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The influence of Mg/Al molar ratio
on the performance of CuMgAl-x
catalysts for CO, hydrogenation
to methanol

Haoran Liu, Wenbin Huang, Zhen Xu, Yijing Jia, Meng Huang,
Xiaoyue Liu, Han Yang, Rongrong Li, Qiang Wei and
Yasong Zhou*

State Key Laboratory of Heavy Oil Processing, China University of Petroleum, Beijing, China

The CuMgAl-x catalysts derived from hydrotalcite precursors with different Mg/Al
molar ratios were synthesized and applied to CO, hydrogenation to methanol
reaction. In this study, the effects of Mg/Al molar ratio on the structure and
surface properties of CuMgAl-x catalysts were investigated by XRD, N,
adsorption-desorption, SEM, TEM, H,-TPR, CO,-TPD, XPS, and in situ DRIFTS
characterization methods. The results showed that an appropriate Mg/Al molar
ratio can enhance the Cu-MgO interaction, increasing the basic sites and
obtaining suitable acid sites. The dispersion of active Cu on the CuMgAl-x
catalysts can be improved by strong Cu-MgO interaction, which enhances the
adsorption capacity of CO, and makes H, activation easier, accelerates the
conversion of intermediate species COz* and HCOz*to HCOO*, and facilitates
further conversion to CHsO* and CHzOH. The strong interaction between Cu and
MgO was conducive to the formation of Cu*, which can inhibit the desorption of
CO in the reverse water gas shift reaction. The CuMgAl-3 catalyst showed the
highest CO, Conversion rate (14.3%), methanol selectivity (94.5%), and STY of
methanol (419.3 g-kgea ™) at 240°C and 2.5 MPa. The results obtained in this
paper can provide a new idea for the design of high-performance catalysts for
CO, hydrogenation to methanol.

KEYWORDS

CuMgAl-x catalysts, Mg/Al molar ratio, CO, hydrogenation, methanol, Cu-MgO
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1 Introduction

In recent decades, excessive carbon dioxide emission has become a serious problem
leading to global climate change, causing great harm to human survival (Du et al., 2016;
Kumar and Kim, 2016; Dong et al., 2017). Converting CO, into methanol by using green H,
is one of the ways to achieve CO, emission reduction and effective utilization, which has
attracted great attention from scholars in recent years (Lei et al., 2016; Xiao et al,, 2017;
Zhang et al., 2017; Chen et al., 2022). Methanol is an important raw material for many
value-added chemicals and can be used as a fuel additive or clean fuel, methanol can also be
converted into high-octane gasoline, aromatics, ethylene, propylene, and other petroleum
chemicals (Ren et al., 2015; Fang et al., 2019a). Cu-based catalysts have been widely used in
the study of CO, hydrogenation to methanol. Scholars generally believe that relatively low-
cost copper-based catalysts are promising candidates for carbon dioxide hydrogenation to
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Possible reaction mechanism of CuMgAl-3 catalyst for CO, hydrogenation to methanol

GRAPHICAL ABSTRACT

methanol (Song et al., 2023a; Han et al., 2023; Zhang et al., 2023).
However, Cu-based catalysts still face the problem of low activity
and low stability (Xu et al., 2022; Chen et al., 2023). Therefore, it is of
great significance to develop Cu-based catalysts with high activity
and excellent stability for CO, hydrogenation to methanol.
Recently, layered double hydroxides (LDHs) have attracted
more and more attention due to their excellent physical and
chemical properties (Karim et al., 2022; Zhang et al., 2024a). The
classical formula of LDHs is [M3* _M3* (OH),]**e[A?"emH,0]*",
in which M**and M*are divalent and trivalent metal cations
2018). Composite oxides derived from LDHs
have the advantages of uniform dispersion of M*"and M’"at the

(Teixeira et al.,

atomic level, synergistic effect between elements, large specific
surface area, strong basicity, and high anti-sintering stability,
which are widely used in the CO, hydrogenation conversion
process (Fang et al., 2019b; Wierzbicki et al., 2020; Zheng et al.,
2021). Gao et al. (2013, 2015, 2016) synthesized a series of CuO-
ZnO-Al,05-ZrO, catalysts through hydrotalcite-like precursor,
improving the catalytic performance of CO, conversion and
methanol selectivity, and confirmed the advantages of Cu-ZnO-
AlL,O;3-ZrO, catalyst derived from LDH precursor in CO,
hydrogenation. Cored ] et al. (2022) prepared Cu/MgO/AlL,O5
mixed oxide catalyst with CuMgAl hydrotalcite as the precursor
and applied it to the hydrogenation of CO, to methanol. The catalyst
contains small Cu nanoparticles with a narrow distribution (2 nm).
The remarkable activity of this copper-based catalyst is attributed to
the lattice reorganization associated with the water-promoted “HT
memory effect,” which is beneficial to the stability of Cu* ions under
reaction conditions.

Strong metal-support interaction (SMSI) is very important for
supported catalysts. SMSI plays a crucial role in determining metal
particle size, metal dispersion, electron transfer, and oxygen vacancy
formation, resulting in large differences in catalyst activity,
selectivity, and stability. In recent years, to investigate the SMSI,
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many scholars have carried out a series of studies on the

identification of catalytic active sites or interfaces, the
establishment of structure-performance relationships, and the
exploration of reaction mechanisms (Yao et al, 2019
Dharmalingam et al., 2023; Liang et al.,, 2023). Xu et al. (2023)
adjusted the interfacial structure of the Cu/ZrO, catalyst by
changing the molar ratio and precipitation sequence of Cu and
Zr precursors in the oxalate precipitation method and found that the
interfacial structure gradually changed from the traditional ZrO,-Cu
interface to the Cu-ZrO, inverse interface with higher catalytic
performance as the Cu/Zr ratio increased. Liu et al. (2021)
reported a simple strategy to fabricate ZnFe,O, spinel-supported
Cu catalysts with tunable Cu nanoparticle sizes for CO,
hydrogenation to methanol. The Cu-ZnO interface acted as the
active site to accelerate methanol generation and the activity of each
Cu-ZnO site. Chen et al. (2019) found that the Cu-LaOx interface
constructed by highly dispersed Cu nanoparticles loaded on a La-
modified SBA-15 carrier exhibited a high selectivity of up to 81.2%
for methanol and improved stability. Cao et al. (2021) identified the
MgO/Cu interface as a highly active site through density functional
theory (DFT) calculations and microdynamic modeling and
proposed a new lattices-oxygen reaction mechanism for methanol
formation at the interface.

What’s more, the valence state of Cu in the active interface is
highly sensitive to methanol synthesis (Liu et al., 2020). Although Cu
usually exists as a mixed valence state of Cu’ and Cu' in
hydrogenation reactions, recent studies have also proved that Cu*
present at the active interface is a favorable factor for methanol
synthesis (Chen et al., 2023; Zhang et al., 2023). In addition, The
highly dispersed copper nanoparticles are conducive to the
formation of more active interfaces, so the size and dispersion of
copper nanoparticles (NPs) also have a great influence on the
catalytic performance (Xu et al, 2022; Han et al, 2023).

Therefore, it is of great significance to develop catalysts with

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1361930

Liu et al.

highly dispersed Cu NPs and a more efficient active interface to
promote CO, hydrogenation to methanol.

In this study, a series of CuMgAl-x catalysts derived from
hydrotalcite precursors with different Mg/Al molar ratios were
prepared by the coprecipitation method and supported with the
same amount of Cu. The structure and surface properties of the
CuMgAl-x catalysts are determined by XRD, N, adsorption-
desorption, TEM, SEM, XPS, H,-TPR, CO,-TPD, and in situ
DRIFTS characterization methods. The effect of Cu-MgO
interaction on CO, adsorption, activation, and further
conversion during CO, hydrogenation to methanol was studied

in detail.

2 Materials and methods
2.1 Catalyst preparation

The CuMgAl-x catalysts with different Mg/Al molar ratios were
prepared by an improved coprecipitation method as to the literature
reported (Xiao et al., 2017). A certain amount of Cu(NOj3),-3H,0,
Mg(NOs3),-6H,O, and Al(NO;);-9H,O (Mg/Al molar ratio =
1,2,3,4,5) was dissolved in 100 mL deionized water as metal salt
solution A. Solution B consists of 100 mL sodium carbonate solution
(0.15 M). To obtain the LDH precursor, solution A was dropped into
solution B under intense agitation at 65°C. The pH during
precipitation was monitored by a pH electrode and adjusted with
an alkali solution of NaOH (1.0 M), a constant value of 10.0 + 0.5.
The resulting suspension was aged at 65°C for 5h. Then the
precipitate was filtered and washed with deionized water to
pH 7 and dried at 100°C for 12 h. The obtained solids were the
hydrotalcite-structured ~ CuMgAl
precursors were ground to fine powder and calcined in static air
at 500°C for 5h (ramp rate of 2°C/min) in a muffle furnace. The
resulting material was extruded into a circular sheet, then crushed

catalysts  precursors. The

and sieved into particles with 20-40 mesh size. The synthesized
catalysts are noted as CuMgAl-x, where x (x = 1,2,3,4,5) was the Mg/
Al atomic ratio of the catalyst. The content of Cu in all CuMgAl-x
catalysts was 10 wt%.

