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ABSTRACT

The transformation of CO, and green hydrogen into methanol presents a sustainable route for chemical and fuel production.

Conventional methanol synthesis catalysts, such as Cu/ZnO/Al,O;, employ Al,O; as a structural promoter, while Ga,0; has

recently emerged as a promising alternative. This study compares Cu-based catalysts supported on Al,O; (CA) and Ga,0; (CG),

prepared via coprecipitation of layered double hydroxide precursors with identical molar Cu:M (M = Al or Ga) ratio of 70:30.

Using in situ and operando X-ray absorption spectroscopy and X-ray powder diffraction, we investigate the structural and redox

dynamics of Ga during activation and CO, hydrogenation. Gallium from its precursor state undergoes several phase transitions.
At elevated temperatures, Ga exhibits redox activity, transitioning from Ga** to metallic Ga® and forming Cu,Ga, alloys at 480 °C,
followed by de-alloying and re-oxidation at even higher temperatures. Our results suggest that the beneficial role of Ga reported
in literature arises from metal-oxide interfacial effects rather than bulk alloying. Excess Ga,O; leads to low conversion levels and
pronounced deactivation compared to the Al,O;-supported Cu catalyst and thus should be prevented. These findings highlight the
importance of controlling promoter loading and dynamic behavior in catalyst design to optimize activity, stability, and selectivity

for CO,-to-methanol conversion.

1 | Introduction

The valorization of CO, has gained interest in recent years in
the context of climate change, as the reaction of CO, and green
hydrogen can yield chemicals and fuels [1, 2]. With this so-
called power-to-liquid approach, methanol, which currently has
a market of over 110 million tons per year [3], can be obtained
in a renewable form. Nowadays, methanol is mainly synthesized
from fossil-derived syngas consisting of CO, H,, and CO, at 50—

100 bar pressure and temperatures of 200 °C-300 °C, typically
using a copper-zinc-alumina catalyst [4]. Herein, Al is used as
a structural promoter as it acts as a spacer and stabilizer for
the Cu particles and can furthermore electronically promote
methanol formation [5]. It remains in its initial oxidation state,
but can exhibit different morphologies and phases, including
mixed Al-Zn phases [6]. Recently, a secondary promotional effect
was suggested based on the doping of the ZnO component
of the catalyst to increase its reducibility [7]. In general, the
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benefit of Al,O; in the conventional catalyst system is undeniable
but rarely discussed in the literature. In contrast, the effect of
Zn promotion in the conventional methanol catalyst has been
intensively studied over decades, suggesting that Zn is involved
in the electronic promotion of CO,-hydrogenation based on its
partial reduction [8-10]. Besides Zn and Al, Ga was identified
to be promising for the synthesis of methanol using CO, as
the feedstock [11-15]. For example, Paris et al. [12] found an
increase in conversion and methanol selectivity when Cu/SiO,
was promoted with Ga compared to Zn. A recent study by Lam
et al. [15] reported a shift toward higher methanol selectivity in
CO, hydrogenation for Ga doped Cu/SiO,. The promotion with
Ga led to an improved methanol selectivity (ca. 90%) compared to
unpromoted (ca. 48%) or Zr-promoted (ca. 77%) Cu/SiO, catalysts.
Moreover, they reported a CuGa, alloy formation upon reduction
treatment, while exposure to CO, hydrogenation conditions
resulted in de-alloying into Cu particles and Ga*' sites [15].
These findings suggest that the interface of Cu® and Ga’* is
leading to higher selectivity. Gomez et al. [16], on the contrary,
discarded the formation of a CuGa alloy in their Ga-doped
Cu/SiO, catalysts, but emphasized the importance of Cu-Ga,0,
interaction. Kordus et al. identified a partly reduced Ga and
CuGa alloy at higher temperatures for nanoparticles supported on
SiO. The alloy resulted in increased selectivity toward methanol
during CO,-hydrogenation [17].

