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ABSTRACT: The development of efficient Cu-based Increasing Cu content
heterogeneous catalysts for CO, hydrogenation to methanol has
been an appealing subject. Inspired by the concept of inverse
catalysts, a series of La,0,CO5/Cu nanorod composites with
varying Cu contents (denoted as LOC/Cu-x, where x stands for

the mass ratio of La and Cu in the catalysts) were prepared by CO, CH,

combining  coprecipitation and calcination  processes. \

Remarkable composition-dependence of catalytic activity and @uem

selectivity were observed when different LOC/Cu-x (x = 0.1, 0.2,

0.5, 1, 3 and 5) were used to catalyze the CO, hydrogenation.

The predominant product shifted from methane to methanol with

the increasing Cu content. The highest reaction rate ——
(13.3 mmol-g¢c,"h™") and methanol selectivity (85.5%) were ——

achieved when LOC/Cu-1 was tested at 200 °C. The LOC was not active for the reaction, while the Cu itself displayed poor
catalytic performance. The Cu-LOC interactions significantly affected the nature of the catalysts, including mutual electron
transfer, crystal structure, morphology, porosity, surface Cu valence and capability of adsorbing the reactant gases, etc.,
which account for the outstanding behavior of the LOC/Cu-1 catalyst. This work provides a new strategy for the design and
optimization of Cu-based catalysts.

KEYWORDS: CO, hydrogenation, methanol, heterogeneous catalysts, Cu-La,0,CO; (LOC) interaction

value-added products, such as hydrocarbons, alcohols, and

1 Introduction
carboxylic acids [1-12]. Among all the various options for CO,

The escalating amount of CO, in the atmosphere caused by human conversion, the hydrogenation of CO, to methanol has garnered

activities, has led to climate change and environmental problems, significant attention due to its ease transportation and efficient

such as rising sea levels, melting glaciers and extreme weather utilization as a fuel [13]. Therefore, the development of efficient

events. One of the most promising methods to mitigate the negative catagsts.dfor methanol synthesis has aroused considerable interest
worldwide.

impacts of CO, emissions is to transform the CO, resource into )
Over the decades, the Cu-based catalysts have been extensively

studied due to their abundant reserves and high methanol
selectivity. Unfortunately, bare Cu could hardly activate CO,, as
confirmed by both experimental and theoretical results, and the
competitive reverse water gas shift (RWGS) reaction tended to
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RWGS reaction and enhance CO, affinity. Various oxides and
mixed oxides such as ZnO, ZrO, and ZnO/Ga,O; have been
demonstrated as good supports [15-17]. For example, Liao et al.
maximized the interface area of Cu-ZnO via morphological
regulation, and observed that the polar facets of ZnO benefited
methanol synthesis [18]. In addition to morphological control,
other strategies such as doping metal compounds [19], improving
the dispersion of Cu [20] and constructing defective oxides [21] had
also been reported to be helpful in maximizing the interface area
and optimizing the structure of the active interface, which could
enhance methanol production. Recently, Ma’s group developed an
inverse ZrO,/Cu catalyst with 90% Cu, which owned the same
interface structure as traditional Cu/ZrO, catalyst with 10% Cu,
while it exhibited approximately 3 times higher activity toward
methanol yield than traditional catalyst [22]. With the development
of inverse catalyst, scientists have realized that the neglected loading
content of Cu might also play a critical role in the catalytic
performance. However, very limited work focused on it toward
slurry CO, hydrogenation.

La,0,CO; (LOC), a recently concerned basic oxide, has attracted
considerable interest and is considered a promising candidate as a
support or promoter material due to its medium surface basicity,
excellent thermal stability and good coke resistance [23, 24]. It has
been extensively investigated in dry methane reforming (DRM),
RWGS and CO, methanation reactions, showing expectational
performance [25-27]. Previous studies suggested that increased
surface basicity was conductive to chemisorb CO, while strong
basic sites would hinder the release of certain intermediates during
the catalytic process. This implied that LOC, with moderate
basicity, could balance the CO, adsorption and the transformation
of intermediates [28, 29]. In addition, besides enhancing the
dispersion and stability of metal particles, LOC also exhibited a
stronger electrical interaction with the active component than other
typical oxides, playing a pivotal role in selectivity regulation [25].
Therefore, LOC showed promising potential for fabricating
supported Cu-based catalyst toward methanol synthesis via CO,
hydrogenation.

