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a b s t r a c t

A detailed understanding of the interactions among the active components in gallium promoted Cu/ZnO
catalysts, depending on the speciation of the gallium, are reported using in situ/operando spectroscopic
studies, and their effect in the CO2 hydrogenation to methanol unraveled. In this contribution, the pro-
moting effect of Ga3+-doped in the wurtzite ZnO lattice of a Cu/ZnO/Ga2O3 catalyst is compared to that
of a zinc gallate (ZnGa2O4) phase. Remarkably, a strong inhibition of CO formation, together with an
enhanced methanol formation, are observed in the Ga3+-doped ZnO sample, specifically at conditions
where the competitive reverse water gas shift reaction predominates. The catalytic performance has been
correlated with the microstructure of the catalyst where a surface enrichment with reduced ZnOx species,
together with the stabilization of positive charged copper species and an increase in the amount of sur-
face basic sites for CO2 adsorption are observed on the most selective sample.
� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Methanol is one of the most important feedstocks in the chem-
ical industry and represents a promising energetic vector for a sus-
tainable economy with an annual production of about 95 million
tonnes [1]. Currently, almost all methanol is produced from fossil
fuels, i.e., natural gas and coal. Industrial methanol synthesis cata-
lysts are bulk systems composed of strongly interacted Cu and ZnO
nanoparticles as functional components, and 5–10 mol% Al2O3 as a
structural promoter to improve the dispersion of copper and the
catalyst́s thermal stability. In the last years, environmental con-
cerns due to the increased emission of CO2 and its adverse effect
in our planet has attracted much attention toward the capture
and use of CO2 for the production of chemicals and fuels, coupled
with the integration of renewable energy. In this sense, the synthe-
sis of methanol using CO2 as feedstock and H2 generated from
renewable energy represents a sustainable and promising way
for CO2 recycling and hydrogen storage [2]. The performance of
the current commercial Cu/ZnO/Al2O3 methanol catalyst is not sat-
isfactory for the CO2 hydrogenation reaction, giving low methanol
yields due to thermodynamic limitations and the competitive
reverse water gas shift reaction (RWGS), as well as serious catalyst
deactivation issues because of the sintering of the copper and ZnO
components in the presence of water as by-product [3]. Thus, the
development of highly active, selective and stable catalysts
remains a challenge. Extensive studies including new catalyst
developments, fundamental understanding of the nature of the
active sites, optimization of the reaction conditions and reactor
designs have been demonstrated in numerous reviews and publi-
cations [4–7]. In this direction, different models of active sites
are proposed in the literature, where the presence of metal-
support interfacial sites are believed to play a key role in the
methanol synthesis reaction [8]. In addition, many studies are
focused on the structural parameters of the Cu species, such as par-
ticle size, exposed crystal facets, defects and lattice strains [9]; for-
mation of CuZn alloys [10,11]; stabilization of Cu+ sites and
migration of ZnOx on the copper surface and the formation of sur-
face vacancies for stabilization of intermediate species [12–16].
The addition of promoters to improve the catalytic performance
of commercial-like catalysts has been widely reported, and among
them, Ga3+ has emerged as a promising candidate [10,11,14,17].
The promoting effect depends on the speciation of Ga3+ in the final
catalyst, which is influenced by the synthetic conditions. Thus,
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some authors suggest that the promoting effect of Ga depends on
the size of the Ga2O3 nanoparticles, in the sense that the presence
of highly dispersed Ga2O3 particles favours the formation of Cu+

species [14,15]. Other authors reported the formation of a ZnGa2O4

spinel phase, which creates an electronic heterojunction with
excess of ZnO, facilitating the reduction of ZnO to Zn0 [9–11].
Reduced Zn adatoms migrate and decorate step sites in the Cu
NP, resulting in CuZn alloy species. Other authors found that the
addition of gallium generates new active sites, where the adsorp-
tion energies of intermediate species are modified, decreasing the
apparent activation energy for methanol formation, but not for
the RWGS [18]. In other studies, more than behaving as a structural
promoter, an electronic promoting effect of Ga3+ has been reported,
in analogy to that observed in Al-promoted Cu/ZnO catalysts at low
Al3+ concentrations (<3.5 wt%) [19]. In that work, the partial substi-
tution of Zn2+ with Al3+ and their effect on the redox and structural
properties of the catalyst has been studied and extrapolated to
Ga3+ and Cr3+.

The doping of ZnO with other elements such as N3+, Al3+, In3+ or
Ga3+ has attracted great interest in the field of optoelectronics as a
way of modulating the conductivity of ZnO as n-type semiconduc-
tor. In this direction, the role of Ga3+ doped in the ZnO wurtzite
structure has sustained great expectatives in electronic devices
[20,21]. In line with these works, the goal of our study is to explore
the doping effect of ZnO with Ga3+ in the methanol synthesis from
CO2 hydrogenation, working on complex commercial-like Cu/ZnO/
Ga2O3 systems. To our knowledge, Ga3+-doped wurtzite ZnO
copper-based catalysts has scarcely been studied in the literature.
Combining catalytic studies with in situ/operando characterization
techniques, a detailed understanding of the structural, electronic
and catalytic promoting effects of Ga3+ doped in the ZnO lattice
of a Cu/ZnO/Ga2O3 sample, compared to that of a zinc gallate
(ZnGa2O4) phase, has been obtained. Interestingly, the interface
between copper and Ga-doped ZnO was identified as the driving
force for enhanced methanol selectivity, paving the way to a
rational design of new highly efficient catalysts.
2. Materials and methods

Synthesis of CZG-sp and CZG-ox (CuO/ZnO/Ga2O3). Catalysts
were prepared by co-precipitation method. In particular, for a
CuO/ZnO/Ga2O3 chemical composition of 70: 24: 6 (Cu: Zn: Ga
wt% ratio); Cu(NO3)2�2.5H2O (7.90 g, Sigma Aldrich, >98%), Zn
(NO3)2�6H2O (3.69 g, Fluka, >99%) and Ga(NO3)3�xH2O (0.26 g, Alfa
Aesar, 99.9%) metallic precursors dissolved in deionized water
(41.99 g) were pumped at 0.5 mL�min�1 (kd Scientific, KDS-200
syringe pump) to a round bottom flask containing 200 mL of deion-
ized water at 65 �C and under stirring. Simultaneously, a 1.4 M
basic solution of a precipitating agent (�80 mL) was pipetted to
the flask in order to keep the pH constant at 6.5. In detail, NH4HCO3