2.2 Catalyst characterization

Using Rigaku SmartLab SE photoelectron spectrometer with Cu
Ka radiation (40 kV, 40 mA) to obtain the diffraction characteristics
of the prepared material. XRD patterns were recorded for 2 h values
from 5° to 90° with a scanning rate of 10°C/min.

The pore structure characteristics of the synthesized materials were
obtained by N, adsorption-desorption method: the synthesized samples
were treated at 300°C vacua for 4 h by Beishide 3H-2000PS2 physical
adsorption instrument, and then cooled to —196°C for N, adsorption and
desorption experiments, and the changes of N, adsorption and desorption
with pressure were recorded. The BET equation was used to calculate the
specific surface area of the samples, and the BJH equation was used to
calculate the pore size distribution and pore volume of the samples.

TEM detection was
G2 F30 transmission electron microscope equipped with X-ray

carried out on the FEI Tecnai

energy spectroscopy (EDX) with a resolution of 0.14nm and a
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voltage of 210 kV. Before detection, the catalyst was reduced by H,,
and the sample was dissolved in anhydrous ethanol and ultrasounded
for 20 min. Then the sample was dropped onto a nickel net coated with
a carbon film, which was thoroughly dried for testing.

The surface morphology and structural characteristics of the
catalyst were ob-served by Hitachi SU8010 scanning electron
microscope (SEM) with an operating volt-age of 5kV.

H2 temperature-programmed reduction (H,-TPR) was carried
out on AutoCheml Il 2,920 equipped with a thermal conductivity
detector (TCD) to analyze the reduction characteristics of the
synthesized samples. Typically, the samples (about 150 mg) need
to be pretreated under flowing argon for 2 h at 300°C to remove
physically adsorbed water. As the temperature cooled down to 50°C,
the samples were heated from 50°C to 600°C at a rate of 5°C/min in
10% H, flow (balanced with Ar).

The surface basic sites or acid sites of the samples was analyzed by the
CO, and NHj3 temperature-programmed desorption (TPD) experiment
on ChemStar TPx chemisorption analyzer. 0.1 g sample was first reduced
for 2h at 300°C in a 10 vol% H,/N, flow. After cooling to 50°C, the
sample was saturated with CO, or NH; (30 mL/min) for adsorption for
0.5 h and then flushed with He (40 mL/min) for 0.5 h. Thereafter, the
experiment was tested with a heating rate of 5°C/min under He flows.

X-ray photoelectron spectroscopy (XPS) was measured by
Kratos XSAMS800 spec-trometer, and the elements contained in
the samples were tested by Al Ka rays (12kV, 15mA, hv =
1,486.6 eV). The experimental binding energies were calibrated
according to Cls (284.6 eV).

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was used to determine the element content in the catalyst.

The copper dispersion (Dc,), the specific surface area of exposed
Cu in the sample (S¢,), and the average Cu particle size (dc,) were
determined by the N,O-TPR method. Typically, 100 mg samples
were pretreated in N, flow at 300°C for 1 h, then cooled down to
50°C. Thereafter, the samples were heated to 300°C at a heating rate
of 5°C/min. The samples then were reduced with 10 vol% H,/N,
(30 mL/min) at 300°C for 1 h, the cor-responding consumption of
H, is defined as X. Then, the reduced samples were exposed to 2 vol
% N,O/He (30 mL/min) at 60°C for 1 h, ensuring the surface metal
Cu was completely oxidized to Cu,O. After that, the samples were
purged again with N, for 30 min and cooled to room temperature.
Finally, the sample was heated to 300°C in a 10 vol% H,/N, (30 mL/
min) at the same temperature ramping, where the amount of H,
consumption was defined as Y. The D¢y, Sc, and dc, were
calculated by the following Eqs 1-3:

D¢, = g x 100% (1)
X

B 2Y x N

S 14x10° x WxX

1.1
dCu =
DCu

Scu (2)

©)

where N represents the Avogadro constant (6.02 x 10** atom mol ™),
and W represents the atomic mass of copper (63.546 g/mol).

transform
spectroscopy (in situ DRIFTS) was recorded on the Nicolet
6,700 spectrometer with an MCT detector. For CO adsorption

In situ diffusion reflectance infrared Fourier

analysis, the sample was reduced in situ at 300°C H, (20 mL/min)
for 1h, scanned in Ar for 30 min, and then cooled to room
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FIGURE 1

N, physical adsorption-desorption of CuMgAl-x catalysts: (A) N, adsorption isotherm; (B) Pore size distribution curves.

TABLE 1 Textural Properties of CuMgAl-x catalysts.

Catalysts Cu loadings?® (wt.%) Mg/Al molar ratio® Surface area® (m?g™!) Pore volume® (cm3g-?) Pore size® (nm)
CuMgAl-1 10.2 1.1 130.4 0.345 10.4
CuMgA-2 10.4 2.2 151.4 0.352 9.7
CuMgA-3 10.1 3.0 192.3 0.384 7.8
CuMgA-4 10.5 4.1 167.5 0.367 9.1
CuMgA-5 10.7 53 123.2 0.323 11.6

“Measured by ICP-OES.

"The surface area, pore volume and pore size of the catalysts were deter-mined by the N, adsorption-desorption experiment.

temperature for CO adsorption for 30 min. Then Ar scanning was
performed again to remove the adsorbed CO substance for 30 min,
and the spectrum was collected. The experimental procedure of For
in-situ FTIR spectroscopy of CO, hydrogenation, the catalyst was
reduced in situ in H, (20 mL/min) at 300°C for 1 h, then purged with
He for 30 min to remove the physically adsorbed H,, and then cooled
to 40°C to collect the background spectrum. Finally, He was replaced
with a mixture of raw materials (CO,:H,:N, = 24:72:4), and the
process of the intermediate product changing with time was recorded,
and the infrared spectrum with a resolution of 4 cm™ was obtained.

2.3 Catalytic activity tests

Methanol synthesis via CO, hydrogenation was carried out in
a high-pressure continuous flow fixed-bed reactor. Before the
reaction of CO, hydrogenation to methanol, 0.5 g catalyst mixed
with 2.0 g quartz sand (both 20-40 mesh) was loaded into a
stainless steel reactor tube with an inner diameter of 10 mm.
Firstly, the catalyst was reduced by H, (50 mL/min) at 300°C for
4 h. Then, the reactor was cooled to 200°C, and the feed gas (24%
CO,, 72% H,, and 4% N,) with the gas hourly space velocity
(GHSV) of 9,000 mL-g.,, "-h™" was introduced in the reactor that
was pressurized to 2.5 MPa. All pipelines and valves were heated
to 140°C by a heating belt to prevent condensation of gas
products. The products were quantitatively analyzed online by
a Shimadzu GC-2014 gas chromatograph equipped with a
thermal conductivity detector (TCD) and a flame ionization
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detector (FID). The CO, conversion rate (Xco,), selectivity of
CH;O0H(Schso0n) and space-time yields of CH;OH(STY casons
g'kge "h™') were defined as the following Eqs 4-6:

_ [Coz]m - [COZ]out

Xco2 = 100% 4
co2 [CO02],, X o (4)
[CH3 OH ]out
S =———— x 100% 5
SO = 10021, ~ (02~ 00" ®
STY cison = Fcozin X Xcoz >;4;SCH30H X Mcuszon )
cat

Where, [CO,J;, and [CO,] oy represent the input and output of
carbon dioxide (mol), [CH;OH],, represents the output of methanol
(mol), Fcopin represents the molar input flow of carbon dioxide
(mol'h™), and W, represents the mass of catalyst (g). Mcuson
represents the molar mass of methanol (g-mol™).

3 Results and discussion headings
3.1 Physicochemical properties of catalysts

The N, adsorption-desorption isotherm and pore size
distribution of CuMgAl-x catalysts are shown in Figure 1.
Figure 1A showed that all samples had typical type IV
adsorption with  different hysteresis
indicating that CuMgAl-x catalysts had a typical mesoporous
structure (Zeng et al., 2013). CuMgAl-1 and CuMgAl-2 catalysts

isotherms curves,
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SEM images of the CuMgAl-x catalysts: (A) CuMgAl-1, (B) CuMgA-2,(C) CuMgA-3, (D) CuMgA-4, (E) CuMgAl-5.
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XRD patterns of CuMgAl-x catalysts: (A) before calcination, (B) after calcination.

exhibited typical H3-type hysteretic loops, which were related to
the porosity and slit caused by the aggregation of lamellar
particles. In addition, H2-type hysteretic loops can be observed
on CuMgAl-4 and CuMgAl-5 samples, which were often
associated with complex and interconnected pore structures
(Leén et al., 2010). However, the isotherms of CuMgAl-3
samples showed an intermediate shape between CuMgAl-2 and
CuMgAl-4. The pore structure of the sample changed obviously
with the increase of the Mg/Al molar ratio. The chemical
composition and structural characteristics of the samples are
listed in Table 1. CuMgAl-3 had the highest Sgpr of
192.3 m*’g™" among all samples, and the Sppy value decreased
significantly with the further increase of the Mg/Al ratio. On the
whole, the change of pore diameter was opposite to Spgr
(Figure 1B). The variation of total specific surface area, pore

Frontiers in Chemistry 05

volume, and average pore size with Mg/Al molar ratio may be
related to the difference in pore structure.