The structural promoting effect of Ga,0; could be analogous to
that of Al,O; due to their similarity, yet a direct comparison
of the promoting effect of Ga,0; with its higher homologue Al
is still lacking, although both are separately seen as typical—
mostly structural—promotors for methanol synthesis [16, 18, 19].
Despite the similarity to Al, Ga is more redox active and can
react in analogy to Zn forming partially reduced surface sites in
vicinity of Cu, albeit not quite as strongly. Combining features
of both Al and Zn, electronic and also structural promotion by
Ga in Cu-catalysts can be expected if gallium oxide is used as a
support. However, these effects may be strongly dependent on
preparation, composition, and reduction history as often observed
for supported catalysts. Moreover, in-depth knowledge regarding
the dynamics of Cu/Ga,0; catalysts in analogy to Cu/Al,O; and
Cu/Zn0O/AlL,0; would be desirable. While for example Alfke et
al. [20] studied Cu/Ga,0; nanoparticles supported on SiO,, bulk
phenomena in Cu/Ga,0; systems are still unknown. For CuZn-
based systems, in situ and operando studies have shown that the
reduction of Zn can be promoted by Cu [10, 21-25]. In particular,
the electronic promotion is explained by strong metal support
interaction (SMSI), which form in a self-assembled manner as
reduced support species migrate onto the surface of the metal.

Less is known, however, regarding the dynamic behavior of Ga**
in the presence of Cu as an alloying metal and in a reducing
hydrogenation atmosphere. In NiGa-catalysts the reduction ulti-
mately leading to alloys or intermetallics has been observed to
start at 300 °C, whereas in the PdGa-based catalysts, a reduction
temperature of 320 °C was found, while reduction temperatures
of pure Ga are > 500 °C [26, 27]. An analogous behavior is found
for the CuGa system [20]. Although synchrotron techniques have
previously been used to characterize the CuGa systems for CO,-
hydrogenation to methanol [15, 20, 28], discerning the dynamics
of both Cu and Ga components is challenging as features of
the x-ray absorption near edge structure (XANES) at the Ga K

edge do not only depend on the oxidation state, but also on
the coordination geometry, i.e. the Ga** phase [29-32]. As the
XANES region is often used as a fingerprint, complementary
methods, like x-ray powder diffraction (XRPD), which allows
the detection of crystalline phases and changes in their cell
parameters, render this a strong method combination. Further,
access to element-specific information would be desirable. Again,
x-ray absorption spectroscopy (XAS) and XRPD are a powerful
combination of techniques that can be simultaneously used at
selected synchrotron facilities at relevant reaction temperatures
and pressure [33-37].

In this study, we aim to investigate the speciation and dynamics
of Ga in a Cu-Ga catalyst in comparison with a Cu-Al catalyst,
which were prepared by the same method, thus enabling a direct
structural and mechanistic comparison. In order to reduce the
complexity of the system, we employ a binary Cu-M (M = Al
or Ga) model system with a fixed molar Cu:M ratio of 70:30,
denoted CA and CG, respectively, in accordance with the well-
known CuZn system [38]. Both CA and CG were synthesized as
a layered double hydroxide (LDH) via coprecipitation [39, 40].
Since Ga,0; is not only able to form several different polymorphs
[41] or an amorphous material but can also be potentially reduced
and then alloyed with Cu [15], a variety of phase changes and
oxidation states due to alloy formation are expected throughout
transformation from the precursor state to the activated catalyst
and under reaction conditions. Hence, we employ in situ and
operando XAS and XRPD as complementary tools to access
element-specific information on oxidation state and structure
under relevant activation and reaction conditions [28-31]. This
approach allows us to isolate and amplify the effects of Ga
as a second component of Cu-based catalysts under reductive
activation and CO, hydrogenation at different temperatures.
With expected phase transformations and possible alloy forma-
tion, this study aims to provide an in-depth understanding of
the role of Ga promotion of copper catalysts under different
conditions.