(Aldrich, 99.5%) and NaOH (Scharlab, >98%) aqueous solutions
were used to synthesize CZG-sp and CZG-ox samples, respectively.
Then, the suspension was aged under stirring at 65 �C for 2 h. After-
wards, the precipitate was filtered, washed with hot deionized
water until pH = 7 and dried overnight at 100 �C to yield a coloured
solid (4.98 g, turquoise for CZG-sp; 3.39 g, dark brown for CZG-ox).
The resulting solid was calcined in a muffle furnace as follows:
from 25 �C to 200 �C (2 �C�min�1; dwell time: 1 h), from 200 �C
to 360 �C (2 �C�min�1; dwell time: 1 h), and finally kept at
360 �C for 9.5 h. After calcination, a dark solid was obtained
(3.78 g for CZG-sp; 3.22 g for CZG-ox). Synthesis of CZG-ox samples
at variable gallium loadings and CZGA-ox catalyst with a 12 wt%
Al2O3 are described in SI. The scalable approach of the synthesis
has been studied preparing two additional batches by doubling
150
(6.48 g) and tripling (9.61 g) the final yield. Details of the synthesis
are given in the SI.

Synthesis of CZA (Cu/ZnO/Al2O3). Catalyst was prepared by a co-
precipitation method following the procedure reported by Baltes
et al. [22] Synthetic details are found in SI.

ZnO (Aldrich, 99.9%) and Ga2O3 (Aldrich, 99.99+%) were used as
reference samples in characterization studies.

Metallic content (Cu, Zn, Ga, Al) was analysed by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) using a
Varian 715-ES spectrometer after solid dissolution of catalysts in
HNO3/HCl aqueous solution.

X-Ray powder diffraction (XRD) was recorded with a PANalyti-
cal Cubix Pro diffractometer using a monochromatic Cu Ka radia-
tion (k = 0.15406 nm). Average Cu0 crystallite size (JCPDS: 01-
070-3038) was calculated from the main peaks (43.1, 50.2, 73.9;
2h) using the Scherrer equation and assuming a shape factor
k = 0.9.

Surface areas of solid samples (250 mg) were calculated by
applying the Brunauer-Emmett-Teller (BET) model to the range
of the N2 adsorption isotherm where a linear relationship is main-
tained. These isotherms were obtained from liquid nitrogen
adsorption experiments at �196 �C, in a Micromeritics flowsorb
instrument.

Transmission Electron Microscopy (TEM) measurements were
performed in a JEOL-JEM 2100F operating at 200 kV. Samples were
prepared by dropping the suspension of the powder catalyst using
ethanol as the solvent directly onto holey-carbon coated copper
grids.

The amount of surface copper metal sites was measured by N2O
surface oxidation [23] followed by Temperature Programmed
Reduction with H2 (TPR-H2) in a Micromeritics Autochem 2910
instrument, assuming an adsorption stoichiometry of 1:2 (H2:
Cus). Before measurements, about 50 mg of catalyst was activated
in 20 mL�min�1 H2 flow (pure H2, 3 h, 200 �C for CZG samples;
10 vol% H2 in Ar, 1 h, 200 �C for CZA). After reduction, the sample
was cleaning at the same temperature under argon flow. The tem-
perature was decreased to 25 �C and the surface oxidation using
N2O (1 vol% in He, 10 mL�min�1) was performed for 1 h. After
the first treatment, the sample was flushed with argon (15 min)
at room temperature. Finally, TPR-H2 was submitted until 400 �C
(10 vol% H2 in Ar, 50 mL�min�1, 10 �C�min�1).

Electrochemical measurements. Electrochemical Impedance
Spectroscopy (EIS) tests were performed in a three electrode elec-
trochemical cell connected to a potentiostat using the catalyst as
working electrode (with an exposed area to the electrolyte of
0.5 cm2), an Ag/AgCl (3 M, KCl) reference electrode and a platinum
tip as counter electrode. The working electrode was made by the
deposition of 30 mg of ex situ reduced catalyst dispersed on
0.5 mL of ethanol on a FTO glass. The deposition was carried out
using a spin coating at 3000 rpm. EIS were carried out at 0 VAg/AgCl

and applying a potential perturbation of 10 mV from 10 kHz to
10 mHz. Additionally, Mott-Schottky plots were conducted scan-
ning the potential from 0.2 V to �1.0 V

Ag/AgCl
at a rate of 50 mV s�1

at 5000 Hz. The electrolyte used for the electrochemical measure-
ments was 0.1 M Na2SO4.

Temperature Programmed Desorption (TPD-CO2) studies over
in situ reduced samples were performed using a quartz reactor,
connected online to a mass spectrometer (MS) Balzer (QMG
220 M1). 100 mg of sample was firstly activated in a 20 mL�min�1

H2 flow at 200 �C for 3 h (1 h and 10 vol% H2 in Ar for CZA sample,
pure H2 for the others). Then, the sample was flushed with argon
(18 mL�min�1) at 230 �C for 1 h and the temperature decreased
to RT. After stabilization, CO2 was pulsed 15 times using a four
way-valve (100 lL loop). After the adsorption step, the tempera-
ture was increased to 650 �C, maintaining the inert flow (10 �-
C�min�1). CO2 desorption was followed by MS (m/z = 44).
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Hydrogen/Deuterium (H/D) exchange experiments were carried
out in a flow reactor at 25 and 90 �C. The feed gas consisted of
4 mL�min�1 H2, 4 mL�min�1 D2 and 18 mL�min�1 argon, and the
total weight of catalyst was 41 mg. The sample was diluted with
360 mg of SiC. Reaction products (H2, HD and D2) were analysed
with a mass spectrometer (Omnistar, Balzers). The m/z values used
were 2 (H2), 4 (D2) and 3 (HD). The sample was in situ reduced at
200 �C (10 mL�min�1; 100 vol% H2, 3 h for CZG-sp and CZG-ox;
10 vol% H2 in Ar, 1 h, for CZA) with a temperature-rising rate of
10 �C�min�1. Then, the temperature was decreased to 25 �C and,
once stabilized, the H2 feed was changed to the reactant gas com-
position. The temperature was kept at 25 �C for about 60 min and
then, increased to 90 �C maintaining 60 min at that temperature.

Infrared (IR) spectra were recorded with a Nicolet (Nexus) 8700
FTIR spectrometer using a DTGS detector and acquiring at 4 cm�1

resolution. An IR cell allowing in situ treatments in controlled
atmospheres and temperatures from �176 �C to 500 �C was con-
nected to a vacuum system with gas dosing facility. For IR studies,
samples were pressed into self-supported wafers and submitted to
hydrogen atmosphere prior to CO titration. For the reduction stud-
ies, CZG-sp, CZG-ox and CZA samples were treated at 200 �C in H2

flow (10 mL�min�1; 100 vol% H2, 3 h for CZG-sp and CZG-ox; 10 vol
% H2 in N2, 1 h, for CZA) followed by evacuation at 10�4 mbar at the
same temperature for 1 h and cooling down to �50 �C under
dynamic vacuum conditions. CO was dosed at �50 �C and at
increasing pressure (2–18 mbar). IR spectra were recorded after
each dosage.