The morphology of calcined CuMgAl-x catalysts was
characterized by scanning electron microscope (SEM), and the
results are shown in Figure 2. Figure 2A shows the SEM images of
the CuMgAl-1 catalyst, the surface of the sample was inlaid with
many irregularly shaped nanosheets. In contrast, the existence
forms of nanosheets on CuMgAl-2 and CuMgAl-3 samples were
quite different, which was reflected in the cross of nanosheets and
the formation of flower-like spheres, which was related to the
formation of pores (Shao et al., 2020). It can be found that the
flower-like sphere structure formed by nanosheets on CuMgAl-3
samples was more regular, which was conducive to the exposure of
pores. When the Mg/Al ratio increased to 4 and 5, the flower-
shaped spheres gradually disappeared and formed a more complex
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FIGURE 4
(Continued).

pore structure. These results were consistent with BET results,
indicating that the morphology of samples varied with the Mg/
Al ratio.

The CuMgAl-x catalysts were characterized by X-ray diffraction
(XRD) to detect the crystallinity of the phases, and the results are
shown in Figure 3. Figure 3A shows the XRD patterns of the
CuMgAl-x precursors. The X-ray characteristic diffraction peaks
at 20 = 11.4°, 22.6°, 34.8°, 38.8°, 453", 60.4° and 61.7° were
respectively attributed to the (003), (006), (012), (015), (018),
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(110) and (113) crystal planes of Mg-Al hydrotalcite structure
(JCPDS35-0965), indicating that the hydrotalcite structure was
formed successfully in the CuMgAl-x catalysts precursors (Shao
et al., 2019). The peak strength of the hydrotalcite crystal plane of
CuMgAl-x catalysts precursors gradually increased with the
decrease of the Mg/Al molar ratio and reached the maximum
value when Mg/Al = 3, which means that CuMgAl-3 had the
best crystallinity. Since the charge density of AP’* was higher
than that of Mg, the increase of AI’* contents increased the
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(Continued). TEM images of the reduced CuMgAl-x catalysts, (A) CuMgAl-1, (B) CuMgA-2, (C) CuMgA-3, (D) CuMgA-4, (E) CuMgAl-5, (A'=E’)
corresponding Cu particle size distribution, (F-G) HR-TEM images of CuMgA-3.

charge density on the layer, resulting in the regular layered structure
and strong interlayer interaction of CuMgAl-3 (Shi et al., 2021). The
crystallinity of the sample gradually decreases with the further
decrease the Mg/Al ratio, which may be caused by the decrease
of stability of hydrotalcite caused by excessive Al. The diffraction
peak of aluminum hydroxide was only observed in the CuMgAl-1
sample, which may be due to the large amount of AI’* can not enter
the CuMgAl hydrotalcite structure and precipitated in the form
of AI(OH);.

Frontiers in Chemistry

Figure 3B shows the XRD patterns of the calcined CuMgAl-x
catalysts at 500°C. After the calcination of precursors, the
hydrotalcite disappeared in the XRD patterns,
indicating that the hydrotalcite structure was destroyed by
high-temperature calcination. The X-ray characteristic diffraction
peaks at 20 = 36.5°, 43.1°, 62.7°, and 78.9" correspond to the (111),
(200), (220) and (222) crystal planes of MgO (Huang et al.,, 2015),
respectively, and the characteristic peak intensity of MgO increased
with the increase of Mg/Al molar ratio. The X-ray diffraction pattern

structure
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TABLE 2 Average Cu size, Cu dispersions and Cu specific surface area of CuMgAl-x catalysts.

Catalysts dc?/(nm) Dc P/(%) ScuP/(m?g-Y)
CuMgA-1 10.13 228 27
CuMgA-2 7.95 262 305
CuMgA-3 557 315 333
CuMgA-4 8.25 246 282
CuMgA-5 12.02 19.1 18.6

“The size of Cu particles (dc,) on the reduced Cu-based catalyst was calculated by TEM.

*The dispersion (D¢,) and surface area (Sc,) of Cu particles on the catalyst surface were determined by the N,O chemisorption method.

B
o
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—~ CuMgAl-4
=
<
z
% CuMgAl-3
£
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T T T T T T T
150 200 250 300 350
Temperature(°C)
FIGURE 5

H,-TPR curves of the calcined CuMgAl-x catalysts The basic
property of the reduced CuMgAl-x catalysts was characterized by
CO,-TPD, and the results are shown in Figure 6 and Table 3.
Desorption curves of all catalysts can be deconvoluted into three
Gaussian peaks. The desorption peaks at about 201°C belong to weak
basic sites (a peak), the desorption peaks at 298°C belong to moderate
strong basic sites ( peak), and the desorption peaks above 441°C
belong to strong basic sites (y peak) (Liu et al.,, 2013). The weak basic
sites are related to the hydroxyl group on the catalyst surface, the
moderate basic sites are attributed to the Mg-O pairs, and the strong
basic sites are related to the low coordination unsaturated O% ions
(Ledn et al,, 2010). It can be observed that the desorption peak shifted
to higher temperatures as the Mg/Al ratio increased from 1 to 3. In
addition, the total number of basic sites and proportion of moderate-
strong basic sites in catalysts also increased, which was conducive to
CO, adsorption and further hydrogenation to methanol (Table 2). But,
when the ratio of Mg/Al increased from 3 to 5, the number and
intensity of basic sites decreased. This may be due to the higher Mg/Al
ratio resulting in partial collapse of the hydrotalcite during the
synthesis process and reduced the crystallinity (Huang et al., 2015),
which was consistent with XRD analysis.

of the CuMgAl-1 calcined showed

corresponding to AlL,O;, which was

sample some peaks
consistent with the
diffraction pattern for the analysis of hydrotalcite precursors. It
seemed that after the calcination process, some of the AI*" in the
laminates became part of the lattice while others remained
separated, resulting in the production of aluminum oxide.
However, as the Mg/Al molar ratio increases, no characteristic

peaks associated with CuO, CuAl,O, spinel, and ALO; are

Frontiers in Chemistry

A@Mgm-s
/\ CuMgAl-4
3 —
g 298
441
) 201 CuMgAl-3
5 X
g
CuMgAl-2
168244 374
== CuMgAl-1
1 " 1 " 1 " 1 " 1 "
100 200 300 400 500 600
Temperature(°C)
FIGURE 6

CO,-TPD curves of the reduced CuMgAl-x catalysts.

detected, possibly because Cu®* combined with AP** into the
MgO structure to form Mg(Cu, Al)O solid solutions, indicating
that CuO has good dispersion on Mg(Al)O carriers (Li et al., 2016).

The morphology and Cu particle size distribution of CuMgAl-x
catalysts after reduction were observed by transmission electron
microscopy (TEM), as shown in Figure 4. The average Cu particle
sizes for each sample are shown in Table 2. It was evident that
CuMgAl-3 exhibited a minimum mean particle size of 5.57 nm and a
good distribution of Cu particles due to the hydrotalcite structure
with high crystallinity, which was conducive to the reduction of Cu
particles. In summary, the average particle size of all samples was
sorted as follows: CuMgAl-5 (12.02 nm)>CuMgAl-1 (10.13 nm)
>CuMgAl-4 (8.25 nm)>CuMgAl-2 (7.95 nm)>CuMgAl-3
(5.57 nm). It was worth noting that neither too high nor too low
Mg/Al ratio can obtain satisfactory particle distribution and small
particle size of Cu, which indicates that the Mg/Al ratio has a
significant effect on the size and distribution of Cu metal particles.
The dispersion of active components can be further analyzed by
EDX characterization. As shown in Supplementary Figure S1, Cu,
Mg, Al and O elements were uniformly dispersed in the CuMgAl-3
catalyst. Figures 4F, G showed the HRTEM images of CuMgAl-3, in
which it can be observed that the lattice fringe of Cu(111) and
MgO(220) were in the same region and presented a state of mutual
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combination, which proved that there is a strong interaction
between Cu and MgO (Chen et al., 2024).

The reduction performance of CuMgAl-x catalysts was analyzed
through the characterization of hydrogen temperature programmed
reduction (H,-TPR). As shown in Figure 5, all samples exhibited two
reduction peaks, where the o peak at around 181°C was attributed to
the reduction of highly dispersed CuO particles, while the § peak at
higher temperatures (>210°C) was attributed to the reduction of
bulk CuO interacting with MgO or AlL,O; (Chen et al, 2024).
Obviously, CuO species on the surface of CuMgAl-3 catalyst had
better dispersion than other catalysts. When the Mg/Al molar ratio

TABLE 3 The distribution of basic sites over CuMgAl-x catalysts.

10.3389/fchem.2024.1361930

increased from 1 to 3, the reduction temperature of the  peak
decreased from 235°C to 224°C, which may be due to the strong
interaction between CuO and MgO, which weaken the strength of
the Cu-O bond. However, as the Mg/Al molar ratio increased from
3 to 5, the reduction temperature of CuO increased again, which was
related to the accumulation of CuO.