Based on the above discussion, herein, a series of La,0,CO5/Cu
nanorod composites with varying Cu contents (denoted as LOC/Cu-
x, where x stands for the mass ratio of La and Cu in the catalysts)
were prepared by the coprecipitation-calcination method. The
effects of Cu content on the microstructure and electronic state of
LOC/Cu-x were studied using several characterization methods.
Subsequently, the catalytic performance of the LOC/Cu-x on CO,
hydrogenation was evaluated, and the optimal Cu content was
determined. Detailed study demonstrated that the strong Cu-LOC
interaction played a crucial role in enhancing the catalytic
performance. This work highlights a new approach to optimize Cu-
based catalysts for methanol production.

2 Experimental

2.1 Catalyst preparation

A series of LOC/Cu-x catalysts with different Cu contents were
prepared by a facile method, involving a two-step precipitation in
one-pot followed by an annealing process. Cu(NO;),-xH,O and
La(NO;);xH,O were selected as starting materials, with CO(NH,),
as the additive and NaOH as the precipitation agent. The procedure
for the two-step precipitation was as follows: a certain amount of
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Cu(NO3),xH,0, La(NO;);:»H,0 and CO(NH,), (5 g) were
dissolved in deionized water to form a clear solution (the amounts
of the starting materials for different catalyst compositions were
given in Table S1 in the Electronic Supplementary Material (ESM)).
The mixture was continuously stirred at 80 °C for 3 h, resulting in a
blue suspension (the first-step precipitation). Subsequently, certain
amount of 2 M NaOH solution was gradually added dropwise to
adjust the pH value to 7-8, leading to the formation of a coffee
brown precursor precipitate (the second-step precipitation). The
precipitate was separated through centrifugation, then washed with
water and dried at 60 °C for 12 h. Then the dried samples were
calcined at 500 °C for 4 h. Finally, the catalysts were reduced at
300 °C under H,/Ar (10 vol.%) atmosphere for 2 h to activate the
surface oxygen defects. The collected samples were denoted as
LOC/Cu-x (x = 0.1, 0.2, 0.5, 1, 3 and 5), where x represented the
mass ratio of La and Cu in the catalysts. Pure LOC was prepared
using the same procedure except the addition of Cu. The
information of the chemicals used for catalyst preparation was
supplied in the ESM.

2.2 In situ and semi in situ characterization

The semi in situ X-ray photoelectron spectroscopy (XPS)
measurement was aided by a special vacuum seal sample unit to
transfer the sample prepared in the glove box. To study the CO,
adsorption, LOC/Cu-1 was pretreated with 3 MPa of H, at 200 °C
for 2 h. The reactor was cooled, and the H, was released and
replaced with 1 MPa of CO, three times. Then the reactor was
charged with 1 MPa of CO, and kept at the specified temperature
for 1 h. Finally, the reactor was cooled to room temperature, and
the gases were released. The sample was prepared in a glove box,
and transferred to the sample chamber of an XPS spectrometer
using the sample unit. To reduce the loss of adsorbates during the
XPS analysis, the sample chamber was kept at ultra-low
temperature using liquid nitrogen.

The in situ Fourier transform infrared (FTIR) spectroscopy
spectra were recorded with a FOLI10-R-T infrared spectrometer
equipped with a DLaTGS detector supplied by INSA Co. Ltd. The
measurements were conducted in transmission mode at a
resolution of 4 cm™, with a scanning speed of one spectrum per
minute. Preceding CO, adsorption, the catalyst underwent
treatment in 10% H,/Ar at 200 °C for 2 h. After the mixture was
cooled to 150 °C, the background spectrum was recorded.
Subsequently, pure CO, was introduced into the in situ reaction
cell, and spectra were continuously collected until no further
changes were observed. Other methods of catalyst characterization
were stated in the ESM.