X-ray absorption experiments at the Cu (8979 eV) and Zn
(9659 eV) K-edges were performed at the BL22 (CLÆSS) beamline
[24] of ALBA synchrotron (Cerdanyola del Vallès, Spain). The white
beam was monochromatized using a Si(111) double crystal; har-
monic rejection was performed using Rh-coated silicon mirrors.
Spectra were collected in transmission mode by means of the ion-
ization chambers filled with appropriate gases. Samples in the
form of self-supported pellets of optimized thickness have been
located inside in-house built cells allowing in situ experiments.
Several scans were acquired at each measurement step to ensure
spectral reproducibility and a good signal-to-noise ratio. The data
reduction and extraction of the v(k) function as well as the EXAFS
data analysis have been performed using the Demeter package
[25]. Phase and amplitudes have been calculated by FEFF6 code.

Near ambient pressure X-ray photoelectron spectroscopy
(NAP)-XPS experiments were performed at ISISS beamline (HZB/
Bessy II Electron Storage Ring, Berlin, Germany), where the photon
energy range is 80–2000 eV. The endstation is equipped with a
Petersen-type plane grating monochromator (PGM). Data were
acquired with a Phoibos HSA 3500 electron energy analyzer (SPECS
GmbH), pass energy of 20 eV, a step of 0.1 eV and beamline exit slit
of 111 lm. The focus size was 100 � 80 (HxV) mm2. Incident pho-
ton energies of 1200, 1290, 1386 and 1600 eV for Cu 2p3/2; 1200,
1290 and 1600 eV for Zn 2p3/2; 1290, 1386 and 1600 eV for Ga
2p3/2; 1200 and 1386 eV for Cu LVV AES and 700 eV for O 1s were
used, allowing to probe sample depths between 2.0 and 4.3 nm.
The probing depth was obtained using the Tanuma Powell and
Penn algorithm (TPP2M), calculating the inelastic mean free path
for ZnO model [26]. The sample (�30 mg) was pelletized, mounted
onto a sapphire sample holder and transferred directly to the anal-
ysis chamber with an insertion tool. Gas mixtures for the in situ
experiments were set in a proper ratio adjusting various mass flow
controllers (Bronkhorst) present in a gas manifold that was directly
connected to the analysis chamber through a leak valve. CZG-sp,
CZG-ox and CZA samples were reduced in situ before performing
CO2 hydrogenation reaction. For that purpose, constant pressure
of 0.5 mbar H2 (10 mL�min�1) was kept in the chamber and the
temperature raised from 25 to 200 �C (2 �C�min�1) for a total
reduction time of �2 h. After the complete reduction of copper,
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the atmosphere was switched to a 2.5 mbar gas mixture of CO2

and H2 (1:3 mol ratio, 12 mL�min�1) to perform the CO2 hydro-
genation reaction. XPS data were acquired under reaction condi-
tions at 220 �C (�5–7 h) and at 280 �C (�3–4 h). Products
evolution was monitored using a Prisma Balzers Mass Spectrome-
ter, which was connected to the chamber via a leak valve. The m/z
values used in the identification were: 32 (MeOH), 2 (H2), 18 (H2O),
44 (CO2) and 28 (CO). The energy scales of the XPS spectra were
calibrated using the Fermi edge position. The (NAP)-XPS data were
analysed using CASA XPS software. Shirley type background and
Gaussian/Lorentzian type curves have been used in the spectra
fitting.

CO2 hydrogenation catalytic studies were performed in a stain-
less steel fixed bed reactor (inner diameter of 11 mm and 240 mm
length), equipped with a back pressure regulator (BPR, Swagelok)
that allows for working at a pressure range of 1–20 bar. Typically,
180 mg of catalyst (particle size 400–600 mm) was diluted in SiC in
a weight ratio 0.12 (Cat/SiC). Samples were in situ reduced at atmo-
spheric pressure prior to catalytic tests (25 mL�min�1 H2, 200 �C,
3 h, 10 �C�min�1 for CZG samples; 25 mL�min�1 with 10 vol% H2

in N2, 200 �C, 1 h, 10 �C�min�1, for CZA sample). Experiments at
constant weight hourly space velocity (WHSV,�31000 mL�gcat�1�h�1)
were performed under concentrated reaction conditions (23.7 vol%
CO2, 71.3 vol% H2, 5.0 vol% N2) at 20 and 1 bar. Reaction tempera-
tures varied from 160 to 260 �C. Each temperature was maintained
for at least 1.5 h. Catalytic experiments at variable WHSV
(�24000–134000 mL�gcat�1�h�1) were carried out at constant 3:1
H2 to CO2 mol ratio and 20 bar. Long-term experiments were con-
ducted at 240 �C and 20 bar over 100 h at constant WHSV
(28500 mL�gcat�1�h�1) and under the concentrated conditions
described above. Direct analysis of the reaction products was done
by online gas chromatography (GC), using a SCION-456-GC equip-
ment with TCD (MS-13X column) and FID (BR-Q Plot column)
detectors. Blank experiments (in the presence of SiC) shown the
absence of a homogeneous contribution to the reaction. Intrinsic
activity (expressed as molproduct�molCu,s�1 �s�1) was calculated
through the number of copper exposed sites obtained by N2O cop-
per surface oxidation followed by TPR-H2 studies (see above).
3. Results and discussion

3.1. Synthesis and physico-chemical properties of calcined and reduced
catalysts

The importance of synthetic conditions in the stabilization of
different crystalline precursor phases influencing the structure of
the final catalyst has been reported in many works [4].
Commercial-like Cu/ZnO catalysts are usually prepared by copre-
cipitation of the metal precursors using carbonates (Na2CO3, NH4-
HCO3) as precipitating agent at controlled pH (�6.5), resulting in
the formation of zinc malachite, aurichalcite or hydrotalcite pre-
cursor phases [10,27]. With the addition of other cations like Al3+

or Ga3+, the composition of the precursor phases may change. In
this direction, Tsang et al. disclosed the formation of a ZnGa2O4 spi-
nel phase in coexistence with ZnO, introducing 5–20 mol% Ga3+

into a Cu/ZnO precursor mixture, coprecipitated in the presence
Na2CO3.10 In contrast, the doping of ZnO with other elements such
as Al3+, Ga3+or Cr3+ has been shown critical if a carbonate route is
used, being strongly dependent on the synthesis conditions [19].
Therefore, an alternative precipitation route in absence of carbon-
ates, i.e., using NaOH, has been selected in our work.

