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The direct catalytic synthesis of methanol from CO, and Hy has emerged as a significant area of research for the
high-value utilization of CO;. Cu-based catalysts have attracted considerable attention due to their cost-
effectiveness and superior performance. In this study, we developed a novel catalyst, LMCZ-181, derived from
the perovskite-type precursor LapCuO4 through a citrate complexation method. The findings revealed that doping
with Mn and Zn modified the catalyst’s crystal structure by increasing oxygen vacancies and promoting the
formation of active sites, consequently enhancing catalytic activity. The results of In-situ DRIFTS demonstrated
that these catalysts facilitated CO, hydrogenation via the formate pathway and confirmed that LMCZ-181
possessed superior hydrogenation capability. At an operating temperature of 270°C, LMCZ-181 exhibited
optimal catalytic activity and stability, achieving a CO» conversion of 20.81 % and a methanol selectivity of
77.68 %. This study provides an effective strategy for developing highly active and stable catalysts for CO2

hydrogenation for methanol production.

1. Introduction

The combustion of fossil fuels and CO; emissions from various
human activities are recognized as the primary contributors to global
warming. In 2020, the International Energy Agency proposed that
achieving net-zero global energy-related CO, emissions by 2050 could
limit the increase in global temperature to within 1.5 °C [1]. Conse-
quently, addressing the current dilemma has emerged as one of the ur-
gent challenges that each nation must confront. As a carbon resource in
critical demand for development, CO, can be recycled through the
production of chemicals, materials, and fuels to mitigate its emissions.
Thus, the issue of CO, utilization has garnered significant attention
globally.

With the Carbon Capture, Utilization, and Storage (CCUS) technol-
ogy, CO2 is captured and refined during its production; and it is subse-
quently used as a raw material in other manufacturing processes [2].
This technology not only stores COo; but also enables the resource and
energy utilization of CO2. Among these, the direct catalytic synthesis of
methanol from COy and Hj is regarded as a pivotal technology for
mitigating CO, emissions with promising development prospects.

Methanol serves as both a crucial chemical raw material and a clean
fuel that is easy to store and transport. It is widely regarded as an
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alternative to conventional fossil fuels, leading to an increasing demand
in the industry [3]. Relative to other organic fuels, methanol presents
several advantages, including a low boiling point, more efficient com-
bustion, ease of production, and reduced emissions of CO and NOx.
Moreover, methanol can be utilized for the production of high-value
petrochemical products, such as olefins, aromatics, and gasoline. The
technology for synthesizing methanol via CO5 hydrogenation not only
addresses environmental challenges, including the greenhouse effect;
but also enhances the utilization of carbon resources. This technology is
considered one of the most effective means for mitigating global
warming and advancing the chemical industry [4].

The CO; hydrogenation process to produce methanol involves two
primary reactions: the synthesis of methanol and the reverse water gas
shift reaction (RWGS):

CO; + 3H,=CH30H + H,0 AH = -49.5 kJ/mol (€D)]

CO, +H,=CO + H,0 AH = 41.2 kJ/mol (2)

The methanol synthesis reaction is exothermic, while the RWGS is
endothermic [5], consequently, the conversion rate of CO5 decreases
with increasing reaction temperature. Although elevated temperatures
facilitate CO; activation, they can negatively impact the selectivity for
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methanol. Therefore, the synthesis of methanol from CO, is limited by
thermal equilibrium, necessitating the development of a catalyst that
operates effectively at an optimal temperature to enhance catalytic
performance [6,7]. Additionally, the water generated during the reac-
tion can lead to the sintering of active sites on the catalyst, resulting in
catalyst deactivation [8]. To sum up, the exploration of suitable pro-
moters supports, and catalyst structures is crucial for enhancing both the
catalytic efficiency and stability of the catalyst.

Currently, the prevalent catalysts for converting CO, to methanol
include Cu-based catalysts, precious metal catalysts, bimetallic cata-
lysts, and composite oxide catalysts. Among these, Cu-based catalysts
stand out due to their cost-effectiveness and enhanced industrial pro-
duction efficiency, making them the preferred choice for CO,-to-meth-
anol conversion. However, Cu-based catalysts can also facilitate the
RWGS and methanol decomposition reaction [9], which inevitably re-
sults in the formation of byproduct CO during methanol synthesis from
CO,. Substantial efforts have been invested in refining Cu-based cata-
lysts to enhance methanol selectivity. Dong et al. [10] developed a series
of Cu/ZnO/ZrO; catalysts utilizing a precipitation-reduction method,
which exhibited significantly improved methanol selectivity compared
to those prepared by conventional precipitation techniques. At 270 °C,
this catalyst achieved a CO, conversion of 23 % and a methanol selec-
tivity of 56.8 %. Wu et al. [11] synthesized a reverse ZrO,/Cu catalyst
with an adjustable zirconium-to-copper ratio through an oxalate co-
precipitation method, demonstrating promising performance in COy
hydrogenation to methanol. Guo et al. [12] prepared a series of Cu/ZrO2
catalysts with varying La loadings; under conditions of 220 °C and 5
MPa, the methanol selectivity of these catalysts increased from 58 mol%
to 72 mol% with an elevated La content. Yao et al. [13] synthesized a
series of Cu-In-Zr-O composite oxide nanomaterials featuring defective
In,03 active centers. Compared to In-Zr-O catalysts, Cu-In-Zr-O catalysts
exhibited superior CO5 conversion rates and methanol selectivity,
highlighting the synergistic effect between the Cu and InyOs3 active
centers.