2.3 Catalytic reaction

The CO, hydrogenation was conducted in a 16 mL stainless steel
batch reactor that had a Teflon lining. In a typical experiment,
20 mg of catalyst and 2 mL of solvent were added to the reactor.
Then the reactor was purged three times with 1 MPa CO, at room
temperature to remove the remaining air. Subsequently, CO, and
H, under specific pressure were introduced into the reactor at room
temperature, then the reaction was conducted at a fixed
temperature. After completion, the reactor was thoroughly cooled
in an ice-water bath, and the gas was slowly released and collected
in a gasbag. The gaseous samples were analyzed using a gas
chromatograph (GC, Agilent 4890D) equipped with a thermal
conductivity detector (TCD) and a packed column (Carbon
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molecular sieve TDX-01, 3 mm in diameter and 1 m in length),
using argon as the carrier gas. The liquid products were analyzed
using an HP 7890B gas chromatograph with a flame ionization
detector, and toluene was used as an internal standard. The
identification of liquid products was performed using GC-mass
spectrometry (GC-MS, Agilent-7890B-5977A) by comparing the
retention times with standards in the GC traces. The selectivity of
the products was calculated based on the GC data.

24 The recycling test

The solid catalyst was separated and washed with water and acetone
for several times, followed by drying under vacuum at 60 °C for
12 h. Afterward, the catalyst was directly employed for the
subsequent reaction.

3 Results and discussion

3.1 Catalyst characterizations

A series of LOC/Cu-x catalysts with different Cu contents were
synthesized via combining coprecipitation and calcination method,
the actual concentrations of Cu and La were determined using
inductively coupled plasma-optical emission spectroscopy (ICP-
OES), and the actual mass ratios of La to Cu were close to the
designed values (Table S2 in the ESM). The sintering temperature
of 500 °C was adopted based on the thermogravimetric analysis-
differential thermal analysis (TGA-DTA) results, and LOC and
CuO were formed after calcination (Fig. S1 in the ESM). The
following reduction temperature of 300 °C was determined based
on the Hy-temperature programmed reduction (TPR) results to
ensure transformation from CuO to Cu (Fig. S2 in the ESM). A
slight variation in the crystal structure (monoclinic and hexagonal
phase) for LOC was also observed during the reduction of the
calcined LOC/Cu-x (Fig. 1(a) and Fig. S1(a) in the ESM) [30, 31].
For the calcined catalysts, the diffraction peaks at 12.7°, 23.1°, 29.6°
and 31° were attributed to monoclinic La,0,CO; (JCPDS 48-1113),
while those at approximately 25.5°, 30.3°, 44.1° and 54.4° were
attributed to hexagonal La,0,CO; (JCPDS 37-0804), indicating that
the synthesized hybrids comprised both of the above phases [32].
With the increase of the La/Cu mass ratio, the relative content of
these two types of La,0,CO; crystal structures also changed. We
also observed the peak of metallic Cu in the reduced catalyst (Fig.
1(a)). FTIR spectroscopy was also performed to investigate the
surface functional group of LOC/Cu-x (Fig. 1(b)) [33]. The band
around 2338 cm™ could be ascribed to the oscillations of
atmospheric CO, [34]. The band observed at 3453 and 1642 cm™
corresponding to the O-H vibration of water absorbed onto the
catalyst surface [35]. The characteristic bands appeared at 1352 and
1467 cm™ were assigned to the absorption peaks of CO,*, and their
intensity increased with the increasing x value [36]. The band
corresponding to the stretching vibration of CH, occurred at
852 cm™ and the bending vibration of La-O appeared at 481 cm™
(37, 38].

XPS measurement was employed to investigate the valence state
and surface composition of the catalysts [39]. For Cu 2p orbits,
signals appeared only at ~ 932 and ~ 952 eV and no satellite peak
was observed at higher Cu content, suggesting that surface Cu*
species were mostly reduced to Cu’ after the reduction process (Fig.
1(c)) [40]. Cu LMM further proved that Cu® was the main state,
especially at higher Cu content (Fig. 1(d)). It was noteworthy that
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the Cu 2p spectra shift towards lower binding energy at high Cu
content, indicating the electrons transfer from LOC to Cu and
formation of more negative Cu surface. On the contrary, at low Cu
content, the electrons transferred from Cu to LOC, generating
more Cu’/Cu™ on catalyst surface. These phenomena suggested the
strong interaction between Cu and LOC (the binding energy of Cu
2ps, was ~ 933 eV for bulk Cu). The electrons transfer usually
exerted a marked impact on the catalytic performance of a catalyst.
La 3d orbitals featured two doublets, the characteristic peaks of La
3ds, and La 3d;, were located at about 834.7 and 8514 eV,
respectively (Fig. 1(e)). It was obvious that the La 3d,, and 3ds,
states had an energy difference of approximately 17 eV, which was a
value consistent with the expected characteristics of La* [41, 42].
The O 1s spectra were deconvoluted into three distinct peaks: lattice
oxygen (Oypgee)» surface oxygen defects (Oyer) and hydroxyl groups
(Ads*OH) (Fig. 1(f)) [43]. At higher Cu content the Oy,
gradually became significant, which might be from the Cu oxide
nanophase. At lower Cu content the Oy, located at about 1 eV
below gradually became obvious, which might be from the La
oxides. The Oy of LOC/Cu-1 was the weakest among the
LOC/Cu-x catalysts, indicating the best fusion of the Cu and La
species. The C 1s spectra also confirmed the existence of CO5*
species, which might be ascribed to the LOC (Fig. S3 in the ESM).