It is well known that the performace of CO, hydrogenation to
methanol is also closely related to the acidity of the catalyst surface
(Zhou et al., 2021), which can be detected by NH; temperature-
programmed desorption (NH;-TPD). The NH;-TPD profiles of
CuMgAl-x catalysts are illustrated in Figure 7. Using the
Gaussian curve fitting method, the peaks are also deconvoluted
to obtain the semiquantitative analysis. The calculated results are
listed in Table 4. The desorption peaks at about 155°C belong to
weak acid sites (I peak), the desorption peaks at 301°C belong to
medium acid sites (Il peak), and the desorption peaks above 446°C
belong to strong acid sites (Il peak), which should be attributed to
the Lewis acidity of MgO-Al,O; mixed oxide (Xia et al., 2016). It is
evident that when the Mg/Al molar ratio rises, the amount of total
acidic sites of CuMgAl-x catalysts falls noticeably, and the CuMgAl-
1 catalyst with the lowest Mg concentration showed the highest
amount of total acidic sites. The explanation for this is that the
presence of MgO can lessen the acidity of catalysts. Moreover,
Table 4 shows that the proportion of acid sites at the two high
temperature peaks (II + IIT) of CuMgAl-3 is 82.4%, which is higher
than other catalysts.

XPS analysis of all catalysts was carried out to investigate the
important influence of catalyst surface Cu state on the catalytic
behavior. Figure 8A shows the XPS spectra of all CuMgAl-x
catalysts after reduction. In the Cu 2p spectrum, the characteristic
peaks at 932.8 and 952.5eV corresponded to the reduced Cu’/Cu*, and
the characteristic peaks at 934.8 and 954.7 corresponded to the Cu**

Catalysts Temperature (°C) Total basic sites (umol/g) Peak area fraction (%)
Site o Site B Site y Site a Site B+y
CuMgA-1 168 244 374 223 234 76.6
CuMgA-2 187 269 397 248 16.2 83.8
CuMgA-3 201 298 441 261 14.1 85.9
CuMgA-4 191 275 388 233 18.3 817
CuMgA-5 176 244 369 215 273 72.7

TABLE 4 The distribution of acidic sites over CuMgAl-x catalysts.

Catalysts Temperature (°C) Total acidic sites (umol/g) Peak area fraction (%)
I [+
CuMgA-1 155 301 446 192 273 72.7
CuMgA-2 156 298 448 176 225 775
CuMgA-3 158 301 447 163 17.6 82.4
CuMgA-4 157 300 444 152 20.8 792
CuMgA-5 159 303 446 133 26.2 73.8
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(A) XPS spectra in the region of Cu 2p, (B) Infrared spectra of CO adsorption on the reduced CuMgAl-x catalysts, (C) The relationship between the
ratio of Cu*/(Cu*+Cu®) and the molar ratio of Mg/Al, (D—F) XPS spectra in the region of Mg 2p, Al 2p and O 1s.

species (Song et al., 2023b). The binding energy of Cu 2ps,, of CuMgAl-
x catalyst (932.8-933.1eV) was higher than the standard value
(932.6 V), which indicated the existence of electron transfer from
Cu to MgO, forming a metal-support strong interaction (MSI) (Wang
etal., 2023b). In order to further study the chemical state on the surface
of the reduction catalyst, the distribution of Cu species was further
studied by in-situ infrared spectroscopy using CO as the probe
molecule of the irreversible adsorption reaction, and the results were
shown in Figure 8B. After CO adsorption and He purification, the
physically adsorbed CO disappeared, while the chemisorbed CO bands
remained near 2,148 cm ™' and 2096 cm ™!, which were attributed to the
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linear stretching of Cu*-CO and Cu’-CO species (Nielsen et al., 2021),
respectively. This indicated that copper oxide was reduced to Cu*/Cu’
pairs rather than fully reduced to Cu® species under the reduction
conditions in this study. Supplementary Figure S2 displays the Cu
LMM Auger transition spectra of the reduced CuMgAl-x catalysts. The
characteristic peaks near 912.7 eV and 918.5 eV are responsible for the
signals of Cu* and Cu’, respectively. The percentage of Cu* and Cu’
content can be estimated by integrating the two characteristic peaks (Lu
etal, 2019; Zhao et al., 2021). As shown in Figure 8C, a volcanic trend
was presented between the ratio of Cu*/(Cu*+Cu’) and the molar ratio

of Mg/Al. Among all the samples, CuMgAl-3 reached the highest value

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1361930

Liu et al.

10.3389/fchem.2024.1361930

18

e
\
L]

16

o - v
S144 ‘/ / .
=1 o
A§12_ "_A ///v/./’
= ~
210_ . e ././‘/
g N / / /
o' /- * —=— CuMgAl-1
“ 6 _/‘/ —o— CuMgAl-2
_— —A— CuMgAl-3
49 ¢ —v— CuMgAl-4
2 —— CuMgAl-5
0 . : : : :
200 220 240 260 280
Temperature(°C)
C 500
450
"= 400
o 3501
~
3300
B
&0 250
jas)
2,200 A
3
2 150
=]
2 100
5]
50
0_
1 2 3 4 5

Mg/Al molar ratio

FIGURE 9

100
B —
0] o .
80 5\!\' A
S 70 \Os.\
S . o a
5 60 ~—
T 40 —=— CuMgAl-1 \!
e, —e— CuMgAl-2 .
T 30 —A— CuMgAL3
20 —v— CuMgAl-4
—o— CuMgAl-5
10
O T T T T T
200 220 240 260 280
Temperature(°C)
D
44 20 wifme!
~ 202 et
T, 481 ns e
3 206 wnd
£ 52 /
g [0
] AR
5 >
~ -5.64 = CuMgAl-1
3 e CuMgAl-2
4 CuMgAl-3
-6.0 1 v CuMgAl-4
¢  CuMgAl-5
-0.255 -0.250 -0.245 -0.240 -0.235
-1000/RT
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catalyst. The catalytic performance of CuMgAL-3 catalyst over time. Reaction conditions: 240°C, 2.5 Mpa and 9,000 mL-gcs ™, CO,/H,/N, (molar

ratio = 24:72:4)

of 36.7%. This difference allowed us to relate the interaction between
CuO and MgO, and the stronger interaction was conducive to the
formation of more Cu" species in the Cu-MgO interface, which has
been confirmed by many researchers (Wang et al., 2023a; Chen et al.,
2023; Zhang et al., 2023). Figures 8D-F) showed the XPS spectra of Mg
2p, Al 2p and O Is, respectively. With the increase of Mg content, Mg
2p gradually moved to the direction of low binding energy, and Al 2p
basically remained unchanged. In the O 1s spectrum, two characteristic
peaks were observed at 531.9 and 533.0 eV, belonging to lattice oxygen
(Ojar) and adsorbed oxygen (O,g4), respectively (Zhang et al., 2023).
Obviously, with the increase of Mg content, Oy, and O,4s moved to the
direction of low binding energy, which was caused by the strong
interaction between Cu and MgO (Chen. et al., 2024; Sha et al,, 2021).

3.2 Catalytic activity tests

Figure 9 shows the catalytic performance of CO, hydrogenation
to methanol on the prepared CuMgAl-x catalysts. It can be noted in
Figure 9A that the conversion of CO, increased with the increase in
reaction temperature, which indicated that high tem-perature was
conducive to the activation and conversion of CO,. It can be found
in Figure 9B that the selectivity of CH3;0H decreased with the
increase in temperature, which was contrary to the change trend of

Frontiers in Chemistry

CO, conversion. In fact, there are two important competitive
reactions in CO, hydrogenation to methanol. The first one is the
methanol synthesis, and the second one is the reverse water gas shift
(RWGS) reaction (Singh et al., 2021; Stangeland et al.,, 2021). The
equilibrium of these reactions can be described as Eqs 7, 8:

CO, + 3H, & CH;0H + H,0 AH = -49.5kJmol ™’ 7)
CO, +H, & CO+H,0 AH = +41.2kJmol ™’ (8)

As shown in reaction (7), methanol synthesis was an exothermic
reversible reaction and its equilibrium constant decreased with the
increase in reaction temperature. In addition, compared with the
RWGS reaction (8), the methanol synthesis reaction had lower
apparent activation energy. Therefore, in the whole temperature
range, the selectivity of CH3;OH decreased with the increase in
reaction temperature. As shown in Figure 9C, according to the data
of CO, conversion and methanol selectivity, the relationship
between space-time yield of methanol (STYcmson) and Mg/Al
molar ratio was obtained with a volcanic relationship, which
indicated that the Mg/Al molar ratio had a greater influence on
the performance of CuMgAIl-x catalysts. The order of STY cyson of
all catalysts at this temperature was as follows: CuMgAl-3
(418.9 gkgey, “h7)>CuMgAl-2  (323.8 gkge, *h™')>CuMgAl-4
(269.4 gkgey, “h7)>CuMgAl-1  (209.6 gkgey *h™')>CuMgAl-5
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(A) The relationship between STY of CH3OH and Sc,, (B) The relationship between STY of CH3;OH and the ratio of Cu*/(Cu*+Cu°).

(147.6 g-kgear, “h™"). The catalytic performance of all catalysts was
measured under the conditions of temperature(T) = 240°C,
pressure(P) = 2.5 MPa, WHSV = 9,000 mL-g_,; "*h™!, CO,/H,/N,
(molar ratio) = 24:72:4. The apparent activation energy (E) was
calculated by the Arrhenius equation (Lu et al.,, 2018; Zhang et al,,
2024a), as shown in Figure 9D. Among all catalysts, CuMgAl-3
showed the lowest apparent activation energy of 20.1 kj/mol.