Thus, two CuO/ZnO/Ga2O3 catalysts are prepared by a co-
precipitation method at controlled pH and in the presence of dif-
ferent precipitation agents (ammonium hydrogen carbonate for
the CZG-sp sample and sodium hydroxide for the CZG-ox sample)
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(see details in Experimental Section). In the first case, zincian mala-
chite is formed in the as-precipitated sample, whereas in the sec-
ond case, wurtzite ZnO and CuO are formed (details in SI). The
composition of the CuO/ZnO/Ga2O3 catalysts has been settled sim-
ilar to that of commercial-like CuO/ZnO/Al2O3 catalysts (i.e., 70:
24: 6 wt% ratio for Cu, Zn and Ga or Al) [22,28]. After calcination
in air at 360 �C, the samples were reduced in H2 (25 mL�min�1)
at 200 �C for 3 h. For comparative purposes, a commercial-like cat-
alyst (Cu/ZnO/Al2O3, labelled as CZA) with identical chemical com-
position has been prepared using a procedure described in the
literature [22] (details in SI).

The structural properties of the reduced catalysts were analysed
by XRD and X-ray absorption spectroscopy (XAS) at the Cu and Zn
K-edges, where the identification of ZnO and Cu0 are confirmed in
all samples (SI). Meanwhile, diffraction peaks associated to any
gallium phase are not detected in the XRD patterns, inferring for
a high dispersion of the Ga species (Figs. S2–S5). In addition,
according to the Scherrer equation the average particle sizes of
Cu0 are in all samples above the threshold defined in the CO2

hydrogenation for highest activity [29]. Thus, values of �11 nm
in the CZG-sp sample, �17 nm in CZG-ox and �9 nm in the CZA
sample are obtained.

Regarding the speciation of the Ga species, X-ray absorption
(XAS) spectroscopy at the Ga K-edge reveals a different local envi-
ronment around Ga atoms in both CZG catalysts. Normalized
XANES spectra at Ga K-edge (10367 eV) of CZG samples and Ga-
based standards are shown in Fig. 1a, where all spectra show sim-
ilar absorption edge positions (10372 eV), corresponding to Ga3+

compounds. CZG-ox displays a spectrum with a typical feature
beyond the edge (10389 eV, marked with an arrow), which is
attributed to Ga atoms involved in a wurtzite-type structure [30–
32]. According to the chemical composition of our samples, the
possible wurtzite structures prone to be formed are GaN or Ga3+-
doped ZnO phase (replacement of Zn2+ with Ga3+). However, the
performed chemical analysis ruled out the formation of GaN, then
suggesting that Ga atoms are inserted into zinc oxide crystalline
structure. This hypothesis is supported by the comparison made
in the inset of Fig. 1a, in which both Ga and Zn K-edge spectra of
CZG-ox are displayed with the same XANES features, which was
already reported in the literature as proof of wurtzite structure for-
mation. On the other hand, the CZG-sp catalyst showed a XANES
spectrum quite similar to that of ZnGa2O4. A small undulation
noticed before the marked ZnGa2O4 feature could be associated
to a minor presence of Ga2O3 or even a percentage of Ga with wurt-
zite structure as in CZG-ox, once this shoulder lies at the same
energy values. The k2-weighted v(k) functions and |FT| of Fig. 1b
and c were useful to further support the features observed in
XANES, despite the short k-space (2–7.5 Å�1), which limits our dis-
cussion to the first oscillations and, consequently, qualitative first
shell analysis. The v(k) functions of CZG-sp and ZnGa2O4 present
the same in-phase oscillations with higher intensities for the latter
(due to its more crystalline character), which resulted in similar
EXAFS spectra after applying the Fourier-transform. Conversely,
the v(k) functions of CZG-ox catalyst are rather different, espe-
cially in the 6.0–7.5 Å�1 range, corresponding to a Ga3+-doped
ZnO phase.

Analysis of the microstructure of the samples performed with
high-resolution transmission electron microscopy (HRTEM) imag-
ing shows the coexistence of domains with different composition
in both gallium promoted samples. Thus, the integration of Cu
(d111 = 0.20 nm), ZnO (d101 = 0.24 nm) and ZnGa2O4

(d111 = 0.48 nm) phases, in close intimacy, are observed in the
CZG-sp sample (Fig. 2a). Similar features of Cu and ZnO phases
are observed in the CZG-ox sample (Fig. 2b), while the identifica-
tion of the Ga3+-doped ZnO phase was hardly visualized from
HRTEM imaging because of the very small variation of the lattice
152
distance due to the Ga doping. From energy dispersive X-ray
(EDS) mapping results, Ga overlaps with Zn in the CZG-ox sample
(Fig. 2c), which could be related to the formation of the Ga3+-doped
ZnO phase in which the Ga species are present as dopants in the
ZnO nanoparticles. In contrast, a more homogeneous distribution
of all elements (Cu, Zn and Ga) is visualized in the EDS mapping
of the CZG-sp sample (Fig. 2d).

The electronic properties of the samples have been proven by
Electrochemical Impedance Spectroscopy (EIS) measurements. In
particular, the total resistance of each catalyst can be obtained
from the Bode-module plot reading the impedance module value
at low frequencies (Fig. 3). As shown in Fig. 3, an increment in
the conductivity (i.e., a decrease in the total resistances) of the
Ga promoted samples (CZG-ox and CZG-sp) versus the un-doped
commercial-like CZA is clearly observed. This can be explained in
view of Al2O3 micro-structural role, where the aluminum phase
is mainly acting as dispersing agent of the ZnO and Cu nanoparti-
cles. In this sense, the electrical interparticle transport is hindered
due to the isolating intrinsic properties of Al2O3.

In the case of Ga promoted samples, both show similar total
electrical resistances, being slightly lower in the CZG-sp system,
which indicates a higher amount of structural defects (according
to ND values of Fig. S8: 4.92�10 [19] and 1.73�10 [19] cm�3 for
the CZG-sp and CZG-ox samples, respectively). The low carrier
mobility observed in the CZG-ox sample may be due to carrier
compensation, where part of the Ga occupies interstitial sites as
neutral defects [33]. Besides, an excess of Ga might form a low pro-
portion of Ga2O3, while not detected spectroscopically, which
could be somehow responsible for the higher total resistance value
of the CZG-ox catalyst due to a reduction of the carrier density [33–
35]. Additionally, the positive slope showed in the Mott-Schottky
plots confirms the n-type semiconductor behaviour of the catalysts
with oxygen vacancies and Zn2+ interstitials as main defects
(Fig. S8).