To further identify the surface morphology and metal dispersion
on the catalysts, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images were taken for the
LOC/Cu-x catalysts. As shown in the SEM images, the LOC
exhibited a rod-like morphology with lengths of about 100-200 nm
and it could be clearly seen at the lower Cu content (Figs.
2(a)-2(c)). However, severe agglomeration occurred at higher Cu
content (Figs. 2(d)-2(f)). The microstructure of LOC/Cu-1 was
further examined by TEM and high-resolution TEM (HRTEM)
characterizations. The LOC exhibited a rod shape and Cu particles
were dispersed on the LOC surface (Fig. 2(g)). The lattice spacing of
0.35 and 0.31 nm corresponded to the (100) facet of metallic Cu
and (130) facet of LOC (Fig. 2(h)), which was consistent with X-ray
diffraction (XRD) results. The energy dispersive spectroscopy
(EDS) results showed that the Cu and La dispersed very well on the
catalyst (Fig. 2(i)). In addition, the concentration of the Cu on the
LOC/Cu-x gradually increased with the decreased x value, which
agreed with the ICP-OES results (Fig. S4 in the ESM).

The impact of the Cu content on the physical structure of the
LOC/Cu-x catalysts could also be reflected by the N,
adsorption—desorption characterization. To a certain extent, all
catalysts exhibited type IV isotherm loops (Fig. 3(a)), the surface
areas (Spep, BET: Brunauer-Emmett-Teller) and average pore
diameters (d,) were summarized in Table S2 in the ESM. The
surface areas (Sgpr) showed a decline as the Cu content increased,
which probably due to the aggregation of Cu nanoparticles and
blockage of the smaller pores [44]. The pore size distributions of the
LOC/Cu-x catalysts were also significantly affected by the Cu
content, especially when the Cu content was high (Fig. S5 in the
ESM). The sharp decrease of Sgzy and transformation from
mesopores to macropores were observed when the Cu content was
too high, indicating the serious aggregation of Cu. This agreed with
the SEM images in Fig. 2. Such structure transformation would
remarkably affect the catalytic activity and mass transfer during the
reaction. Cu* is a paramagnetic ion possessing an unpaired
electron, enabling the observation of Cu sites by electron
paramagnetic spectroscopy (EPR) [45]. As clearly shown in
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Figure1 (a) XRD patterns, (b) FTIR spectra, XPS spectra of (c) Cu 2p, (d) Cu LMM, (e) La 3d and (f) O 1s of the LOC/Cu-x catalysts.

Fig. 3(b), the EPR signal intensity increased with decreasing Cu
loading. This suggested the Cu dispersed better in the LOC/Cu-x
catalysts at lower Cu contents, which engendered more surface
Cu(Il) species. However, all the samples exhibited similar spectral
line shapes as a result of comparable properties and local electronic
environment of Cu(II) species [46].