In recent years, perovskite oxides have garnered significant attention
due to their high activity and stability [14,15]. The general formula for
perovskite oxides is ABO3 or A;BO4. The A site is occupied by the larger
rare earth or alkaline earth metal cation, while the B site is occupied by
smaller transition metal cations capable of forming octahedral coordi-
nation with six oxygen ions. The A site provides structural integrity in
these structures, while the B site supplies active catalytic sites. By
reducing the metal cations located at the B site, high dispersion of metal
elements can be achieved, rendering perovskite-type oxides ideal pre-
cursors for catalysts [16,17]. The distinctive structure of perovskite
oxides facilitates the fine dispersion of “metal oxides” through reduc-
tion, attracting considerable interest in the field of catalysis [18]. Maluf
et al. [19] prepared Lay xMxCuO4 perovskites (where M = Ce, Ca, or Sr)
as catalysts for the water—gas shift reaction and evaluated their perfor-
mance at 290 °C and 360 °C. Among these, Las xCexCuO4 demonstrated
the highest catalytic performance, achieving a CO conversion of 85-90
%. Zhang et al. [20] prepared composite metal oxide (LagCuQ4)x(CNZ-
1);_x (x=0.3, 0.5, 0.7) as nano-catalysts for methanol steam reforming
reaction studies. The results indicated that the LCOx-CNZ catalyst
exhibited higher methanol conversion and hydrogen yield compared to
the LapCuOy4 catalyst. In contrast, perovskites have garnered less atten-
tion in methanol synthesis research. The catalytic reaction conditions in
these studies are relatively harsh, and the types and contents of metals in
perovskites still need to be adjusted to enhance their catalytic activity.
Mahomed et al. [21] explored the influence of La doping on the catalytic
activity of Cu-CeOy in the hydrogenation of CO; to methanol. The
incorporation of La facilitated the formation of smaller CeO; crystallites
within the catalyst, thereby increasing the number of active sites and
enhancing catalytic activity. Wei et al. [22] synthesized a series of La-M-
Cu-Zn-O (M =Y, Ce, Mg, Zr) catalysts with a perovskite structure using
the sol-gel method. At 250 °C and 5.0 MPa, CO, conversion and
methanol selectivity achieved 12.6 % and 52.5 %, respectively.
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To investigate the catalytic effects of Cu-based perovskite catalysts in
the hydrogenation of CO2 to methanol, this study employed a citric acid
salt complexation method to synthesize three types of Cu-based perov-
skite catalysts with the following molar stoichiometries: LaCuOs,
LaCug gZng 203, and LaMng1CuggZng03. Performance testing and
characterization analysis were performed on these catalysts to evaluate
their effectiveness. Furthermore, the influence of Mn and Zn doping on
both the perovskite structure and catalytic performance was investi-
gated. The physicochemical properties and the structure-activity re-
lationships of the catalysts were comprehensively analyzed and
discussed.

2. Experimental section
2.1. Catalysts preparation

The perovskite oxides, including LaCuOs, LaCuggZng203, and
LaMny 1Cug gZng 103, were synthesized using the citrate complexation
method with citric acid as a complexing agent. A sufficient quantity of
precursor salts, including La(NOs)3-6H20, Cu(NOs3)2-3H20, Zn
(NO3)2-6H20, Mn(NO3)2, were combined with citric acid and ethylene
glycol in a molar ratio of 2: 1: 4 (all metal cations: citric acid: ethylene
glycol = 2: 1: 4), and dissolved in deionized water to create a homo-
geneous solution. In these compounds, the molar ratios of La to Cu are 1:
1 in LaCuOg; the metal element ratios of La: Cu: Zn are 1: 0.8: 0.2 in
LaCug gZng 203; and the metal element ratios of La: Mn: Cu: Zn are 1:
0.1: 0.8: 0.1 in LaMng 1Cug gZng 1O3. The solution was stirred overnight
at room temperature and subjected to microwave heating at 80 °Cfor 1 h
to facilitate the formation of the complex. Subsequently, it was heated in
an oil bath at 90 °C to remove water. After forming a blue-green, honey-
like gel, the mixture was transferred to a drying oven for drying at
100 °C. Finally, the dried gel was calcined at 300 °C for 2 h, followed by
an increase in temperature to 700 °C for 3 h. The catalysts obtained after
calcination were labeled LC, LCZ-82, and LMCZ-181. To differentiate
between catalysts following calcination, reduction, and utilization, la-
bels C, R, and U are assigned individually.

2.2. Catalysts characterization

The X-ray diffraction (XRD) analysis was performed using the PAN-
alytical X'Pert3 Powder-17005730 X-ray diffractometer. This instru-
ment operated with Cu Ka radiation as the X-ray source, under the
conditions of 40 kV and 40 mA. The diffraction angle 26 spanned from
10° to 90°, with a fixed step size of 0.026° and a data acquisition time of
30 s. XRD enabled the determination of the active components’ phase
composition and lattice parameters within the catalyst, along with the
calculation of copper grain size using the Scherrer formula [23]. Jade
software was used to perform phase identification on the diffraction
peak data to obtain grain size and calculate the lattice constants through
cell refinement based on the least squares method.

The structural properties of the porous materials were characterized
by conducting Ny adsorption—desorption tests using the Quantachrome
ASiQwin instrument. The specific surface area of the catalysts was
determined by the Brunauer-Emmett-Teller (BET) method.

The hydrogen temperature programmed reduction (H,-TPR) test was
conducted using the BELCAT-B equipment. Initially, a specific quantity
of sample was loaded into the reactor, and inert gas was introduced to
raise the temperature to 300 °C for 30 min of pretreatment. Subse-
quently, the temperature was reduced to 100 °C, and inert gas flowed at
this temperature until the baseline stabilized. Finally, a mixture of 10 %
Hy/Ar gas was introduced while gradually increasing the temperature at
10 °C/min until reaching 700 °C. The consumption of Hy during this
experiment was monitored using a thermal conductivity detector (TCD).