3.2. Catalytic activity in the CO2 hydrogenation

The catalytic performance of the Ga-promoted samples (CZG)
and that of the commercial CZA sample, as reference, in the CO2

hydrogenation at 20 bar and at a space velocity (WHSV) of
�31000 mL�gcat�1�h�1 is included in Table 1. The variation of the
CO2 conversion and the selectivity to products at different reaction
temperatures are summarized in Fig. 4a–c.

Similar catalytic performance in terms of CO2 conversion is
observed for the CZG-sp and CZA samples, being these more active
than the CZG-ox sample. Normalizing the samples production to
MeOH and CO per gram of catalyst (STY), a comparable value is
found for the former product at all the temperatures for the three
catalysts (Table 1), however when the normalization is done to
square meter of catalyst (Table S5a), a �2 times higher methanol
production is observed in the CZG-ox system. In addition, if the
variation of the selectivity to the main product (i.e., MeOH) is plot-
ted versus its productivity (Fig. 4d), a difference of 20 percentage
points is found for the selectivity between the CZG-ox and the
commercial CZA systems, and 15 points between the CZG-ox and
CZG-sp samples. This trend suggests a strong inhibition of CO for-
mation in the gallium promoted samples and, in particular, in the
CZG-ox catalyst.

The same behaviour is also observed when plotting the varia-
tion of the selectivity to methanol with the CO2 conversion
obtained at different contact times. This is displayed in Fig. 5 at
two temperatures (i.e., 220 �C and 240 �C) as examples, and the
catalytic data included in Table S5 and Fig. S9.

In both graphs, a nearly parallel catalytic behaviour is found for
the CZG and CZA systems, being the CZG-ox catalyst the most
selective one at any operational condition. Thus, at 220 �C and



Fig. 1. Normalized XANES spectra at Ga K-edge (a), phase-uncorrected, k2-weighted v(k) functions (b) and EXAFS spectra (c) of CZG catalysts and Ga-based references. Inset:
comparison of CZG-ox sample measured at Ga and Zn K-edges showing the similarity in XANES features, attributed in literature to wurtzite-type structures [31,32].

Fig. 2. Structural characterization of CZG-ox and CZG-sp samples. High-resolution transmission electron microscopy (HRTEM) images of CZG-sp (a) and CZG-ox (b) samples.
The different components are marked according to the lattice fringes. STEM-EDS mapping results of CZG-ox (c) and CZG-sp (d). The Ga (red), Zn (cyan) and Cu (green) are
indicated by different colours in the images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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9.5% CO2 conversion, a 89.0% methanol selectivity is obtained with
the CZG-ox catalyst, being higher than the other two catalysts
(85.5% with CZG-sp and 82.1% with CZA). The enhanced methanol
selectivity is even more remarkable at higher temperatures, i.e.,
260 �C (Fig. S10), at which the RWGS reaction becomes predomi-
nant. In this case, at a �15.5% CO2 conversion, a selectivity to
methanol of 65.0% is achieved with the CZG-ox, being 9% and
16% points higher than those with the others samples (i.e., 56.2%
and 49.0% with CZG-sp and CZA, respectively).

Due to the different amount of exposed copper atoms on the
surface of the CZG and CZA samples (see Table S1), additional nor-
malization of the catalytic activity to the exposed Cu surface area
(SACu, measured by N2O chemisorption) is done for qualitative
analysis, being aware of the controversy about the meaning of this
value, particularly for reactions requiring the concertated involve-
ment of metallic and oxide species. Interestingly, the intrinsic
methanol activity is the highest for the CZG-ox sample (6.99�10�3

molMeoH�molCu,s�1 �s�1 at 240 �C), which is 2 times than that in the
CZG-sp and CZA samples (3.73�10�3 molMeoH�molCu,s�1 �s�1 and
3.23�10�3 molMeoH�molCu,s�1 �s�1, respectively). In summary, a pro-
moting effect in methanol production can be concluded in the
CZG-ox sample, compared to the commercial-like CZA and ZnGa2-
O4 containing CZG-sp samples.
Table 1
Catalytic results of CZG and CZA samples at 20 bar pressure and at variable temperature

T (�C) Catalyst XCO2 (%) SCO2, Products (%)

MeOH CO HCOO

180 CZA 2.9 94.8 4.3 0.9
CZG-sp 3.6 95.9 3.2 0.9
CZG-ox 2.4 97.0 2.0 1.0

200 CZA 5.6 89.5 10.1 0.4
CZG-sp 6.2 91.7 7.9 0.4
CZG-ox 4.9 94.6 4.9 0.5

220 CZA 10.0 79.9 19.9 0.2
CZG-sp 10.5 84.0 15.8 0.2
CZG-ox 9.0 89.0 10.8 0.2

240 CZA 15.9 63.8 36.1 0.1
CZG-sp 15.2 67.4 32.5 0.1
CZG-ox 12.5 79.8 20.1 0.1

260 CZA 20.9 45.3 54.7 0.0
CZG-sp 21.1 51.3 48.7 0.0
CZG-ox 15.3 65.0 34.9 0.1
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In the next, in order to define the catalytic role of Ga3+ doped in
the ZnO lattice of the CZG-ox sample, the performance of the
herein studied catalysts has been compared to other gallium pro-
moted catalysts from the literature. This is collected in Table S7,
where the methanol production (i.e., STY) and its selectivity among
different Ga promoted catalysts are compared. Comparison is com-
plicated due to the usually diverse reaction conditions used in the
literature, being methanol formation favoured at high pressures
and high space velocities. However, despite these dissimilarities,
analysing the methanol space time yields (STYMeOH) at a selected
temperature and contact time (Fig. S11), the herein reported cata-
lysts appear among the most active ones, with the benefit of a
lower working pressure, endowing as promising candidates in
the CO2 hydrogenation to methanol.

The effect of the Ga loading on the catalytic performance of the
most active CZG-ox sample has been studied, with metal loadings
between 1 and 7 wt% (details for synthesis and catalytic perfor-
mance in SI). As shown in Fig. S12 and Table S8 similar methanol
production has been obtained at the different Ga loadings in the
final catalyst.

