of weakly acidic sites. This has a direct impact on the distribution
of catalytic products, mainly including no DME generation and significantly improved
MeOH selectivity.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal15111068/s1: Figure S1: Schematic diagram of the reaction
device; Figure S2: Performance of catalyst CZA@HZ5-30 in CO2 hydrogenation with different gas
velocities (250°C, 3 MPa, 0.1 g CZA+0.1g HZ5-30): (a) CO2 conversion of catalysts and selectivity
of catalyst CZA@HZ5-30 with different gas velocities; (b) relative selectivity of products without
CO; (c) the yield of the different catalytic products and the ratio of the yield of the target products
(products without CO, Y(MeOH+DME+CH4+C2H6)) to the yield of the by-product (CO, YCO); (d) the
space–time yield of different catalytic products and the ratio of the space–time yield of the target
products (products without CO, STY(MeOH+DME+CH4+C2H6)) to the space–time yield of the by-product
(CO, STYCO); Figure S3: Performance of catalyst CZA@HZ5-20 in CO2 hydrogenation with different
temperatures (3 MPa, 40 mL/min, 0.2 g CZA+0.2g HZ5-20): (a) CO2 conversion of catalysts and
selectivity of catalyst CZA@HZ5-20 with different temperatures; (b) relative selectivity of products
without CO; (c) the yield of the different catalytic products and the ratio of the yield of the target
products (products without CO, Y(MeOH+DME+CH4+C2H6)) to the yield of the by-product (CO, YCO);
(d) the space–time yield of different catalytic products and the ratio of the space–time yield of
the target products (products without CO, STY(MeOH+DME+CH4+C2H6)) to the space–time yield of
the by-product (CO, STYCO); Figure S4: Performance of catalysts CZA@HZ5-20, CZA@HZ5-30,
CZA@HZ5-40 in CO2 hydrogenation (250°C, 3 MPa, 10 mL/min): (a) CO2 conversion of catalysts
and selectivity of different products; (b) relative selectivity of products without CO; (c) the yield of
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the different catalytic products; (d) the space–time yield of different catalytic products; Figure S5:
NH3-TPD of HZ5-20, HZ5-30 and HZ5-40 zeolite; Table S1: Acid sites content and distribution
of HZSM-5 zeolite; Table S2: Comparison of catalytic performances with other reported HZSM-5
catalysts for CO2 hydrogenation reaction [15,17,18,51,52].
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