3.2 Catalytic reaction

The catalyst was appraised in the liquid solid phase reaction of CO,
and H,, where the solvent played an important role. Table 1
displayed the results of CO, hydrogenation using different solvents.
Without a solvent, no product was detected and the reaction could
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hardly occur (entry 1). We tested some nonpolar solvents such as
cyclohexane and n-decane, which showed poor reaction rates and
low methanol selectivity (entries 2 and 3). When the polar solvents
N-methyl-2-pyrrolidone (NMP) and H,O were adopted, obviously
higher catalytic activity and methanol selectivity were obtained
(entries 4 and 5). Notably, the utilization of 1,3-dimethyl-2-
imidazolidinone (DMI) solvent demonstrated the best reaction
results, namely, the highest methanol selectivity and reaction
activity (entry 6). Our previous study also demonstrated that some
polar solvents were beneficial in the synthesis of alcohols [11]. Thus,
we chose DMI as the reaction solvent in the following experiments.
In this work, the products of CO, hydrogenation contained
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Figure2 SEM images of (a) LOC/Cu-5, (b) LOC/Cu-3, (c) LOC/Cu-1, (d) LOC/Cu-0.5, (¢) LOC/Cu-0.2 and (f) LOC/Cu-0.1 catalysts; (g) TEM image, (h) HRTEM
image and (i) the EDS elemental mapping of the LOC/Cu-1 catalyst.
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Figure3 (a) N, adsorption—desorption isotherms and (b) EPR spectra of the LOC/Cu-x catalysts.

methanol, carbon monoxide and methane, tuning the selectivity of The major product turned to methanol with the increasing Cu
these products was a fascinating aspect of CO, hydrogenation. The content in the catalysts. The change of the major product might be
Cu species were the active components of the LOC/Cu-x catalysts, attributed to the electron transfer between LOC and Cu at different
because the pure LOC could not promote the reaction at all (Fig. Cu contents. At low Cu content, the electrons tended to transfer
4(a)). The predominant product was methane when the catalysts of from Cu to LOC, and the positive Cu surface might help to
low Cu contents such as LOC/Cu-5 and LOC/Cu-3 were adopted. accelerate the formation of methane. When the Cu content in
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Table1 CO, hydrogenation over the LOC/Cu-1 catalyst in different solvents®

Selectivity (C-mol.%) Activity

Entries Solvent T (°C) MeOH <O CH, (mmol-ge, h")
Entry 1 None 200 - - - -

Entry 2 Cyclohexane 200 2.1 834 145 0.11
Entry3 n-Decane 200 18.7 72.2 9.1 0.58
Entry 4 H,0 200 63.2 30 6.8 8.9
Entry 5 NMP 200 14.3 27.5 58.2 4.9
Entry 6 DMI 200 85.5 9.1 5.4 13.3

*Reaction conditions: catalyst 20 mg, solvent 2 mL, initial pressure 8.0 MPa
(H,/CO, = 3:1), 200 °C, and 8 h.

catalyst became higher, the electron transfer from Cu to LOC
dropped and the inverse electron transfer (from LOC to Cu)
occurred, which might help to catalyze the generation of methanol
via CO, hydrogenation. Among all the LOC/Cu-x catalysts,
LOC/Cu-1 showed the highest methanol selectivity of 85.5% and
the largest reaction rate of 13.3 mmol-gc,-h™". The GC-MS spectra
showed that methanol was the only liquid product of the reaction
(Fig. 6 in the ESM).

Figure 4(b) illustrated the impact of temperature on the reaction.
The catalytic activity and methanol selectivity were enhanced with
the elevating temperature. The growth of methanol selectivity
stopped and the elevation of reaction rate became unobvious when
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the temperature was higher than 200 °C. It seemed that higher
temperature favored the RWGS reaction to produce CO, which
restricted the further increase of the methanol selectivity. Therefore,
200 °C was the proper reaction temperature. At this temperature,
the effect of H,/CO, pressure ratios on the reaction was studied
(Fig. 4(c)). As the H, pressure increased, the catalytic activity and
methanol selectivity increased rapidly, and they became less distinct
when the H,/CO, ratio exceeded 3. Therefore, the H,/CO, pressure
ratio of 3 was fit for the reaction.

Finally, we investigated the recycling stability of the LOC/Cu-1
catalyst, the results were shown in Fig. 4(d). The selectivity of
methanol maintained at about 85%, and the activity did not decline
obviously after three runs, which suggested the good stability of the
catalyst. The results of some recently reported Cu based catalysts for
methanol synthesis via CO, hydrogenation were listed in Table S3
in the ESM, which demonstrated that the LOC/Cu-1 was an
eminent catalyst for this reaction.