3.3. Determination of catalytic sites involved in the catalytic
performance

In order to understand the effect that the speciation of gallium
as promoter has on the properties of active sites, (i.e., copper elec-
tronic properties, surface basicity, ZnO decoration, etc.), and trying
to correlate them with the catalytic activity of the studied samples,
spectroscopic characterization combining state of the art tech-
niques, like near ambient pressure (NAP) XPS and IR of CO as probe
molecule, with TPD-CO2 and H2/D2 isotopic exchange have been
done.

3.3.1. (NAP) XPS
The XPS BE of Cu 2p3/2, Zn 2p3/2 and Ga 2p3/2 core levels

acquired at variable sampling depth (between 2.0 and 4.3 nm)
and at the different chemical environments (H2 and CO2/H2) (see
Experimental Section for more details) correspond in all cases to
Cu0 (Cu 2p3/2 � 932.2 ± 0.1 eV and CuL3M45M45 919.5 eV), Zn2+

(Zn 2p3/2 � 1021.8 ± 0.3 eV) and Ga3+ (Ga 2p3/2 � 1118.0 ± 0.2 e
V). The corresponding values are included in Tables S9–S11 and
the XPS core level displayed in Figs. S13–S15. Those values are sim-
ilar in all samples and do not demonstrate the differences reflected
in the Ga K-edge absorption spectra discussed above. A similar
(180–260 �C).

STY (molprod�gcat�1�h�1) Intrinsic activity
(molprod�molCu,s�1 �s�1)

Me MeOH CO MeOH CO

8.78�10�3 3.98�10�4 8.76�10�4 3.97�10�5

1.08�10�2 3.60�10�4 1.26�10�3 4.20�10�5

7.46�10�3 1.54�10�4 1.63�10�3 3.36�10�5

1.60�10�2 1.81�10�3 1.60�10�3 1.80�10�4

1.78�10�2 1.53�10�3 2.07�10�3 1.78�10�4

1.48�10�2 7.69�10�4 3.25�10�3 1.68�10�4

2.55�10�2 6.36�10�3 2.54�10�3 6.34�10�4

2.76�10�2 5.19�10�3 3.21�10�3 6.04�10�4

2.57�10�2 3.11�10�3 5.61�10�3 6.81�10�4

3.24�10�2 1.83�10�2 3.23�10�3 1.83�10�3

3.20�10�2 1.55�10�2 3.73�10�3 1.80�10�3

3.19�10�2 8.05�10�3 6.99�10�3 1.76�10�3

3.02�10�2 3.65�10�2 3.02�10�3 3.64�10�3

3.38�10�2 3.21�10�2 3.94�10�3 3.74�10�3

3.18�10�2 1.71�10�2 6.97�10�3 3.74�10�3
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trend has been observed in previous studies, concluding that the
Ga 2p core levels were not sensitive enough to the chemical envi-
ronment around the atoms [36]. Some authors, specifically in the
case of gallium-promoted Cu/ZnO samples, identified a component
in the Zn 2p XPS line at 2 eV lower BE than that of ZnO that has
been ascribed to Zn0 species [10,11]. However, identification of
Zn0 by XPS is controversial due to the overlapping of the BE of zinc
oxide with Zn0 [37–41], making those assessments doubtful. Anal-
ysis at the O 1s XPS core line acquired at the most surface sensitive
conditions (i.e., at low X-ray energy (700 eV), Fig. S16 and
Table S12) reveals three components at �530.6 eV, 531.4 eV and
532.9 eV, corresponding to lattice oxygen ‘‘O2–”, oxygen vacancies
and/or surface hydroxyl groups (–OH) and carbonate species,
155
respectively [42]. The lower percentage found for the 531.4 eV
component corresponds to the CZG-ox sample, in agreement with
a less defective structure as determined by EIS measurements.

The surface composition at variable sampling depth in reduced
and working catalysts under steady-state conditions is displayed in
Fig. 6 for the three samples under different environments. Signifi-
cant deviation from the nominal composition determined by ICP
for all three measured samples is observed (Tables S13–S15), with
Zn enrichment at the surface, in agreement with previous results
obtained on Cu/ZnO based catalysts [43–46].

According to Fig. 6a, a higher surface coverage of ZnO is
observed in the reduced CZG-ox sample compared to the other
ones (Fig. 6d for CZG-sp and 6 g for CZA). As consequence, the
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number of exposed surface Cu sites (SACu), determined by N2O
chemisorption (see Table S1) is markedly lower in this sample.
The ZnO coverage does not match with the catalyst reducibility
(see SI for TPR-H2 analysis), while should be related to the dissim-
ilar interaction among the precursor phases in the different syn-
thetic methods used in each case. In addition, from XPS depth
profile analysis, it can be observed that the distribution of Ga
and Zn species with respect to Cu is different in the reduced
CZG-sp (Fig. 6d) and CZG-ox samples (Fig. 6a), compared to CZA
(Fig. 6g), whichmay correspond to dissimilar locations and interac-
tions of the different chemical phases within the catalyst. Thus, the
stabilization of different copper-metal oxide interfaces, i.e., Cu-Zn
(ZnO) in the CZA and CZG-sp samples, and Cu-Ga (Ga3+ doped
ZnO) in the CZG-ox sample can be predicted. Undoubtedly, the sta-
bilization of different interfaces influences the electronic proper-
ties of the adjacent copper sites, as revealed in the next section
by IR spectroscopy using CO as probe molecule.

Exposing the catalysts to conditions close to the reaction inside
the XPS analysis chamber, i.e., 10 mL�min�1 CO2/H2 flow at
2.5 mbar, a slight migration of ZnOx over the Cu NP is observed
in the CZG-sp sample at the usual reaction temperatures, i.e.,
220 �C (Fig. 6e and Fig. S17a), being more prominent at a higher
reaction temperature, i.e., 280 �C (Fig. 6f and Fig. S17b). The
dynamic migration of ZnOx and the redistribution of interfacial
sites under reaction conditions are less pronounced in the CZG-
156
ox (Fig. 6b,c and Fig. S18) and practically not detected in the CZA
sample (Fig. 6h,i).

In order to correlate the (NAP) XPS spectroscopic data obtained
in the mbar range with the catalytic structural features presented
under practical catalytic reaction conditions (i.e., 20 bar), MS anal-
ysis of the reaction products in the (NAP) XPS studies has been
tracked, together with catalytic studies performed in the flow reac-
tor at lower pressures, i.e., 1 bar, and compared to those at higher
pressure, i.e., 20 bar (Fig. S19 and Table S16). As presented in
Fig. S20, online MS data show that the formation of methanol
(m/z = 32), CO (m/z = 28), and H2O (m/z = 18) increases with the
reaction temperature. Notably, the ratios of CO/CO2 (m/z = 28/44)
and MeOH/CO2 (m/z = 32/44) in the three samples match linearly
with the CO and methanol yield obtained at 220 �C and 20 bar in
the catalytic flow reactor (see Figure S21).
3.3.2. IR-CO
The electron charge density of surface copper species was anal-

ysed by IR spectroscopy using CO as probe molecule. Since the
adsorption of CO may cause the reconstruction and sintering of
the copper particles [47], the IR adsorption experiments have been
done at low temperature (i.e., �50 �C) in this work.