2 | Experimental Section
2.1 | Catalyst Preparation

All syntheses were performed using an automated synthe-
sis workstation (Optimax 1001, Mettler Toledo), employing
computer-controlled dosing rates as well as automated heating,
cooling, and stirring. The pH value was also automatically
adjusted by a computer and measured using an InLab Semi-
Micro-L pH electrode from Mettler Toledo, allowing for a highly
reproducible synthesis.

The precursors were prepared employing a constant pH co-
precipitation. In a typical synthesis, 200 mL of distilled water was
cooled to 5 °C, and the pH was adjusted to 9. Afterward, 150 g of a
0.4 M aqueous solution of copper nitrate (Cu(NOs;),-3 H,0, Roth)
and gallium nitrate (Ga(NO,);-xH,0, chempur) or aluminum
nitrate (AI(NO;); - 9 H,O, Griissing) was dosed under constant
stirring (300 rpm) at a rate of 2.5 g/min. The pH was kept constant
through the co-dosing of an aqueous base solution containing
1 M sodium hydroxide (NaOH, Griissing) as well as 0.09 M
sodium carbonate (Na,CO;, Griissing), and the temperature was
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kept at 5 °C. After dosing, the precipitate was aged at 5 °C
under constant stirring (300 rpm) without pH control for an
hour before being washed with demin. water by centrifugation
until the conductivity of the washing water was below 50 uS/cm.
Afterward, the product was dried in a furnace at 60 °C overnight
and ground to a fine powder. To obtain the calcined samples, the
precursors were heated to 600 °C with a heating rate of 2 °C/min
and held at that temperature for 3 h before cooling down naturally
inside the oven.

2.2 | Catalytic Activity Test

Catalytic tests were carried out with an Avantium Flowrence
XD catalytic testing unit with four parallel reactors operating in
fixed-bed configuration. For all catalytic measurements, quartz
tube reactors with an inner diameter of 2 mm were used. The
reactors were loaded with SiC to a height of 10 cm, followed by
the catalyst and another layer of SiC, after which the total bed
length was 23.5 cm. One reactor was loaded with SiC only and
used as a reference. To reduce the catalysts, they were heated to
275 °C or 480 °C with a heating rate of 2 °C/min and held at that
temperature for 4 h in a 5% H, in N, stream of 33 sccm per reactor.
Afterwards, they were cooled to 230 °C before the gas feed was
changed to 8.5 sccm of a 3:1 mixture of H, and CO,, including
0.5 sccm He as reference gas, and the pressure was increased to
20 bar. These conditions were held for 32 h before the pressure
was released, the system flushed with nitrogen, and the catalyst
recovered inertly.

2.3 | Synchrotron-Based in situ and operando
Characterization

In situ and operando XAS and XRPD were performed at the
BALDER beamline at the MAX IV Laboratory synchrotron facil-
ity, Lund University in Sweden [42]. Gas-dosage was performed
through our own self-designed high-pressure setup. A continuous
flow capillary reactor (quartz, 1.5 mm outer diameter, 100 mm
length, 0.05 mm wall thickness) was filled with ~7 mg of the
diluted catalyst (sieve fraction 50-100 pm, 1:6 SiO, dilution).
The outlet gas stream was attached to a mass spectrometer
(ThermoStar GSD320 T1). X-ray absorption spectra were recorded
at the Cu K-edge (8979 eV) and the Ga K-edge (10367 eV) in
transmission mode with a beam size of 100 x 100 um? (FWHM).
A liquid N,-cooled double crystal (Silll) monochromator (FMB
Oxford, UK) was used. The XRPD data were collected at 13 keV
using a 2D detector (Dectris EIGER 1 M) with 1030 X 1065 pixels.
For combined XAS-XRPD operando measurements, sequences
composed of Cu K edge XAS, Ga K edge XAS, and XRPD
at 13 keV were subsequently repeated, yielding an effective
time-resolution of approx. 9 s. Pawley fits to determine the
lattice parameters and domain sizes were carried out using
TOPAS Academic version 6.0 [43]. We note that the reported
domain sizes (Dy,,) are lower limits, since effects of instrumental
broadening and strain were neglected for the operando data.
A beam damage test was conducted prior to the experiments
to evaluate the impact of the focused beam on the reduction
behavior of the sample. As a result, early (low temperature)
reduction of Cu was observed as a consequence of 10 min
focused beam radiation. To mitigate beam-induced effects, the