A similar procedure was employed for the hydrogen temperature
programmed desorption (Hy-TPD) test on the same BELCAT-B instru-
ment to gather information about the active catalytic sites. The catalyst
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underwent a reduction in 10 % Hy/Ar with a flow rate of 30 mL/min at
300 °C for 2 h. After cooling to ambient temperature, it was saturated
with pure Hj at 100 °C for 1 h. After this, the sample was purged with
inert gas at the adsorption temperature until a stable baseline was
achieved. The experimental apparatus was then heated to 900 °C at a
rate of 10 °C/min to initiate the TPD experiment, during which a TCD
monitors variations in the hydrogen signal.

The CO, temperature programmed desorption (CO,-TPD) test was
performed under the same conditions used for the Hy-TPD test, over a
temperature range of 100 °C to 700 °C. CO,-TPD assessed the qualitative
analysis of the quantity and strength of basic sites in the catalyst. Before
testing, samples were pretreated at 300 °C for 60 min in 10 % Hy/Ar,
then cooled to 100 °C. Subsequently, CO, was introduced and main-
tained for 30 min to ensure sufficient CO, adsorption. Finally, residual
CO4 was purged using an inert gas while concentration changes were
recorded via TCD during the subsequent desorption process.

The morphology of the samples was analyzed using a SU-8010
scanning electron microscope (SEM) operated at an accelerating
voltage of 3.0 kV. The SEM was coupled with an Oxford X-max80 energy
dispersive spectrometer, enabling a preliminary quantitative analysis of
the uniformity of elemental distribution within the catalyst and the ra-
tios of each element. Transmission electron microscopy (TEM) was
conducted using an FEI Tecnai F20 transmission electron microscope to
observe and analyze the active components present on the catalyst
surface. Additionally, high-resolution TEM (HRTEM) revealed the
detailed lattice structure of the perovskite catalyst.

The samples were analyzed using the Thermo Scientific K-alpha in-
strument for X-ray photoelectron spectroscopy (XPS). The excitation
source used Al Ko radiation (hv = 1486.6 eV) at an operating voltage of
12 kV and a filament current of 6 mA. Signals were accumulated over 10
cycles. The full spectrum pass energy was set at 150 eV, with a step size
of 1 eV and a dwell time of 40-50 ms. The data were charge-corrected by
referencing the Cl1s binding energy at 284.80 eV as the energy standard.

To elucidate the catalytic reaction mechanism of CO, hydrogenation
to methanol, in-situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) was employed to characterize surface-adsorbed
intermediates and the reaction pathway of the catalysts. Initially, the
samples were reduced by heating to 300 °C under a 10 % Hy/N; at-
mosphere (30 mL/min) for 2 h, followed by cooling to room tempera-
ture. The gas flow was subsequently switched to pure N and purged for
30 min to record the background spectrum. A CO5:Hy mixture with a
ratio of 1:3 (30 mL/min) was introduced into the reaction chamber, and
spectra were collected at 210 °C and 270 °C.

2.3. Evaluation of catalysts performance

The performance tests of Cu-based catalysts were conducted using an
eight-channel catalyst evaluation system (MPRS-8TS). This fixed-bed
reactor comprises eight stainless steel tubes, each with an inner diam-
eter of 8 mm, and the reaction pressure was regulated by a pressure
control valve. Prior to the experiment, 1 g of catalyst with a particle size
of 60-80 mesh was positioned in the constant temperature zone in the
middle of the reaction tube. Before initiating the test, the catalyst was
reduced in an Hy atmosphere at a flow rate of 50 mL/min for 3 h at
350 °C. When the catalyst temperature decreased to 150 °C, the reaction
pressure was adjusted to 3 MPa, and the temperature was gradually
increased to the initial reaction temperature of 210 °C at a heating rate
of 5 °C/min. Within the reactor, a gas mixture containing CO,, Hs, and
Ng was introduced in a ratio of COy: Hy: Ny = 8: 24: 1. The gas-hour
space velocity of each channel was 6000 mL-h~!-g~!, with corre-
sponding flow rates of CO9, Hy, and Ny being 24 mL/min, 72 mL/min,
and 4 mL/min, respectively. No was utilized as the internal standard gas.
The resulting gas products were analyzed using an online gas chro-
matograph equipped with a TCD and a flame ionization detector (FID)
(Agilent 7890A). Catalytic activity was measured every 6 h under each
stable condition, producing three data sets per condition. The final value
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for each condition was determined by calculating the average and error
of these data sets, which were then used to create charts.

CO; conversion (Xco,), methanol selectivity (Syeon), and space-time
yield (STYwmeon) are defined by the following three equations:

N0y, — NCoy oue

XCOz (0/0) = x 100% 3)
Nco,;,
n
Swmeon (%) = Meort x 100% 4
Nco,, — Neozou
STYeon = Xco, X Smeon X Flowco, X Myeon )

Mear

where nco,;, and nco,,, represent the molar number of CO; in and out
before and after the reaction, nyeon represents the molar number of
methanol in the product, Flowo, represents the flow of CO, during the
reaction, Myeoy represents the molar mass of methanol, m., represents
the mass of the catalyst, respectively.

3. Results and discussion
3.1. Catalysts characterization

3.1.1. BET

The fundamental structural properties of the prepared perovskite
catalysts, including specific surface area, pore volume, and pore size,
were summarized in Table 1. All three catalysts exhibited low BET
surface areas, a characteristic that is frequently observed in perovskite-
type materials [17]. Fig. S1 showed that the catalyst sample exhibited
both microporous and smaller mesoporous structures. Meanwhile, LCZ-
82 exhibited the smallest average pore size, predominantly featuring a
microporous configuration. Additionally, LCZ-82 had a higher BET
surface area than LC, indicating that Zn doping enhanced the specific
surface area of Cu-based catalysts. The introduction of Mn through
doping led to a reduction in the specific surface area of the catalyst,
accompanied by an increase in the pore size. This observation indicated
that Mn modified the spatial structure of the crystals, thereby affecting
the specific surface area of the catalyst, which was consistent with
findings reported in existing literature [24]. Furthermore, it suggested
that doping with Mn and Zn altered the interactions within the catalyst
system.