The operational stability of catalysts is one of the key issues in
catalyst development. The catalytic performance of the CuMgAl-3
catalyst changes over time, as shown in Supplementary Figure S3.
Both CO, conversion and methanol selectivity showed good stability
during the catalysis test for 150 h, indicating that the active site in the
CuMgAl-3 catalyst remained stable. As shown in Supplementary
Figure S4, the spent-CuMgAl-3 catalyst was characterized by XRD
and compared with the fresh-CuMgAl-3 catalyst. It can be seen from
the results that the XRD pattern of the spent-CuMgAl-3 catalyst was
similar to that of the fresh-CuMgAl-3 catalyst, and no obvious
characteristic peak of metal Cu was found, indicating that Cu
particles were well dispersed after the reaction. As shown in
Supplementary Figure S5, the TEM characterization of the used
CuMgAl-3 catalyst showed that the Cu particle size after the reaction
(7.48 nm) was slightly increased compared with that before the
reaction (5.57 nm), and there was no obvious sintering, indicating
that the Cu particles in CuMgAI-3 catalyst still had good dispersion
after the reaction.

The above results indicated that a suitable molar ratio of Mg/Al was
beneficial to improve the catalytic performance of CuMgAl-x catalyst
for CO, hydrogenation to methanol. CuMgAl-3 catalyst with Mg/Al
molar ratio of 3 had the maximum CO, conversion (14.3%) and
methanol selectivity (94.5%) at 240°C and 2.5 MPa. CuMgAl-3
catalyst with the best performance had the highest Cu dispersion
(32.4%) and the largest Cu surface area (Scy,, 31.1 m’/g), exposing
the most Cu species, which was conducive to the interaction of Cu
particles with MgO and formed more Cu-MgO active interfaces. As
shown in Figure 10A, there was a positive correlation between
STYchson and Scy. The high Sc, provided more active sites for the
adsorption and activation of CO, and H,, thus obtaining higher
catalytic activity (Dharmalingam et al, 2023). However, the
relationship between STYcpson and Sc, was not linear, which
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proved that not only does the Sc, have an effect on catalytic
activity, but other factors also have an effect on catalytic activity. In
addition, the electronic state of Cu also affected the -catalytic
performance of Cu-based catalysts (Zheng et al, 2023). It can be
seen from Figure 8 that both Cu® and Cu" existed on the CuMgAl-x
catalyst, and the ratio of Cu'/(Cu*+Cu®) can be adjusted by changing
the Mg/Al molar ratio. Generally, Cu’ is exposed to the surface of the
catalyst and played a fundamental role in the adsorption and activation
of Hy, while Cu* produced by the strong interaction between Cu and the
carrier plays a positive role in the adsorption of CO, which effectively
improves the selectivity of methanol. (Samson et al., 2014; Song et al,,
2023a). Figure 10B shows the relationship between STYcpson and the
ratio of Cu'/(Cu* +Cu°), and the relationship between the two was
linear, which indicated that Cu® had a greater influence on the
performance of the catalyst.

In order to further analyze the catalytic performance of the
CuMgAl-3 catalyst, CuMgAl-3 catalyst were compared with some
typical catalysts for CO, hydrogenation to methanol. Based on the
STY chsons the results were listed in Supplementary Table S1. The
catalytic performance of the CuMgAl-3 catalyst was better than that
of traditional Cu-based catalysts (Lei et al., 2016; Xiao et al., 2017;
Chen et al., 2022) and the catalysts containing Mg and Al elements at
the same time (Ren et al., 2015; Fang et al., 2019a; Fang et al., 2019b;
Cored et al., 2022). The STY cyzon of CU-0.5-300 (Liu et al., 2020)
and Pd/In,O; (Rui et al., 2017) was higher than that of CuMgAl-3,
mainly because the activity tests of these catalysts were performed at
higher GHSV, pressure, or temperature. In particular, the increase in
the GHSV can significantly increase the methanol production
capacity, resulting in higher STYcyson. In summary, CuMgAl-3
has excellent catalytic performance with the advantages of low cost,
green environmental protection, and easy industrial production, so
it can be used as an ideal catalyst for methanol synthesis.

3.3 Reaction pathway and structure-
performance relationship

In situ DRIFTS experiments were conducted on CuMgAl-1,
CuMgAl-3 and CuMgAl-5 catalysts using CO, + H, as reactants
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In situ FTIR spectra of CO, hydrogenation reaction over (A) CuMgAl-1, (B) CuMgAL-3, (C) CuMgAl-5 catalysts in the test temperature range from

40°C to 320°C. (0.1 Mpa, H/CO/N, = 72:24:4)

to explore the possible mechanism of CO, hydrogenation.
Figure 11 shows the transient evolution of major surface
substances during CO, hydrogenation of these catalysts at
40°C-320°C. For the CuMgAl-1 catalyst (Figure 11A), three
characteristic peaks were found at 1431,1538 and 1,646 cm™
are attributed to carbonate (CO5*) and bicarbonate (HCO5*) at
40°C, and no other characteristic peaks were found at this
temperature (Hartadi et al., 2016). When the temperature rises
further to 120°C, the characteristic peak intensity of formate (the
peaks at 1,601, 1,362, 2,872 and 2,968 cm 'attributed to the
(OCO), the
stretching vibrations vy (OCO), the CH stretching vibrations
v(CH), the CH bending &(CH)
stretching vibration v,, (OCO), respectively) increases rapidly,

symmetric vibration of v symmetric OCO

and asymmetric OCO

but the characteristic peak of the methoxy species (the peaks at
2,928 and 1,040 cm ™" attributed to the asymmetric CHj stretching
vibration v,; (CH;) and the OCO stretching vibrations v(CO),
respectively) does not appear until 160°C (Yan et al., 2022; Wang
et al., 2023b; Tian et al., 2023). When the temperature gradually
increases to 240°C, the conversion of formate (HCOO*) to CH;0*
substance was promoted, which is characterized by a gradually
stronger signal of CH;O* and a gradually weaker band of HCOO*.
At the same time, it was found that the strength of bicarbonate
(HCO3*) reached the maximum when the temperature rose to
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120°C, but there was no obvious change in strength when the
temperature continued to rise, indicating that the ability of
HCO3* to convert into HCOO* on CuMgAl-1 was weak. In
addition,
2013 cm™}, indicating the existence of RGWS reaction, and

the characteristic peak of CO was found in
high temperature was conducive to the generation of CO
(Kattel et al., 2016).

For the CuMgAlI-3 catalyst (Figure 11B), the signal strength
of CO;* and HCO;* was stronger than that of CuMgAl-1 at 40°C,
indicating that the CuMgAl-3 had stronger CO, adsorption
capacity, which was consistent with the conclusion in
Figure 6. With the increase of temperature, the conversion of
CO;3* species to HCOO* species can still be found, but the signal
strength of the CH;0* group on CuMgAI-3 was significantly
greater than that on CuMgAl-1, which was consistent with less
CO3* accumulation on CuMgAl-3. In addition, the HCO;*
characteristic peak on CuMgAl-3 completely disappeared at
200°C. This phenomenon indicated that COs* and HCO;~
species on CuMgAl-3 were more easily converted to formates
at low temperatures, which was conducive to further conversion
to methanol, which may relate to the stronger Cu-MgO
interaction on CuMgAIl-3 catalyst. It can be seen from the H,-
TPD (Supplementary Figure S6) results that CuMgAl-3 had the

largest H, desorption peak at low-temperature, indicating that it
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had the best H, activation capacity because the strong Cu-MgO
interaction was conducive to the formation of highly dispersed
Cu nanoparticles that promote H, dissociation, which will
promote the hydrogenation of intermediate species CO3* and
HCO;5;™ to HCOO*. At the same time, it was found that the
accumulation of CO in CuMgAl-3 at high-temperature was
smaller than that in CuMgAl-1,
formation of more Cu" enhances the adsorption of CO, thus

which was because the

improving the selectivity of methanol (Yao et al., 2019). For the
CuMgAl-5 catalyst (Figure 11C), the HCOO* species and CH;0*
group strength were lower than CuMgAl-1 and CuMgAl-3 during
temperature rise, and the CO strength was the highest at high-
temperature, indicating that excessive Mg/Al has a negative effect
on the catalytic performance.

Based on the above discussion, there is no doubt that the
interaction between active Cu and MgO on CuMgAl-3 catalyst
plays an irreplaceable role in the hydrogenation of CO, to the
methanol synthesis. The Cu-MgO interaction on CuMgAl-x
catalysts can be changed by changing the Mg/Al ratio. It was
well known that catalysts with higher D¢, are more dominant in
stability, and smaller metal particles tend to provide more active
sites, thus promoting adsorption and activation of reactants at
2020). Figure 12 describes the
mechanism comparison of CuMgAl-x catalysts for CO,

the interface (Zhong et al,

hydrogenation to methanol before and after the optimization
of Mg/Al ratio. In this study, the diversity of basic sites on
CuMgAl-x catalyst was affected by MSIL
between Cu and MgO was enhanced when the Mg/Al ratio

The interaction

increased from 1 to 3. However, the number of basic sites of
the catalyst decreased when further increasing the Mg/Al ratio,
which due to the reduction of crystallinity of the hydrotalcite
structure in the catalyst precursor by excess Mg. Therefore, the
good alkalinity of the CuMgAl-3 catalyst was conducive to the
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adsorption of CO,. In addition, when the Mg/Al ratio was
optimized to 3, the Cu with higher dispersion and smaller
particle size was obtained on the CuMgAl-3 catalyst due to
the strong interaction between Cu and MgO, which made H,
more easily dissociated, the overflow of H allows CO;* and
HCO3* to be quickly converted to HCOO*, which facilitates
further conversion to CH;0* and CH;OH. At the same time, the
strong interaction between Cu and MgO was conducive to the
formation of Cu*, which can inhibit the desorption of CO in
RWGS reaction to a certain extent, and improve the selectivity of
methanol. Therefore, the higher methanol production efficiency
of CuMgAl-3 was the result of the adsorption of CO, by more
basic sites, the high H activation ability, and the inhibition effect
of Cu® on CO desorption.