probed spot was changed after each of the subsequent repeats
of the XAS-XRPD measurement sequence. In total, 100 unique
spots were probed and subsequently repeated, such that the
101%" measurement is conducted on the first spot again. Details
are documented in the Supporting Information (Section 4.1).
XAS/XRPD during temperature-programmed reduction (TPR)
was recorded by heating the sample to 275 °C (5 °C/min, 1 h hold)
in 5% H, in N, at ambient pressure. Throughout the experiment,
the gas hourly space velocity (GHSV) was kept at 3 x 10° h™'.
Subsequently, a gas atmosphere consisting of H,/CO, (3:1) in 12%
N,, 230 °C, and 20 bar pressure was applied. The sample was then
heated to 330 °C (5 °C/min), followed by heating in 50 °C steps
until 530 °C (5 °C/min). Each temperature step (280 °C, 330 °C,
380 °C, 430 °C, 480 °C, and 530 °C) was held for 30 min while
XAS and XRPD were recorded. Between the different conditions,
the reactor was allowed to cool to room temperature at a rate of
25 °C/min to record room temperature EXAFS. EXAFS analysis
was conducted using the software Artemis from the IFEFFIT
software package [44]. A table with the summarized results and
details of the fitting settings can be found in the description of
Table S5.

2.4 | DFT Calculations

Phase diagrams and lattice parameters were calculated by DFT
using the Vienna ab initio simulation package (VASP) [45,
46] in version 5.4.1 in conjunction with the atomic simulation
environment (ASE) [47]. The projector augmented wave (PAW)
[48, 49] method and the Bayesian Error Estimation Functional
with van der Waals correlations (BEEF-vdW) [50] exchange-
correlation functional were employed. The plane wave cutoff
energy was 500 eV in all calculations. All bulk structures were
taken from the MaterialsProject database [51] Monkhorst-Pack k-
point sampling [52] and detailed unit cell parameters are given in
the Supporting Information (Section 5.2). The geometries of all
structures have been optimized until the forces were less than
0.01 eV/A. The vibrational analysis for the gas phase species
H, and H,0 was performed using the finite difference method
in the harmonic approximation with a resolution of 0.01 A.
Phase diagrams are constructed as a function of temperature and
H,0/H, ratio, using bulk 5-Ga,0;, H, and H,O in the gas phase
as reference systems. Entropy contributions from the solid phases
(metal, alloys, and oxide) were not considered.

3 | Results and Discussion
3.1 | Precursors

To ensure that the desired crystalline precursor phase was
achieved, laboratory XRPD was applied. The XRPD patterns
(Figure 1a) show that both materials crystallized as layered double
hydroxides. Since no additionally reflections are present, it can
be assumed that the samples do not contain crystalline byphases.
The broader reflections exhibited by CA compared to CG indicate
that smaller coherently scattering domains are present in CA.
While the 00! reflections are only slightly more broadened for
CA, the other reflections (mostly cross-plane reflections, e.g., 13-
1) seem much more broadened, hinting at stacking faults. SEM
images (Figure 1b,e) show that CG (Figure 1b) and CA (Figure 1c)
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FIGURE 1 | XRPD-patterns (a) of CA (blue), CG (orange), as well as a calculated reference for a CuGa-LDH, which was refined using a CuAl-LDH
reference [53], as well as SEM images of CG (b) and CA (c). Additionally, the results of elemental mapping of CG (d) and CA (e) are shown as an

overlay, indicating homogenous distribution of the elements Cu (turquoise) and oxygen (red) with either gallium (lime) or aluminum (orange) within
the precursors and confirming that the target Cu:M (M = Ga, Al) ratio of 70:30 was achieved.