3.1.2. XRD

The X-ray diffraction patterns of both the calcinated and reduced
catalysts were presented in Fig. 1. From Fig. 1(a), it was evident that
LagCuOy, characterized by its perovskite structure, was present in all
samples [25]. Doping with various elements induced distinct modifi-
cations in the catalysts. Fig. S5 indicated that the LayCuO4 phases cor-
responding to the three catalysts are slightly different. The addition of
Zn induced a transition in the LayCuO4 phase of LCZ-82 from its initial
orthorhombic perovskite structure (JCPDS # 80-1481) to another
orthorhombic perovskite structure (JCPDS # 82-2098). This transition
led to lattice distortion and alterations in its unit cell parameters.
Furthermore, the intensity of the diffraction peaks associated with the
LapCuOy4 catalyst increased, with higher diffraction intensity signifying a
greater number of crystal planes [26]. With the addition of Mn, the
LapCuO4 phase transitioned into a higher crystallinity orthorhombic

Table 1
Physical properties of perovskite-type catalysts.
Samples SeET Vpore Dpore
(m?%/g) (em®/g) (nm)
LMCZ-181 6.9 0.033 19.4
LCZ-82 8.9 0.014 6.3
LC 5.6 0.028 19.6
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Fig. 1. XRD patterns of calcinated catalysts (a) and reduced catalysts (b).

perovskite structure (JCPDS # 80-0579), indicating that both Zn and Mn
introductions led to alterations in the crystal structure of the catalyst.
However, no new peaks were detected in the XRD patterns, and no novel
phases containing Mn and Zn were observed in both LMCZ-181 and LCZ-
82 samples. The absence of new phases may result from the low doping
concentration and high dispersion of Mn and Zn. Fig. S2 shows the XRD
patterns of the catalyst after use, revealing that the catalyst’s composi-
tion remained largely unchanged from its reduced state. The presence of
Cu and LayCuOy4 indicated that the catalysts exhibited good stability.

In the LMCZ-181 sample, a novel peak corresponding to LaCuO2 g9
(JCPDS # 79-1527) emerged at 20 = 32.9°, indicating that the intro-
duction of Mn led to structural defects in LagCuOj4, consequently altering
the oxygen vacancies. Furthermore, CuO (JCPDS # 80-0076) exhibited
two diffraction peaks at 20 = 35.3° and 38.9° in all samples, suggesting
the presence of Cu ions outside the perovskite structure [27]. A reduc-
tion in the perovskite structure of LapCuO4 was also observed in the
reduced specimen. The detection of Cu and La;O3 indicated the partial
reduction of LagCuQy4, highlighting the effective dispersion of Cu within
the perovskite-based catalysts [28].

The lattice parameters of the three catalysts were refined by the least
squares method, with results summarized in Table 2. The incorporation
of Zn induced elongation of the a-axis and expansion of the spatial
structure of the catalyst, indicating that LCZ-82 contained a higher
proportion of LayCuO4 than LC. This observation aligns with the
enhanced diffraction peak intensity [24]. Following the Mn introduc-
tion, additional lattice parameter modifications were detected. More-
over, the average crystalline size of LayCuQy, calculated via Scherrer’s
equation, revealed a significant increase upon Mn and Zn incorporation.

3.1.3. SEM, TEM, and EDS energy spectra

As illustrated in Fig. 2(a-i), the synthesized perovskite catalysts
exhibited granular crystalline structures. The LCZ-82 catalyst displayed
enhanced crystallinity and uniform particle size distribution, consistent
with a homogenous dispersion of LapCuOy4 in the Zn-doped sample. In
contrast, the Mn-doped LMCZ-181 catalyst exhibited rougher particle

Table 2
The lattice parameters of the perovskite-type catalysts.

Samples Lattice parameters of Volume Size of La;CuQ,4
LasCu04 (A) (A3 crystallites (nm)
a b c

LMCZ-181 5.371 5.396 13.164 381.6 41.6

LCZ-82 5.407 5.362 13.156 381.4 39.8

LC 5.379 5.361 13.156 380.5 28.0

surfaces, resulting in a reduced average particle size and fragmented
structures. This phenomenon is likely due to the partial replacement of
Cu by Mn, leading to pore blockages [29]. The overall morphology of the
catalysts showed minimal changes after use and reduction, indicating
that the perovskite-type catalyst possesses strong anti-sintering proper-
ties. The XRD patterns indicated that Mn doping introduces structural
defects in LapCuOy4, accompanied by modifications in oxygen vacancies.
Energy dispersion spectrometer (EDS) analysis of the LMCZ-181
confirmed the uniform distribution of La, Mn, Cu, Zn, and O on the
catalyst surface. The uniform distribution of Cu implied that the active
sites within the catalyst were evenly distributed, which was essential for
the efficient progression of the catalytic reaction. Additionally, other
literature on perovskite catalysts has also drawn similar conclusions that
the distribution of active sites is relatively uniform [21,30].