4 Conclusion

In general, a series of CuMgAl-x catalysts with different Mg/
Al molar ratios with hydrotalcite as the precursor were prepared,
and the effect of Mg/Al molar ratios on the performance of
CuMgAl-x catalysts for CO, hydrogenation to methanol was
studied. The Cu-MgO interaction on the CuMgAl-x catalyst can
be regulated by changing the Mg/Al molar ratio, and the
CuMgAl-3 catalyst showed the strongest Cu-MgO interaction.
The strong interaction between Cu and MgO was conducive to
increasing the number of basic sites and obtaining suitable acid
sites. The strong Cu-MgO interaction was conducive to the
formation of highly dispersed Cu, making H, activation easier,
accelerating the conversion of intermediate species CO5” and
HCO3*to HCOO*, and facilitating further conversion to CH;0*
and CH;OH. The strong interaction between Cu and MgO was
conducive to the formation of Cu*, which can inhibit the
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desorption of CO in RWGS reaction, and improve the selectivity
of methanol. Among all CuMgAl-x catalysts, CuMgAl-3 catalyst
showed optimal performance for CO, hydrogenation to
methanol with the CO, conversion rate (14.3%), methanol
selectivity (94.5%), and STY of methanol(419.3 g-kg.,, "*h™') at
240°C and 2.5 MPa.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

HL: Conceptualization, Data curation,
Validation, draft,
editing. WH: Conceptualization, Data curation, Investigation,

Investigation,
Writing-original Writing-review and
Writing-review and editing. ZX: Data curation, Investigation,
Writing-review and editing. Y]J: Investigation, Validation,
Writing-review and editing. MH: Investigation, Validation,
Writing-review and editing. XL: Investigation, Writing-review
and editing. HY: Investigation, Writing-review and editing. RL:
Investigation, Writing-review and editing. QW: Conceptualization,

Resources, Supervision, Writing-review and editing. YZ:
Conceptualization, ~ Resources,  Supervision, =~ Writing-review
and editing.

References

Cao, A., Wang, Z,, Li, H,, Elnabawy, A. O., and Norskov, J. K. (2021). New insights on
CO and CO, hydrogenation for methanol synthesis: the key role of adsorbate-adsorbate
interactions on Cu and the highly active MgO-Cu interface. J. Catal. 400, 325-331.
doi:10.1016/j.jcat.2021.06.020

Chen, G,, Yu, ], Li, G., Zheng, X., Mao, H., and Mao, D. (2023). Cu*-ZrO, interfacial
sites with highly dispersed copper nanoparticles derived from Cu@UiO-67 hybrid for
efficient CO, hydrogenation to methanol. Int. . Hydrog. Energy 48 (7), 2605-2616.
doi:10.1016/j.ijhydene.2022.10.172

Chen, H., Cui, H,, Lv, Y,, Liu, P., Hao, F., Xiong, W,, et al. (2022). CO, hydrogenation
to methanol over Cu/ZnO/ZrO, catalysts: effects of ZnO morphology and oxygen
vacancy. Fuel 314, 123035. doi:10.1016/j.fuel.2021.123035

Chen, K., Fang, H, Wu, S, Liu, X, Zheng, J., Zhou, S, et al. (2019). CO,
hydrogenation to methanol over Cu catalysts supported on La-modified SBA-15: the
crucial role of Cu-LaOy interfaces. Appl. Catal. B Environ. 251, 119-129. doi:10.1016/j.
apcatb.2019.03.059

Chen, Q., Meng, S., Liu, R,, Zhai, X.,, Wang, X., Wang, L., et al. (2024). Plasma-
catalytic CO, hydrogenation to methanol over CuO-MgO/Beta catalyst with high
selectivity. Appl. Catal. B Environ. 342, 123422. doi:10.1016/j.apcatb.2023.123422

Cored, J., Mazario, J., Cerdd-Moreno, C., Lustemberg, P. G., Ganduglia-
Pirovano, M. V., Domine, M. E., et al. (2022). Enhanced methanol production
over non-promoted Cu-MgO-Al,O; materials with ex-solved 2 nm Cu particles:
insights from an Operando spectroscopic study. ACS Catal. 12 (7), 3845-3857.
doi:10.1021/acscatal.1c06044

Dharmalingam, B. C,, Koushik, V. A., Mureddu, M., Atzori, L., Lai, S., Pettinau, A., et al.
(2023). Unravelling the role of metal-metal oxide interfaces of Cu/ZnO/ZrO,/Al,O; catalyst
for methanol synthesis from CO,: insights from experiments and DFT-based microkinetic
modeling. Appl. Catal. B Environ. 332, 122743. doi:10.1016/j.apcatb.2023.122743

Dong, X., Li, F., Zhao, N., Tan, Y., Wang, J., and Xiao, F. (2017). CO, hydrogenation
to methanol over Cu/Zn/Al/Zr catalysts prepared by liquid reduction. Chin. J. Catal. 38
(4), 717-725. doi:10.1016/S1872-2067(17)62793-1

Du, X,, Jiang, Z., Su, D., and Wang, J. (2016). Research progress on the indirect
hydrogenation of carbon dioxide to methanol. ChemSusChem 9, 315-332. doi:10.1002/
css¢.201600152

Frontiers in Chemistry

10.3389/fchem.2024.1361930

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The authors
acknowledge the financial support by the National Nature Science
Foundation of China under Grant No. 22078360.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1361930/
full#supplementary-material

Fang, X., Men, Y., Wu, F,, Zhao, Q,, Singh, R,, Xiao, P., et al. (2019a). Moderate-
pressure conversion of H, and CO, to methanol via adsorption enhanced
hydrogenation. Int. J. Hydrog. Energy 44 (39), 21913-21925. doi:10.1016/j.ijhydene.
2019.06.176

Fang, X, Men, Y., Wu, F,, Zhao, Q,, Singh, R, Xiao, P., et al. (2019b). Improved
methanol yield and selectivity from CO, hydrogenation using a novel Cu-ZnO-ZrO,
catalyst supported on Mg-Al layered double hydroxide (LDH). J. CO2 Util. 29, 57-64.
doi:10.1016/j.jcou.2018.11.006

Gao, P., Li, F., Zhan, H., Zhao, N., Xiao, F., Wei, W., et al. (2013). Influence of Zr on
the performance of Cu/Zn/Al/Zr catalysts via hydrotalcite-like precursors for CO,
hydrogenation to methanol. J. Catal. 298, 51-60. doi:10.1016/j.jcat.2012.10.030

Gao, P, Xie, R, Wang, H., Zhong, L., Xia, L., Zhang, Z, et al. (2015). Cu/Zn/Al/Zr
catalysts via phase-pure hydrotalcite-like compounds for methanol synthesis from
carbon dioxide. J. CO2 Util. 11, 41-48. doi:10.1016/j.jcou.2014.12.008

Gao, P, Yang, H., Zhang, L., Zhang, C., Zhong, L., Wang, H,, et al. (2016). Fluorinated
Cu/Zn/Al/Zr hydrotalcites derived nanocatalysts for CO, hydrogenation to methanol.
J. CO2 Util. 16, 32-41. doi:10.1016/j.jcou.2016.06.001

Han, X, Xiao, T., Li, M., Hao, Z., Chen, ], Pan, Y., et al. (2023). et al. Synergetic
Interaction between Single-Atom Cu and Ga,0O; Enhances CO, Hydrogenation to
Methanol over CuGaZrO,. ACS Catal. 13, 13679-13690. doi:10.1021/acscatal.3c03431

Hartadi, Y., Widmann, D., and Behm, R. J. (2016). Methanol formation by CO,
hydrogenation on Au/ZnO catalysts-Effect of total pressure and influence of CO on the
reaction characteristics. J. Catal. 333, 238-250. doi:10.1016/j.jcat.2015.11.002

Huang, X., Atay, C., Koranyi, T. I, Boot, M. D., and Hensen, E. J. M. (2015). Role of
Cu-Mg-Al mixed oxide catalysts in lignin depolymerization in supercritical ethanol.
ACS Catal. 5 (12), 7359-7370. doi:10.1021/acscatal.5b02230

Karim, A. V., Hassani, A., Eghbali, P, and Nidheesh, P. V. (2022). Nanostructured
modified layered double hydroxides (LDHs)-based catalysts: a review on synthesis,
characterization, and applications in water remediation by advanced oxidation processes.
Curr. Opin. Solid State Mater Sci. 26 (1), 100965. doi:10.1016/j.cossms.2021.100965

Kattel, S., Yan, B., Yang, Y., Chen, J., and Liu, P. (2016). Optimizing binding energies
of key intermediates for CO, hydrogenation to methanol over oxide-supported copper.
J. Am. Chem. Soc. 138 (38), 12440-12450. doi:10.1021/jacs.6b05791