3.3 Mechanism discussion

As we had discussed above, the relative content of the Cu and LOC
could remarkably affect their interaction, which engendered very
different morphologies, porosities, crystal forms and surface
valence. The chemisorption of the reactants (CO,, H,) on the
catalyst surface was the initial and essential step for CO,
hydrogenation [47]. We conducted the CO,-temperature
programmed desorption (TPD) analysis to measure the CO,
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Figure4 (a) Product selectivity and reaction activity of the LOC/Cu-x catalysts during CO, hydrogenation at 200 °C; effect of reaction temperature (b) and the pressure
ratios of H, to CO, (c) on the CO, hydrogenation using the LOC/Cu-1 catalyst; (d) the results of the recycling experiments with the LOC/Cu-1 catalyst. Other conditions

were the same as those in entry 6 of Table 1.
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adsorption capacity of the LOC/Cu-x (Fig. 5(a)). The desorption
peaks below 200 °C and between 200-400 °C were attributed to the
desorption of CO, that were adsorbed onto the weak and moderate
basic sites of the LOC/Cu-x, respectively [48]. Between 600-800 °C,
the conversion of LOC (La,0,CO;) to La,O; led to the desorption
of CO,, so this desorption peak could not represent the quantity of
strong basic sites [25]. In addition, the desorption peak in this
region shifted to lower temperature with the introduction of Cu,
indicating a strong interaction between Cu and LOC. As a whole,
the capacity of CO, adsorption dropped with the increasing Cu
content. However, the target reaction did not occur without Cu,
which suggested that the crucial role of Cu in catalysing the
reaction. The H, adsorption capacity of the catalysts near the
reaction temperature was also important for the reaction, and the
results of the H,-TPD analysis were shown in Fig. 5(b). The results
suggested that the capacity of H, adsorption within 150-300 °C was
the smallest when Cu was the predominant component of the
LOC/Cu-0.1. The LOC support might help to enhance the H,

(a)

—— LOC/Cu-0.1
—— LOC/Cu-1
—— LOC/Cu-5
— LOC

Intensity (a.u.)

(b)

adsorption, and the adsorption capacity of H, over LOC/Cu-1 was
the highest among the LOC/Cu-x catalysts.

By combining Figs. 4(a) and 5, we could deduce that the Cu
component was the catalytic species but with very low adsorption
capacity of CO, and H,. The LOC itself had no catalytic capability
but it might promote the adsorption of the reactant gases on the
catalyst surface. The strong Cu-LOC interactions caused the
transfer of electrons between Cu to LOC, which changed the
chemical nature of the catalyst. There was also a synergy between
Cu and LOC in adsorbing the reactant gases, because the capacity
of H, adsorption on the LOC/Cu-1 catalyst could be much higher
than that on the LOC. This could be one of the intrinsic causes of
the eminent performance of the LOC/Cu-1 catalyst. The interaction
of Cu and LOC might not only significantly accelerate the reaction
rate but also evidently improve the methanol selectivity. We
conducted the semi in situ XPS characterization of the LOC/Cu-1
catalyst after treatment with 3 MPa H, at 200 °C for 2 h (Fig. 6).
The results demonstrated that minor Cu still coexisted with Cu’ on
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——LoC
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Figure5 (a) CO,-TPD and (b) H,-TPD profiles of the LOC/Cu-x catalysts.
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Figure 6 Semi in situ XPS spectra of the LOC/Cu-1 pretreated with H, at 200 °C: (a) Cu 2p, (b) Cu LMM, (c) La3d and (d) O 1s.
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the activated catalyst surface, which was similar to the prepared
LOC/Cu-1 catalyst (Figs. 1(c)-1(f)). We further carried out the
semi in situ study of the catalyst during the reaction of CO, with the
chemisorbed H atoms at different temperatures, and no obvious
valence alteration (Cu and La) were observed on the catalyst surface
(Figs. 7(a)-7(c)). Finally, we tested the LOC/Cu-1 after the reaction
by XPS measurement, as shown in Fig. 7(d). Compared with the
catalyst before the reaction, the C 1s spectrum of the catalyst after
the reaction hardly changed, which indicated that the C atoms in
LOC/Cu-1 did not participate in the reaction, and the catalyst also
showed excellent structural stability.