Fig. 3 presents TEM images of the reduced catalysts, confirming the
presence of LaaCuOy4 structures in all three catalysts. Notably, Fig. 3(b, d,
and f) demonstrates that the LC-R and LCZ-82-R catalysts exhibit distinct
lattice fringes corresponding to different crystal planes of CuO and
LayCuOy, consistent with XRD findings. Among the catalysts, LMCZ-181
possessed a higher concentration of LapCuO4, which more effectively
promoted the formation of small Cu particles. Moreover, based on the
XRD and Hy-TPR results, the Cu species in the catalyst were selectively
reduced during the calcination-reduction process. The larger Cu parti-
cles on the catalyst surface primarily formed through the reduction of
CuO, adopting spherical structures. Meanwhile, the La;O3 phase was
uniformly distributed on the catalyst surface alongside small Cu parti-
cles. Electron diffraction images displayed clear diffraction rings, indi-
cating the high crystallinity of the various active metal species on the
catalyst surface [30]. Fig. 3(g-1) illustrates the morphology and struc-
ture of the catalyst post-reaction, with the lattice structure remaining
clearly visible. Fig. S3 reveals that, even after 120 h of reaction, the
metal components remained uniformly distributed on the catalyst sur-
face, indicating the catalyst’s excellent anti-sintering properties.
Through the integration of XRD, SEM, TEM, and EDS energy spectra, it
was deduced that the La-Mn-Cu-Zn catalyst consisted of closely associ-
ated Lap;CuO4 nanoparticles.

3.1.4. H,-TPR and H,-TPD

The H-TPR profiles of the catalysts-R are depicted in Fig. 4(a). All
samples exhibited reduction peaks corresponding to CuO and LapyCuOy4
within the temperature range of 190-300 °C, indicating that the
reduction temperature of the perovskite catalyst is within 300 °C [31].
Particularly, the reduction peak of LC showed symmetrical character-
istics, implying a relatively uniform distribution of Cu species in this
catalyst. Additionally, this catalyst exhibited the largest reduction peak
area due to its high content of Cu species. After the incorporation of Mn
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Fig. 2. SEM images of the perovskite catalysts: (a) LC-C; (b) LCZ-82-C; (c) LMCZ-181-C; (d) LC-R; (e) LCZ-82-R; (f) LMCZ-181-R; (g) LC-U; (h) LCZ-82-U; (i) LMCZ-
181-U; (j) EDS energy spectra of LMCZ-181-R and surface scans of La, Mn, Cu, Zn, and O elements.
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Fig. 3. TEM images of the perovskite catalysts: (a, b) LC-R; (c, d) LCZ-82-R; (e, f) LMCZ-181-R; (g, h) LC-U; (i, j) LCZ-82-U; (k, 1) LMCZ-181-U.
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Fig. 4. (a) Hy-TPR and (b) H,-TPD of the perovskite catalysts.

and Zn, the overall reduction temperature of the catalyst decreased. This
suggested that doping with Mn and Zn significantly enhanced the
reducibility of the samples. According to the literature, stronger metal-
support interactions increase the difficulty of reduction while enhancing
the dispersion of metal species on the catalyst surface. Both LCZ-82 and
LMCZ-181 distinctly demonstrated that Cu species in these catalysts
existed in two states: easily reducible (CuO) and difficult to reduce
(LagCuOy4). Moreover, the reduction peak width of LC is broader than
those of LCZ-82 and LMCZ-181, likely due to its higher Cu content [32].
This resulted in an increased LapCuOj4 crystal phase and larger micro-
crystal size, consistent with the lattice parameters obtained from XRD
analysis.

The Ho-TPD profiles of the catalysts-R are presented in Fig. 4(b), with
the corresponding Hj adsorption data detailed in Table 3. Typically, Hy
adsorption and desorption at low temperatures are attributed to in-
teractions with metal-active sites, while Hy desorption peaks at higher
temperatures are associated with hydrogen spillover on metal species.
Notably, the capacity for Hy adsorption and desorption at low-
temperature conditions was particularly significant, given that the
conventional reaction temperature for CO5 hydrogenation to methanol
typically ranged from 200 to 300 °C [33]. Compared to LC and LCZ-82,
LMCZ-181 exhibited a shift in its Hy desorption peak towards lower
temperatures (150-300 °C) along with an increase in the amount of Hy
desorbed at this peak. This observation indicated an enhanced capacity
for both Hy adsorption and desorption. The enhanced low-temperature
H, adsorption and desorption capacity facilitates more efficient CO4
hydrogenation. The observed shift of the low-temperature desorption
peak of Hy shifting to earlier times aligned with the TPR results. This
phenomenon may be attributed to a decrease in the reduction temper-
ature of the catalyst, which consequently enhanced the availability of

Table 3
H, desorption temperature and H, uptakes over the perovskite catalysts.

surface Cu active sites and increased the amount of adsorbed Hj.
Furthermore, the high-temperature desorption peak of LMCZ-181 shif-
ted to higher temperatures, suggesting that Mn doping promoted the
generation of structural defects in the catalyst, leading to a more pro-
nounced hydrogen spillover phenomenon. Both low- and high-
temperature segments showed increased Hy desorption upon Mn and
Zn doping, indicating that the modified samples possess abundant Cu
active sites, which promote efficient Hy uptake and release [34].

3.1.5. CO2-TPD

The temperature and peak area of CO, adsorption and desorption are
indicative of the strength and number of basic sites on the catalyst
surface [35]. As shown in Fig. 5, The CO,-TPD curve can be separated
into five peaks, namely peak o, peak B, peak y, peak 5, and peak e.
Specifically, peak a represents a weak basic site (220-380 °C), while
both peak p and peak y indicate medium basic sites (380-550 °C). On the
other hand, peak & and peak & correspond to strong basic sites
(550-700 °C). Generally, peaks at higher temperatures signify strong
basic sites with enhanced CO5 adsorption capacity. Table 4 presents the
CO4, desorption temperatures as well as the adsorption capacity for each
sample. It is observed that in the Zn-doped LCZ-82 catalyst, peaks a, 3,
and y shift to higher temperatures, leading to a significant increase in the
CO4 adsorption capacity of weak and medium basic sites. This suggested
that the catalyst’s CO, adsorption performance was significantly
improved. After the introduction of Mn, there was an overall increase in
the CO, adsorption capacity of the catalyst, potentially due to the
augmentation of pore volume and pore diameter. Compared to LCZ-82,
LMCZ-181 exhibited significantly higher CO5 adsorption at medium and
strong basic sites. The enhanced CO. adsorption performance of the
catalyst may be attributed to the trace LaMnOj structure, which