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2024.1361930/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2024.1361930/full#supplementary-material
https://doi.org/10.1016/j.jcat.2021.06.020
https://doi.org/10.1016/j.ijhydene.2022.10.172
https://doi.org/10.1016/j.fuel.2021.123035
https://doi.org/10.1016/j.apcatb.2019.03.059
https://doi.org/10.1016/j.apcatb.2019.03.059
https://doi.org/10.1016/j.apcatb.2023.123422
https://doi.org/10.1021/acscatal.1c06044
https://doi.org/10.1016/j.apcatb.2023.122743
https://doi.org/10.1016/S1872-2067(17)62793-1
https://doi.org/10.1002/cssc.201600152
https://doi.org/10.1002/cssc.201600152
https://doi.org/10.1016/j.ijhydene.2019.06.176
https://doi.org/10.1016/j.ijhydene.2019.06.176
https://doi.org/10.1016/j.jcou.2018.11.006
https://doi.org/10.1016/j.jcat.2012.10.030
https://doi.org/10.1016/j.jcou.2014.12.008
https://doi.org/10.1016/j.jcou.2016.06.001
https://doi.org/10.1021/acscatal.3c03431
https://doi.org/10.1016/j.jcat.2015.11.002
https://doi.org/10.1021/acscatal.5b02230
https://doi.org/10.1016/j.cossms.2021.100965
https://doi.org/10.1021/jacs.6b05791
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1361930

Liu et al.

Kumar, P., and Kim, K. (2016). Recent progress and innovation in carbon capture and
storage using bioinspired materials. Appl. Energy 172, 383-397. doi:10.1016/j.apenergy.
2016.03.095

Lei, H., Hou, Z., and Xie, J. (2016). Hydrogenation of CO, to CH;OH over CuO/ZnO/
AL O; catalysts prepared via a solvent-free routine. Fuel 164, 191-198. doi:10.1016/j.
fuel.2015.09.082

Ledén, M., Diaz, E., Bennici, S., Vega, A., Ordéiiez, S., and Auroux, A. (2010).
Adsorption of CO, on hydrotalcite-derived mixed oxides: sorption mechanisms
and consequences for adsorption irreversibility. Ind. Eng. Chem. Res. 49 (8),
3663-3671. doi:10.1021/ie902072a

Li, D, Cai, Y., Chen, C, Lin, X,, and Jiang, L. (2016). Magnesium-aluminum mixed
metal oxide supported copper nanoparticles as catalysts for water-gas shift reaction.
Fuel 184, 382-389. doi:10.1016/j.fuel.2016.06.131

Liang, H., Zhang, G., Li, Z., Zhang, Y., and Fu, P. (2023). Catalytic hydrogenation of
CO, to methanol over Cu-based catalysts: active sites profiling and regulation strategy as
well as reaction pathway exploration. Fuel Process. Technol. 252, 107995. doi:10.1016/j.
fuproc.2023.107995

Liu, Q., Wang, L., Wang, C., Qu, W,, Tian, Z., Ma, H., et al. (2013). The effect of
lanthanum doping on activity of Zn-Al spinel for transesterification. Appl. Catal. B
Environ. 136-137, 210-217. doi:10.1016/j.apcatb.2013.01.065

Liu, T., Hong, X,, and Liu, G. (2020). In situ generation of the Cu@3D-ZrOx
Framework catalyst for selective methanol synthesis from CO,/H,. ACS Catal. 10
(1), 93-102. doi:10.1021/acscatal.9b03738

Liu, T., Xu, D., Wu, D,, Liu, G., and Hong, X. (2021). Spinel ZnFe,O, regulates copper
sites for CO, hydrogenation to methanol. ACS Sustain. Chem. Eng. 9 (11), 4033-4041.
doi:10.1021/acssuschemeng.0c07682

Lu, J., Hao, H., Zhang, L., Xu, Z., Zhong, L., Zhao, Yu., et al. (2018). The investigation
of the role of basic lanthanum (La) species on the improvement of catalytic activity and
stability of HZSM-5 material for eliminating methanethiol-(CH3SH). Appl. Catal. B
Environ. 237, 185-197. doi:10.1016/j.apcatb.2018.05.063

Lu,J., Wang, J., Zou, Q., He, D., Zhang, L., Xu, Z,, et al. (2019). Unravelling the nature
of the active species as well as the doping effect over Cu/Ce-based catalyst for carbon
monoxide preferential oxidation. ACS Catal. 9 (3), 2177-2195. doi:10.1021/acscatal.
8b04035

Nielsen, N. D., Smitshuysen, T. E. L., Damsgaard, C. D., Jensen, A. D., and
Christensen, J. M. (2021). Characterization of oxide-supported Cu by infrared
measurements on adsorbed CO. Surf. Sci. 703, 121725. doi:10.1016/j.susc.2020.
121725

Ren, H., Xu, C., Zhao, H., Wang, Y., Liu, ], and Liu, J. (2015). Methanol synthesis
from CO, hydrogenation over Cu/y-Al,O; catalysts modified by ZnO, ZrO, and MgO.
J. Ind. Eng. Chem. 28, 261-267. doi:10.1016/].jiec.2015.03.001

Rui, N., Wang, Z,, Sun, K,, Ye, J., Ge, Q., and Liu, C. (2017). CO, hydrogenation to
methanol over Pd/In,O5: effects of Pd and oxygen vacancy. Appl. Catal. B Environ. 218,
488-497. doi:10.1016/j.apcatb.2017.06.069

Samson, K., Sliwa, M., Socha, R. P., Géra-Marek, K., Mucha, D., Rutkowska-Zbik, D.,
et al. (2014). Influence of ZrO, structure and copper electronic state on activity of Cu/
ZrO, catalysts in methanol synthesis from CO,. ACS Catal. 4 (10), 3730-3741. doi:10.
1021/¢s500979¢

Sha, F,, Tang, C., Tang, S., Wang, Q., Han, Z., Wang, J., et al. (2021). The promoting
role of Ga in ZnZrOx solid solution catalyst for CO, hydrogenation to methanol.
J. Catal. 404, 383-392. doi:10.1016/j.jcat.2021.09.030

Shao, Y., Sun, K, Li, Q, Liu, Q., Zhang, S., Liu, Q. et al. (2019). Copper-based
catalysts with tunable acidic and basic sites for the selective conversion of levulinic acid/
ester to y-valerolactone or 1,4-pentanediol. Green Chem. 21 (16), 4499-4511. doi:10.
1039/C9GC01706B

Shao, Y., Wang, J., Du, H.,, Sun, K., Zhang, Z., Zhang, L., et al. (2020). Importance of
magnesium in Cu-based catalysts for selective conversion of biomass-derived furan
compounds to diols. ACS Sustain. Chem. Eng. 8 (13), 5217-5228. doi:10.1021/
acssuschemeng.9b07841

Shi, J., He, Y., Ma, K., Tang, S., Liu, C., Yue, H,, et al. (2021). Cu active sites confined in
MgAllayered double hydroxide for hydrogenation of dimethyl oxalate to ethanol. Catal.
Today 365, 318-326. doi:10.1016/j.cattod.2020.04.042

Singh, R., Tripathi, K., and Pant, K. K. (2021). Investigating the role of oxygen
vacancies and basic site density in tuning methanol selectivity over Cu/CeO, catalyst
during CO, hydrogenation. Fuel 303, 121289. doi:10.1016/j.fuel.2021.121289

Song, L., Wang, H., Wang, S., and Qu, Z. (2023b). Dual-site activation of H, over Cu/
ZnAl,O, boosting CO, hydrogenation to methanol. Appl. Catal. B Environ. 322,
122137. doi:10.1016/j.apcatb.2022.122137

Song, M., Liu, T., Hong, X., and Liu, G. (2023a). Coordination environment
dependent surface Cu state for CO, hydrogenation to methanol. ACS Sustain.
Chem. Eng. 11 (32), 12135-12144. doi:10.1021/acssuschemeng.3¢03163

Frontiers in Chemistry

16

10.3389/fchem.2024.1361930

Stangeland, K., Chamssine, F., Fu, W., Huang, Z., Duan, X,, and Yu, Z. (2021). CO,
hydrogenation to methanol over partially embedded Cu within Zn-Al oxide and the
effect of indium. J. CO2 Util. 50, 101609. doi:10.1016/j.jcou.2021.101609

Teixeira, C. D. P., Montani, S. D., Patacio, L. A., and Zotin, F. M. Z. (2018). The effect
of preparation methods on the thermal and chemical reducibility of Cu in Cu-Al oxides.
Dalton Trans. 47 (32), 10989-11001. doi:10.1039/c8dt01150h

Tian, R, Ly, J., Xu, Z,, Zhang, W., Liu, J., Wang, L., et al. (2023). Unraveling the
synergistic reaction and the deactivation mechanism for the catalytic degradation of
double components of sulfur-containing VOCs over ZSM-5-based materials. Environ.
Sci. Technol. 57 (3), 1443-1455. doi:10.1021/acs.est.2c04033

Wang, S., Song, L., and Qu, Z. (2023a). Cu/ZnAl, O catalysts prepared by ammonia
evaporation method: improving methanol selectivity in CO, hydrogenation via
regulation of metal-support interaction. Chem. Eng. J. 469, 144008. doi:10.1016/j.cej.
2023.144008