According to the results shown in Fig. 7, different types of cop-
per species are distinguished, characterized by dissimilar CO vibra-
tion frequencies. Thus, a band at �2122 cm�1 with a small
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shoulder at 2092 cm�1 is perceived in the CZG-ox sample. This
band is also detected in the CZG-sp sample, in addition to IR bands
at 2092 and 1892 cm�1. In the CZA sample, IR bands at 2118, 2080
and 1897 cm�1 are observed. IR bands below 2100 cm�1 are due to
CO adsorption on metallic Cu, where the IR bands at 2092–
2080 cm�1 are associated to lineal bonded Cu0-CO on high indexed
Cu surface planes, and the 1897–1892 cm�1 IR bands to bridging
CO species on the Cu(111) surface [48,49]. The IR band at
2118 cm�1 is related to copper species, most probably located at
the interface to the metal oxide.48 Regarding the assignation of
the IR band at 2122 cm�1, it has been assigned to linear CO species
adsorbed on Cu+ [50–53] or to positively charged Cud+ [48] or
defective Znd+. The promoting effect of Ga in stabilizing Cu+ species
has already been reported in the literature [14,15]. In fact, the IR
band at 2122 cm�1 is only observed in the gallium promoted sam-
ples. Interestingly, metallic copper is detected in minor extent in
the CZG-ox sample, which remarkably shows a strong CO inhibit-
ing effect in the catalytic studies. Assuming that copper species,
as Cu0, are involved in the activation of H2, this raises a consider-
able distrust about the effective activation of H2 in the CZG-ox
sample. In order to answer this question, H2-D2 isotopic exchange
experiments were performed, showing similar exchange ability in
all samples (Fig. 8).

3.3.3. TPD-CO2

Surface basic sites have been proposed in several studies to play
an important role in the stabilization of different reaction interme-
diate species, being moderate basic sites [54–57] that are critical
for enhanced methanol selectivity. Indeed, some authors found a
lineal correlation [16,54,55] between the amount of basic sites
and methanol selectivity. In this regard, TPD-CO2 analysis has been
performed, and the corresponding TPD patterns of the herein stud-
ied catalysts are displayed in Fig. 9, and that of reference samples
(i.e., ZnO, ZnGa2O4, CuGa2O4 and Ga2O3) in Fig. S28.

Three different regions are clearly observed: <200 �C, 200–
400 �C and >400 �C. At low temperature (<200 �C), a peak around
80 �C is distinguished in all samples, ascribed to weakly interacting
CO2 molecules with surface hydroxyl groups. On the other hand,
desorption peaks above 400 �C may not contribute to the catalytic
activity due to the high interaction strength with the catalyst sur-
face, and can be considered as spectator species. Therefore, only
desorption peaks in the 200–400 �C range can be considered as rel-
evant for the catalytic process, being ascribed to metal–oxygen
pairs, surface defects and low coordinated oxygen anions [55,56].
In fact, it is in this temperature range where the main differences
between catalysts are observed, revealing different nature of basic
sites (Fig. 9). The amount of basic sites increases in the studied cat-
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alysts compared to that of the reference samples (Fig. S28), where
the highest CO2 desorption is observed in the CZG-ox sample
(Table S18). In addition, a different desorption pattern is observed
in this sample, with a desorption peak at 356 �C, slightly lower
than that in the CZG-sp and CZA samples (with maxima at
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�375–385 �C). In fact, NAP (XPS) shows a highest amount of sur-
face metal oxide decorating the Cu NP in the CZG-ox sample, which
may account for a higher number of surface basic sites.
3.4. Determination of structure–activity correlations

In the CO2 hydrogenation to methanol many intercorrelated
parameters are usually involved, making a clear distinction of the
active component difficult. That is the reason why a multimodal
approach is necessary in order to address the complexity of
commercial-like catalysts. In our study, Ga3+-doped ZnO has been
shown as a more efficient promoter than ZnGa2O4, enhancing
methanol selectivity versus CO formation. Different spectroscopic
tools have been used in order to unveil the reason behing this pro-
moting effect. It is shown that the presence of gallium increases
the conductivity of the catalysts, behaving both CZG-ox and CZG-
sp as n-type semiconductors. The concentration of surface defects
is higher in the CZG-sp sample (containing ZnGa2O4) than in the
Ga3+-doped ZnO sample (i.e., CZG-ox). In the CZG-sp sample, the
presence of surface vacancies (i.e., defects) with loosely bounded
electrons increases the conductivity of the material. These defects
have been considered as active sites in CO2 activation. Neverthe-
less, surface basicity, as discussed later, is important for the stabi-
lization of intermediate species, directing the selectivity of the
reaction. In our work, a higher concentration of moderate surface
basicity is observed in the Ga3+-doped ZnO sample, (i.e., CZG-ox),
compared to the other samples, behaving this as the most selective
sample.

In addition, based on depth profile XPS studies, different inter-
faces are visualized among the samples, being the copper-gallium
interaction favoured in the CZG-ox sample. In agreement with
other studies, the gallium interface stabilize Cu+/d+ ions, which
are observed using IR of CO as probe molecule in both gallium pro-
moted samples. The stabilization of Cu+/d+ species boosting metha-
nol synthesis has been reported by several authors [12–16], and
agrees with the higher selectivity to methanol observed on both
CZG-sp and CZG-ox samples, compared with the CZA one. Interest-
ingly, metallic copper surface species (Cu0) appears as a minor
component in the IR studies of the CZG-ox sample. This material
exhibits the highest intrinsic activity if methanol production is
normalized to the exposed copper surface area determined by
N2O, which may indicate a different nature of active sites, either
at the copper particle or at copper interfacial sites. In particular,
depth profile XPS studies show a high surface coverage with zinc
oxide species in the CZG-ox sample, which explains the higher
number of surface exposed basic sites observed from TPD-CO2

studies. Moreover, while it has been generally reported that the
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presence of dopants in metal oxide lattice modify its surface
acid/base properties [58–60], we cannot confirm at this state if
Ga3+ doping contributes to the acid/base properties of the ZnO sup-
port, but we can safely assess that the density of surface sites with
moderate basicity has increased compared to the rest of the sam-
ples and the pure ZnO. In a recent work of Bonura et al., the metha-
nol formation rate has been discussed as a function of the N2O/CO2

ratio [61]. This parameter represents the extent of metal and oxide
surface sites, where a balanced amount of both sites has been pro-
posed to promote methanol production. In our case, methanol pro-
duction is shown to be sensitive to the number of surface basic
sites (see Fig. S29), being enhanced at increasing the number of
moderate surface basic centers. This result indicates the impor-
tance of surface basic sites in CO2 activation, in agreement with
previous studies in the literature [57–60]. Moreover the lower
amount of surface metallic copper determined by IR-CO in the
CZG-ox may also contribute to the inhibiting effect of CO forma-
tion, where metallic copper has been correlated by several authors
with the CO production by the RWGS reaction [18,62,63].
3.5. Application at large scale: opportunities and limitations