Samples Temperature (°C) H; uptake (umol/g)

site o site B site y site site a site p site y site & total
LC 260 435 460 563 100 152 185 74 511
LCZ-82 233 420 489 578 64 162 434 76 736
LMCZ-181 194 417 492 596 126 186 508 51 871
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Fig. 5. CO,-TPD of the perovskite catalysts.

strengthened the medium and the strong basic sites of the sample. The
combined effect of Mn and Zn caused a collective shift of the basic sites
in LMCZ-181 towards higher temperatures, resulting in an overall in-
crease in the CO; adsorption capacity at each basic site. This indicated
that LMCZ-181 may possess more oxygen vacancies, facilitating the
adsorption of CO5 on these vacancies or low coordination oxygen atoms,
consequently enhancing the CO, adsorption performance at these basic
sites. The reaction temperature for CO, hydrogenation to methanol
ranges from 200 °C to 300 °C. Within this temperature range, LMCZ-181
exhibited peak o desorption at a lower temperature, accompanied by an
increased CO5 uptake capacity. This suggests that LMCZ-181 possesses
the highest CO, adsorption capability, thereby enhancing the reaction
process.

3.1.6. XPS

The XPS analysis of the catalyst-R revealed energy spectra of the Cu
2p orbitals for all three perovskite catalysts in Fig. 6(a). In LMCZ-181,
two characteristic peaks were identified at binding energies of 932.29
eV and 952.06 eV, corresponding to Cu 2ps,, and Cu 2p; /5 respectively.
Notably, the peak for Cu 2ps,» indicates both Cu™ and Cu®" species [36];
conversely, the peak for Cu 2p; /5 specifically corresponds to Cu?". This
observation suggested that additional Cu species exist within the
perovskite structure [37]. The Auger electron spectrum of Cu LMM in
Fig. 6(b) shows a broad peak centered around a binding energy of
approximately 917.18 eV, which was assigned to Cu™ (916.7 eV) and
Cu® (918.6 eV) [38]. The research indicated that Cu species in the
catalyst predominantly exist in the Cu® form, alongside Cu®>* and Cu™

Table 4
CO,, desorption temperatures and CO, uptakes of the perovskite catalysts.
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forms [22]. Upon Mn doping, there was an increase in the broad peak at
a binding energy of 917.5 eV, signifying an enhancement in Cu® and Cu™
species within LMCZ-181. This finding implied that Mn-Cu interaction
facilitated the Cu?* reduction to Cu® and Cu’®. Additionally, two new
peaks were observed in the reduced LC at approximately 911.05 eV and
914.5 eV, indicating the existence of Cu®" (Cu species excluding Cu®",
Cu™, and Cu?) within the perovskite system. Oxygen vacancies resulting
from the oxygen deficiency in perovskite structures may induce
abnormal oxidation states in transition metal ions (such as Cu), addi-
tionally, synergistic interactions between Cu and other elements (e.g.
Mn, Zn) could also contribute to the formation of Cu** [24]. It was re-
ported that the existence of Cu®" played a pivotal role in the CO»-to-
methanol synthesis reaction [39]. Cu®" facilitates the dissociation of H,
thereby enhancing the hydrogenation of CO,. Consequently, it serves
effectively as the catalyst’s active site. Compared to conventional Cu/
Zn/Al catalysts, Cu-based perovskite catalysts exhibit unique valence
states of Cu species, enriching the reactivity sites for the reaction.

The energy spectra of the La 3d orbitals for the three perovskite
catalysts are depicted in Fig. 6(c). The binding energies of the three
catalysts observed for La 3ds /5 are approximately 834.4 eV, close to the
binding energy of La;Os3, providing that all La ions exist in the trivalent
form [40]. Following the introduction of Zn and Mn, there was a slight
alteration in the binding energy of La 3ds/s, potentially attributed to
variations in crystal structure and electronic configuration.

The energy spectra of the O 1s orbitals are depicted in Fig. 6(d).
According to the fitting data, three characteristic peaks representing
oxygen components are observed at binding energies of 528.61 eV,
530.55 eV, and 532.06 eV. The oxygen species observed at 528.61 eV are
primarily 0", which can be attributed to the lattice oxygen ions. At
530.55 eV, the primary oxygen species is O, which corresponds to
chemisorbed oxygen occupying oxygen vacancies or defects. At 532.06
eV, the notable oxygen species is O, associated with physically adsor-
bed oxygen on the surface [41]. Specifically, the signal at 528.61 eV
represents lattice oxygen (Oj,t) in perovskite-type catalysts, while those
at 530.55 eV and 532.06 eV correspond to highly active adsorbed oxy-
gen species (O,q) associated with oxygen vacancies [42]. In general,
adsorbed oxygen species (Oaq4) play a crucial role in enhancing adsorp-
tion and desorption capabilities for CO5 and Hy, thereby enhancing the
overall reaction activity. Research has demonstrated that the ratio of
0,4/0O1at serves as an effective metric for characterizing the concentra-
tion of oxygen vacancies on the catalyst surface [43]. With the incor-
poration of Mn and Zn, there is a notable increase in the content of
adsorbed oxygen (O,q). LMCZ-181 exhibits the highest 0,4/0j4 ratio,
suggesting that this perovskite catalyst more readily forms oxygen va-
cancies, thus enhancing their catalytic activity.