Wang, Y., Yu, H,, Hu, Q,, Huang, Y., Wang, X., Wang, Y., et al. (2023b). Application
of microimpinging stream reactor coupled with ultrasound in Cu/CeZrOx solid
solution catalyst preparation for CO, hydrogenation to methanol. Renew. Energy
202, 834-843. doi:10.1016/j.renene.2022.11.075

Wierzbicki, D., Moreno, M. V., Ognier, S., Motak, M., Grzybek, T., Da Costa, P., et al.
(2020). Ni-Fe layered double hydroxide derived catalysts for non-plasma and DBD
plasma-assisted CO, methanation. Int. J. Hydrog. Energy 45 (17), 10423-10432. doi:10.
1016/.ijhydene.2019.06.095

Xia, K., Lang, W. Z., Li, P, Long, L., Yan, X., and Guo, Y. (2016). The influences
of Mg/Al molar ratio on the properties of PtIn/Mg(Al)O-x catalysts for propane
dehydrogenation reaction. Chem. Eng. J. 284, 1068-1079. doi:10.1016/j.cej.2015.
09.046

Xiao, S., Zhang, Y., Gao, P., Zhong, L., Li, X,, Zhang, Z., et al. (2017). Highly efficient
Cu-based catalysts via hydrotalcite-like precursors for CO, hydrogenation to methanol.
Catal. Today 281, 327-336. doi:10.1016/j.cattod.2016.02.004

Xu, Y., Gao, Z., Peng, L., Liu, K, Yang, Y., Qiu, R-X,, et al. (2022). A highly efficient
Cu/ZnOx/ZrO, catalyst for selective CO, hydrogenation to methanol. J. Catal. 414,
236-244. doi:10.1016/j.jcat.2022.09.011

Xu, Y., Wang, M,, Xie, Z., Tian, D., Sheng, G., Tang, X,, et al. (2023). Insights into the
interfacial structure of Cu/ZrO, catalysts for methanol synthesis from CO,
hydrogenation: effects of Cu-supported nano-ZrO, inverse interface. Chem. Eng. J.
470, 144006. doi:10.1016/j.cej.2023.144006

Yan, Y., Wong, R. J, Ma, Z, Donat, F,, Xi, S., Saqline, S., et al. (2022). CO,
hydrogenation to methanol on tungsten-doped Cu/CeO, catalysts. Appl. Catal. B
Environ. 306, 121098. doi:10.1016/j.apcatb.2022.121098

Yao, L., Shen, X,, Pan, Y., and Peng, Z. (2019). Synergy between active sites of Cu-In-
Zr-O catalyst in CO, hydrogenation to methanol. . Catal. 372, 74-85. doi:10.1016/j.jcat.
2019.02.021

Zeng, S., Xu, X,, Wang, S., Gong, Q., Liu, R,, and Yu, Y. (2013). Sand flower layered
double hydroxides synthesized by co-precipitation for CO, capture: morphology
evolution mechanism, agitation effect and stability. Mater. Chem. Phys. 140 (1),
159-167. doi:10.1016/j.matchemphys.2013.03.015

Zhang, F., Zhang, Y., Yuan, L., Gasem, K. A. M., Chen, J., Chiang, F., et al. (2017).
Synthesis of Cu/Zn/Al/Mg catalysts on methanol production by different precipitation
methods. Mol. Catal. 441, 190-198. doi:10.1016/j.mcat.2017.08.015

Zhang, H., Mao, D., Zhang, J., and Wu, D. (2024a). Tuning the CO, hydrogenation
path by moderately phosphating the Co-Al catalyst toward methanol synthesis. Appl.
Catal. B Environ. 340, 123257. doi:10.1016/j.apcatb.2023.123257

Zhang, J., Sun, X, Wu, C., Hang, W., Hu, X,, Qiao, D., et al. (2023). Engineering Cu*/

CeZrO interfaces to promote CO, hydrogenation to methanol. J. Energy Chem. 77,
45-53. doi:10.1016/j.jechem.2022.10.034

Zhao, Y., Chen, K., Zou, Q., Fang, J., Zhu, S., He, S., et al. (2021). Insights into the
essential roles of tin and chloride species within Cu-CeO, based catalysts for CO
preferential oxidation in H,-rich stream. J. Power Sources 484, 229181. doi:10.1016/j.
jpowsour.2020.229181

Zheng, H., Narkhede, N., Zhang, G., Zhang, H., Ma, L., and Yu, S. (2021). Highly
dispersed Cu catalyst based on the layer confinement effect of Cu/Zn/Ga-LDH for
methanol synthesis. Mol. Catal. 516, 111984. doi:10.1016/j.mcat.2021.111984

Zheng, X, Yu, P, Liu, Y., Ma, Y., Cao, Y, Cai, Z,, et al. (2023). Efficient hydrogenation of
methyl palmitate to hexadecanol over Cu/m-ZrO, catalysts: synergistic effect of Cu species
and oxygen vacancies. ACS Catal. 13 (3), 2047-2060. doi:10.1021/acscatal.2c06151

Zhong, J., Yang, X., Wu, Z,, Liang, B., Huang, Y., and Zhang, T. (2020). State of the art
and perspectives in heterogeneous catalysis of CO, hydrogenation to methanol. Chem.
Soc. Rev. 49 (5), 1385-1413. doi:10.1039/C9CS00614A

Zhou, H., Chen, Z., Lopez, A. V., Lopez, E. D., Lam, E., Tsoukalou, A., et al. (2021).
Engineering the Cu/Mo,CTx (MXene) interface to drive CO, hydrogenation to
methanol. Nat. Catal. 4 (10), 860-871. doi:10.1038/s41929-021-00684-0

frontiersin.org


https://doi.org/10.1016/j.apenergy.2016.03.095
https://doi.org/10.1016/j.apenergy.2016.03.095
https://doi.org/10.1016/j.fuel.2015.09.082
https://doi.org/10.1016/j.fuel.2015.09.082
https://doi.org/10.1021/ie902072a
https://doi.org/10.1016/j.fuel.2016.06.131
https://doi.org/10.1016/j.fuproc.2023.107995
https://doi.org/10.1016/j.fuproc.2023.107995
https://doi.org/10.1016/j.apcatb.2013.01.065
https://doi.org/10.1021/acscatal.9b03738
https://doi.org/10.1021/acssuschemeng.0c07682
https://doi.org/10.1016/j.apcatb.2018.05.063
https://doi.org/10.1021/acscatal.8b04035
https://doi.org/10.1021/acscatal.8b04035
https://doi.org/10.1016/j.susc.2020.121725
https://doi.org/10.1016/j.susc.2020.121725
https://doi.org/10.1016/j.jiec.2015.03.001
https://doi.org/10.1016/j.apcatb.2017.06.069
https://doi.org/10.1021/cs500979c
https://doi.org/10.1021/cs500979c
https://doi.org/10.1016/j.jcat.2021.09.030
https://doi.org/10.1039/C9GC01706B
https://doi.org/10.1039/C9GC01706B
https://doi.org/10.1021/acssuschemeng.9b07841
https://doi.org/10.1021/acssuschemeng.9b07841
https://doi.org/10.1016/j.cattod.2020.04.042
https://doi.org/10.1016/j.fuel.2021.121289
https://doi.org/10.1016/j.apcatb.2022.122137
https://doi.org/10.1021/acssuschemeng.3c03163
https://doi.org/10.1016/j.jcou.2021.101609
https://doi.org/10.1039/c8dt01150h
https://doi.org/10.1021/acs.est.2c04033
https://doi.org/10.1016/j.cej.2023.144008
https://doi.org/10.1016/j.cej.2023.144008
https://doi.org/10.1016/j.renene.2022.11.075
https://doi.org/10.1016/j.ijhydene.2019.06.095
https://doi.org/10.1016/j.ijhydene.2019.06.095
https://doi.org/10.1016/j.cej.2015.09.046
https://doi.org/10.1016/j.cej.2015.09.046
https://doi.org/10.1016/j.cattod.2016.02.004
https://doi.org/10.1016/j.jcat.2022.09.011
https://doi.org/10.1016/j.cej.2023.144006
https://doi.org/10.1016/j.apcatb.2022.121098
https://doi.org/10.1016/j.jcat.2019.02.021
https://doi.org/10.1016/j.jcat.2019.02.021
https://doi.org/10.1016/j.matchemphys.2013.03.015
https://doi.org/10.1016/j.mcat.2017.08.015
https://doi.org/10.1016/j.apcatb.2023.123257
https://doi.org/10.1016/j.jechem.2022.10.034
https://doi.org/10.1016/j.jpowsour.2020.229181
https://doi.org/10.1016/j.jpowsour.2020.229181
https://doi.org/10.1016/j.mcat.2021.111984
https://doi.org/10.1021/acscatal.2c06151
https://doi.org/10.1039/C9CS00614A
https://doi.org/10.1038/s41929-021-00684-0
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1361930

	The influence of Mg/Al molar ratio on the performance of CuMgAl-x catalysts for CO2 hydrogenation to methanol
	1 Introduction
	2 Materials and methods
	2.1 Catalyst preparation
	2.2 Catalyst characterization
	2.3 Catalytic activity tests

	3 Results and discussion headings
	3.1 Physicochemical properties of catalysts
	3.2 Catalytic activity tests
	3.3 Reaction pathway and structure-performance relationship

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