The reaction mechanisms on different kinds of catalysts have
been well studied. There are two major reaction pathways reported
for CO, hydrogenation to methanol: the formate (HCOO*)
pathway and the CO* pathway [49]. Evident CO was detected after
the LOC/Cu-1 catalyzed methanol synthesis via CO, hydrogenation
(Fig. S7 in the ESM), which suggested the reaction might be
through the CO* route. This speculation was supported by the
reaction of 0.5 MPa CO and 1.5 MPa H,, where remarkable
methanol was observed (Fig. S8 in the ESM). In order to further
verify our speculation, semi in situ XPS experiments were
conducted to detect the intermediates formed at different
adsorption temperatures on the LOC/Cu-1 pretreated with H, at
reaction temperature (Fig. 8). The peak of binding energy at
292.2 eV corresponded to CO, adsorbed on the catalyst surface,
while the peak of binding energy at 288.8 eV corresponded to
carboxyl (O-C=0) groups. When the temperature rose from 50 to

200 °C, CO, adsorbed on the surface of LOC/Cu-1 catalyst was
gradually transformed to carboxyl (O-C=0) group, which might
further decompose into CO* [50]. The “CO, labeling test
confirmed that methanol was produced from reactant CO, rather
than the CO, from LOC dissociation (Fig. S9 in the ESM).

The in situ FTIR were carried out to investigate the reaction
process. Figure 9 showed the spectra of in situ FTIR for the
LOC/Cu-1 catalyst exposed to flowing CO, at 150 °C, which was
pre-treated with 10% H,/Ar at 200 °C for 2 h. Several reaction
intermediates were observed after the adsorption of CO, on the
catalyst surface with active H atoms. The peaks at 2075 cm™ were
attributed to the stretching vibration of carbonyl groups bonded to
Cu metal surfaces (Cu-C=0) [51], while the peaks at 1677 cm™
corresponded to the carbonyl (C=0) stretching on hollow sites on
Cu (100) [52]. The bands observed at 1580 cm™ were associated
with the O-C=0 asymmetric stretching vibration [53], in
agreement with the semi in situ XPS results (Fig. 8). The O-C=0
could be further hydrogenated to produce C=O. Based on all the
discussion above, we deduced that the CO, hydrogenation to
methanol catalyzed by LOC/Cu-1 was through the CO* pathway.

4 Conclusions

In summary, a series of LOC/Cu-x nanorod catalysts were prepared
via combining coprecipitation and calcination processes. The
activity and selectivity of CO, hydrogenation to methanol were
closely dependent on the composition of the LOC/Cu-x catalysts.
The LOC had no catalytic capability and Cu was the major catalyst.
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Figure7 Semi in situ XPS spectra of the LOC/Cu-1 after CO, adsorption at different temperatures on the catalyst pretreated with H, at 200 °C: (a) Cu 2p, (b) Cu LMM
and (c) La 3d. (d) XPS spectra (C 1s) of the LOC/Cu-1 catalyst before and after the CO, hydrogenation at optimal condition.
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Figure9 In situ FTIR spectra of the LOC/Cu-1 catalyst in flowing CO, after pre-
treatment with H, at 200 °C.
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Methane was the predominant product when the LOC/Cu-5
catalyst was used. With the increase of the Cu content, the major
product shifted from methane to methanol, demonstrating the
crucial role of Cu in producing methanol. The best performance of
methanol synthesis was obtained when LOC/Cu-1 was used as
catalyst at 200 °C, with the reaction rate of 13.3 mmol-g-,-h™ and
methanol selectivity of 85.5%. Strong Cu-LOC interactions were
observed by systematic characterizations of the catalysts. Besides the
crystal structure, morphology and pore size distribution, the
Cu-LOC interactions also influenced the mutual electron transfer
between Cu and LOC, generating positive or negative charge on Cu
surface. The Cu-LOC interactions also affected affinity of the
catalyst toward CO, and H,, which was crucial for the subsequent
catalytic reaction. The mechanistic study suggested that the
synthesis of methanol via CO, hydrogenation on the LOC/Cu-1
was through the CO* pathway. We believe that the effective
catalysts designed in this work has promising potential of
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application, and the idea to prepare the catalysts is useful for design
other effcient catalysts for CO, conversion.

Electronic Supplementary Material: Supplementary material
(additional experimental details, XRD and XPS spectra, as well as
TEM images and GC results) is available in the online version of
this article at https://doi.org/10.26599/NR.2025.94907130.
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