3.2. Catalytic tests

The catalytic performance of the three catalysts employed for CO,
hydrogenation to methanol is illustrated in Fig. 7. As the temperature
increased, the CO5 conversion of each catalyst initially rose and then
declined, while the methanol selectivity gradually decreased. Moreover,
the overall trend of methanol yield exhibited an initial increase followed
by a decrease. It should be noted that as an exothermic reaction, high
temperatures are not conducive to the progress of CO, hydrogenation
and methanol synthesis. Indeed, elevating the temperature was advan-
tageous for the activation and conversion of COy in the reaction.

Samples Temperature (°C) CO, uptake (umol/g)

site o site f§ site y site & site € site a site B site y site & site € total
LC 348 416 470 578 665 73 157 448 34 76 788
LCZ-82 347 445 509 540 624 105 176 470 — 47 798
LMCZ-181 346 444 487 608 680 105 123 646 38 88 1000
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Fig. 6. XPS spectra of the perovskite catalysts: (a) Cu 2p; (b) Cu LMM Auger; (c) La 3d; (d) O 1s.

However, owing to the endothermic nature of the RWGS reaction and
the higher apparent activation energy, the preferential formation of CO
over methanol was favored; thus, an increase in temperature resulted in
a decline in methanol selectivity. Importantly, Zn-doped LCZ-82
exhibited a remarkable enhancement in CO, conversion relative to LC
and also mitigated the decline in methanol selectivity. After Mn doping,
the COy conversion of LMCZ-181 was further improved, while main-
taining a consistent trend in methanol selectivity as observed in LCZ-82.
Among the three catalysts, LMCZ-181 doped with Mn and Zn demon-
strated superior catalytic performance, achieving the highest CO2 con-
version and methanol selectivity across all temperature ranges. Under
the reaction conditions of 270 °C, 3 MPa, and GHSV = 6000 rnL-h’l-g’l,
LMCZ-181 displayed the most efficient catalytic activity with a COy
conversion of 20.81 %, methanol selectivity of 77.68 %, and methanol
yield of 330.25 mgMeOH-g{alfh’l. These results highlighted the

significant influence of Mn and Zn on both the physicochemical prop-
erties and performance of the catalyst.

Fig. 7(d) evaluates the catalyst stability of LMCZ-181 under the re-
action conditions of 270 °C, 3 MPa, and GHSV = 6000 mL-h’1~g’1. As
the reaction time extended from 6 h to 120 h, the CO, conversion on
LMCZ-181 decreased from 20.9 % to 19.3 %, while the selectivity for
methanol remained stable at approximately 77 %. These results indi-
cated that the modified catalyst synthesized in this study exhibits
excellent catalytic activity and stability.

This study conducted a comparison of the optimized LMCZ-181
catalyst against other Cu-based catalysts documented in recent litera-
ture, as presented in Table 5. The LMCZ-181 catalyst exhibited both a
high CO;, conversion rate and methanol selectivity concurrently, thereby
demonstrating exceptional catalytic activity.

Based on the XRD results, it can be concluded that all samples
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Fig. 7. The catalytic performance of the catalysts: (a) CO5 conversion; (b) methanol selectivity; (c) methanol yield; (d) catalyst stability test.

Table 5

A comparison of the catalytic activity of LMCZ-181 catalyst with other Cu-based catalysts reported in recent literature studies.
Catalyst P(MPa) T(°C) CO, conversion(%) MeOH selectivity(%) Ref
Cu/Zn/Al/Zr 4.0 240 18.7 47.2 [44]
Cu/Zn0/ZrO, 5.0 270 23.0 56.8 [10]
Cu-ZnO/Aly03-Zr0, 5.0 280 23.1 38.0 [45]
CuZnAlZr 3.0 250 25.8 49.1 [46]
Cu-ZnO¥° ¢ Al,05 3.0 240 9.1 86.9 [47]
Cu/ZnFe-0.5 4.5 260 9.4 71.6 [48]
LMCZ-181 3.0 270 20.8 77.6 this work

contain LasCuO4 with an orthorhombic perovskite structure, as shown
in Fig. 8. Combined with the characterization results of Ho-TPD and CO»-
TPD, Zn could effectively increase the medium-basic sites of the cata-
lysts to establish a Cu-O-Zn interface. This interface facilitated the
adsorption of Hy and CO; on the catalyst, thereby improving the effi-
ciency of the catalytic reaction [49-51]. Mn facilitated the production of
more structural defects and oxygen vacancies in the catalyst, allowing
more Hy and COy to be adsorbed on the oxygen vacancies or low-
coordinated oxygen atoms. The superior reactivity of LMCZ-181 at
270 °C could be attributed to the adsorption and activation of CO5 on the
medium-basic sites. Typically, Cu species are essential in the action
process of each catalyst [35]. According to CO2-TPD, it can be concluded
that LMCZ-181 has the highest number of surface basic sites. Li et al.
[10] prepared a series of Cu/Zn/ZrO, catalysts with different NaBH,4
content reduced by the precipitation-reduction method for methanol
synthesis from CO, hydrogenation, drawing conclusions related to
methanol selectivity and the distribution of surface basic centers. In this
study, the number of basic sites was quantified based on the COy
adsorption on the medium-basic sites, and an increase in the number of
basic sites resulted in enhanced methanol selectivity. Furthermore, it
was observed from Hy-TPR analysis and EDS energy spectrum that the
higher Cu content in the LC did not lead to increased CO3 conversion,
suggesting that the CO, conversion depended not only on Cu content but Fig. 8. Orthorhombic perovskite structure of La,CuOy,
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also on active sites and interfaces on the catalyst surface. In LMCZ-181,
the oxygen vacancies generated from the oxygen deficiency led to a
unique oxidation state Cu®", increasing the active sites of the reaction.
Despite having a lower Cu content compared to LC, LMCZ-181 exhibited
an increased abundance of special valence states for Cu species and a
higher concentration of oxygen vacancies, resulting in significantly
improved catalytic activity.