Progress in the thermo-catalytic CO2 reduction through innova-
tive design of new catalysts and process engineering are important
aspects in order to accelerate and expand the deployment of these
technologies in a circular carbon economy market. In this work we
studied a new type of gallium promoted copper-based catalyst
containing Ga3+-doped ZnO species. We found a promoting effect
in methanol production on Ga3+-doped ZnO copper-based cata-
lysts, compared to a reference catalyst containing ZnGa2O4 phase
and the commercial Cu/ZnO/Al2O3 catalyst. The CZG-ox system
looks promising, with enhanced methanol selectivity, specifically
at conditions where the RWGS starts to predominate (260 �C),
but it is limited by its low surface area, reducing its activity. In this
direction, further studies are ongoing in order to improve the
physico-chemical characteristics that definitely affects the metha-
nol production. Despite of it, the catalyst compares well with the
most active ones reported in the literature (as already discussed
in Fig. S11).

Another important parameter for its application at large scale is
the long-term stability under reaction conditions. In this sense, cat-
alytic studies over 100 h time on stream have been performed at
240 �C, 20 bar and at a space velocity (WHSV) of 28500 mL�gcat�1�h�1,
on the CZG-ox and compared to the commercial-like CZA sample
(Fig. 10). On both catalysts, a decrease in methanol production is
mainly observed in the first �25 h, remaining then practically
stable until the rest of the experiment. The initial decrease in
0 20 40 60 80 100
0.0

1.0x10-2

2.0x10-2

3.0x10-2

4.0x10-2

5.0x10-2

Time (h)

ST
Y 

M
eO

H
 (m

ol
·g

-1 ca
t·h

-1
)

50

60

70

80

90

100

CZA

S M
eO

H
 (%

)

b

mercial CZA samples at 240 �C, 20 bar and 28500 mL�gcat�1�h�1.



J. Cored, Christian Wittee Lopes, L. Liu et al. Journal of Catalysis 407 (2022) 149–161
methanol production is higher in the CZG-ox sample (�38%) than
in the CZA one (�16%). This has been usually ascribed to sintering
of the copper nanoparticles due to water formation under reaction
conditions or due to poisoning of active sites by water adsorption.
The XRD analysis of the samples prior and after reaction are shown
in Fig. S4b and Table S2, revealing slight change in crystal size.
Since the addition of Al2O3 has been reported to enhance catalyst
stability, a preliminary study has been done on the CZG-ox sample
adding 12.5 % wt ratio Al2O3 (details of the synthesis can be found
in the experimental section placed in the SI, labelled as CZGA-ox).
As verified in Fig. S30a an improvement in the catalyst stability is
observed, while keeping similar selectivity pattern as in the origi-
nal CZG-ox sample (Fig. S30b). Further studies are ongoing, which
will be discussed in a future work.

In addition, the scalability of the synthesis method has been
studied by synthesizing two additional batches with a final yield
of 6.48 g (CZG-ox-2) and 9.61 g (CZG-ox-3), (more details in Sec-
tion 9 of the SI). The catalytic performance of both batches remains
relatively similar to that of the reference CZG-ox catalyst, main-
taining a 84–90% of the original activity in CZG-ox-2 and 80–84%
in CZG-ox-3 at different temperatures (Figs. S32a and S33), and
keeping similar selectivity pattern as in the reference sample
(Fig. S32b).
4. Conclusions

In conclusion, the promoting effect of gallium on the structural,
electronic and catalytic properties of two selected CuO/ZnO/Ga2O3

catalysts in the methanol synthesis from CO2 hydrogenation has
been studied in this work. Although the promoting effect of Ga
has been subject of many research papers, Ga3+-doped wurtzite
ZnO has been scarcely studied in the methanol synthesis reaction.
In addition, a deeper understanding of the promoting underlaying
mechanism and interactions among the active components will
help in uncovering the complexity of industrial-like Cu/ZnO cata-
lysts, requesting a multimodal spectroscopic-catalytic approach.
In this work, we found that Ga3+-doped in ZnO is a more effective
promoter than the already reported ZnGa2O4 phase. The speciation
of gallium can be controlled by simply changing the precipitating
agent during the coprecipitation of the metal precursors, keeping
the rest variables constant. Thus, Ga3+-doped ZnO is formed by
coprecipitating with NaOH, while ZnGa2O4 appears by using NH4-
HCO3. Compared to the reference Cu/ZnO/Al2O3 (CZA) catalyst, an
inhibition of CO formation and enhanced methanol production is
observed in the gallium promoted samples and, in particular, in
the one characterised by the presence of Ga3+-doped ZnO domains
(CZG-ox). Long-term catalytic test over 100 h time on stream
shown a decrease in methanol production of �38% in the first
25 h of reaction, remaining constant until the end of the experi-
ment. This value is higher than that observed in the commercial
Cu/ZnO/Al2O3 (CZA) catalyst, where Al2O3 behaves as a structural
promoter. In fact, adding 12.5 % Al2O3 to the CZG-ox catalyst
results in a less marked catalyst deactivation. On the other hand,
a fairly good scalability of the synthesis approach has been
observed up to 10 g, with �15% activity loss, while maintaining
similar selectivity pattern as in the reference CZG-ox sample.

As a result of our work, a complex scenario where both the elec-
trochemical potential of the sample and the structural properties
of the catalyst are mutually influenced, underlining the need for
a multidisciplinary spectroscopic approach for accurate catalytic
characterization.

Finally, the promoting effect of Ga3+-doped ZnO wurtzite phase
for enhanced methanol synthesis found in this work may open new
perspectives in the design of novel catalytic systems with tailored
interfaces, not only in thermal, but also in photo/electro reduction
159
of carbon dioxide. However, further studies are needed in order to
be competitive for industrial applications.
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