It is well known that Cu served as the active phase for the hydro-
genation of CO2 to methanol on Cu-based catalysts [4]. According to
CO9-TPD, Zn amplified adsorption and activation processes for COa,
significantly influencing the distribution of Cu active sites. Importantly,
methanol selectivity is related to the number of medium basic sites; an
increase in these sites corresponds with higher selectivity. Both Mn and
Zn doping significantly enhance these sites, with LMCZ-181 presenting
exceptional selectivity and yield for methanol. Prior research demon-
strated that ZnO functioned as both a support material and a promoter.
The interface between ZnO and Cu is critical for providing active sites
necessary for methanol production [23,52]. Furthermore, Cu supported
on such substrates exhibited increased catalytic activity due to stronger
interactions with the support material [53]. Hy-TPR profiles also
demonstrated that Mn and Zn doping heighten sample reducibility,
implying stronger metal-support interactions and enhanced metal
dispersion on the catalyst surface.

Fuel 393 (2025) 134931

3.3. Possible reaction mechanism

Fig. 9(a—c) shows the in-situ DRIFTS spectra for CO5 hydrogenation
over LC, LCZ-82, and LMCZ-181 catalysts. The absorption peaks
observed at 1083 cm ™! and 1149 cm ™ corresponded to CH30* species,
while those at 1339 em ™! were attributed to HCO3* species. Peaks at
1383 cm ™! and 1558 cm ™! corresponded to HCOO* species, and those at
1437 cm ™! and 1484 cm™! were associated with CO3* species. There-
fore, CO3*, HCO3*, and HCOO* species are identified as the primary
reaction intermediates in the hydrogenation of CO, to methanol. Weak
signals for the by-product CO were detected at 2078 cm ™! and 2108
cm™ L. Although the reaction intermediates were similar across the three
catalysts, the peak intensities of CO3*, HCOs*, and HCOO* for LMCZ-
181 were significantly higher than those of the other catalysts. At
270 °C, the absorption peak of HCOO* species at 1558 cm™' was
selected for detailed analysis. Over time, the HCOO* species’ absorption
peak for LMCZ-181 exhibited a continuous increase. It was significantly
higher than that of the other catalysts, resulting in enhanced conversion
of CH30* species and the highest yield of CH30H. This suggests that
LMCZ-181 demonstrates superior CO, and Hy adsorption and activation,
facilitating the formation of reaction intermediates. This observation
aligns with findings obtained from CO2-TPD and H,-TPR experiments.
Furthermore, for HCOO* species, LCZ-82 reached a stable state faster
than LC, suggesting that LCZ-82 has a higher catalytic reaction rate and
enhanced hydrogenation capability compared to LC.

To further elucidate the mechanism of CO; hydrogenation and
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Fig. 9. In-situ DRIFT spectra of catalysts: (a) LC; (b) LCZ-82; (c, d) LMCZ-181.
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methanol synthesis, CO, and Hy were introduced at 210 °C and 270 °C to
examine the reaction intermediates involved in CO2 hydrogenation to
methanol, as shown in Fig. 9(d). CH30* species were derived from the
conversion of HCOO* species. At 210 °C on LMCZ-181, the concentra-
tion of CH30* species is relatively low, while HCOO* species accumulate
significantly, indicating that the latter may represent the rate-limiting
step [54]. As the temperature increases from 210 °C to 270 °C, the ab-
sorption peak intensity of CH30* increases, suggesting enhanced for-
mation of key intermediates at higher temperatures. Additionally, CO»
hydrogenation on Cu-based catalysts typically proceed via two path-
ways: the formate and the carboxyl pathway. In the formate pathway,
formate serves as a common intermediate for methanol synthesis [55].
Activated CO; is converted into formate (HCOO*), which is then hy-
drogenated into methoxy (CH30*) and methanol [56]. In the carboxyl
pathway, adsorbed CO; is transformed into CO* through sequential
hydrogenation reactions and further hydrogenated into intermediates
such as HCOO*, H,COO*, HCO*, and H,CO*, which are either converted
into methanol or directly desorbed from the surface [57]. This study
detected HCOO* and CH3O* species across all three catalysts, confirm-
ing the existence of an HCOO*-CH30*-CH3OH* pathway in the CO,
hydrogenation process and highlighting the significance of the formate
pathway on Cu-based catalysts.

4. Conclusions

A series of La-Mn-Cu-Zn-O catalysts, derived from perovskite-type
precursors, were synthesized using the citrate complexation method
for COy hydrogenation to methanol. The results indicated that all the
catalysts exhibited a LayCuO4 perovskite structure. Under the conditions
of 270 °C, 3 MPa, and GHSV = 6000 mL-h~1.g~1, LMCZ-181 exhibited
superior catalytic activity and stability, achieving CO5 conversion and
methanol selectivity of 20.81 % and 77.68 %, respectively. Catalysts
modified with Mn and Zn demonstrated optimal catalytic performance
due to the alterations in the crystal structure, which increased oxygen
vacancies and promoted the formation of active sites, thereby enhancing
hydrogenation efficiency. Importantly, the incorporation of Mn
increased in Cu’ and Cu™ species and facilitated the formation of distinct
valence states of Cu species Cu™" (0 < a < 1), which played a crucial role
in CO5 conversion to methanol. In-situ DRIFTS results suggested that
these catalysts achieve CO2 hydrogenation via the formate pathway and
confirmed the enhanced hydrogenation capabilities of LMCZ-181. This
study provides new insights into the structural modulation of Cu-based
catalysts.
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