both exhibit platelet-like shape particles. While CA forms rather
small platelets of around 150 nm diameter and a thickness of
roughly 20 nm, which are strongly intergrown, CG consists of
larger, thicker and less intergrown platelets with a diameter of
approximately 350 nm and a thickness of around 50 nm. EDX
mappings (Figure 1d,e) revealed that Cu, O, and M (M = Ga,
Al) are homogenously distributed throughout the sample on the
micrometer scale. Additionally, the difference in particle size
might be one reason for the larger surface area of CA of 71 m?/g
in comparison to CG with 45 m?/g, which was determined by
N, physisorption using the BET method. In both cases, a type
H3 hysteresis loop is present, which is typical for platelet-like
particles and indicates textural porosity (Figure S1). Furthermore,
the smaller hysteresis loop in CG suggests less textural porosity,
which is likely due to the bigger platelets and also explains the
smaller surface area of CG.

Regarding the chemical composition of the material, ICP-OES
measurements (Table S2) and EDX mappings (Figure 1d,e) con-
firmed that the targeted molar Cu:M (M = Al, Ga) ratio of 70:30
was achieved within the error margin, although the Cu:Ga ratio
determined by ICP was slightly higher, suggesting a Cu:Ga ratio
of 73:27 + 2. Based on these results as well as thermogravimetric
analysis (Figure S2) and elemental analysis (Table S1) the sum
formulas for CG (Cu,Gaz(OH),,(CO,); - 12 H,0) as well as for
CA (Cuy,Al4(OH),,(CO5); - 10 H,0) were determined.

Additionally, the reduction behavior of calcined and uncalcined
CG was measured by H,TPR (Figure S4). While the uncalcined
sample exhibited only one reduction event, at least three reduc-
tion events were present for the calcined sample. This is likely
due to different sources of reducible copper in the calcined
sample, e.g., by the formation of CuO (Figure S3) and probably
amorphous CuGa,0,. Since this would increase the complexity of
the system and hinder the interpretation of catalytic activity data,
the precursors were directly reduced without a calcination step

in between (Figure 2a). Therefore, all results discussed hereafter
are based on directly reduced precursors, which were not calcined
prior to reduction.

The main reduction event for uncalcined CG and CA consists
in both cases of a shoulder starting at around 150 °C, which
is followed by a sharp peak with a maximum at approximately
275 °C. This could either be interpreted as two different reducible
copper species with similar reduction temperatures or as the
stepwise reduction of Cu?** — Cu* — Cu’, with the latter being
significantly more likely not only due to the fact that a single
source precursor was used but also because the areas of the
shoulder and the main peak are rather similar for both systems,
which is a strong hint at a stepwise reduction of a single Cu**-
species [54-56]. Regarding the shape of the shoulders, there is a
clear difference between CA and CG. While the shoulder during
the reduction of CA starts slowly at first and increases sharply
afterwards, in the case of CG, an almost linear increase in H,-
consumption was observed. This might indicate that Ga-species
could potentially facilitate the reduction of Cu?*, explaining the
steeper increase at the start and stabilizing Cu*, which would
explain the lack of a rising H,-consumption as observed for
CA. Furthermore, an additional reduction event starting around
400 °C is present for CG, indicating reduction of Ga-species and
formation of an alloy with Cu. Assuming complete reduction of
Cu, roughly 50% of Ga*" was reduced to Ga’ according to the
ongoing H, consumption over the course of the TPR experiment
up to 550 °C. The formation of a Cu,Ga, alloy was proven by TPR
experiments aborted at 530 °C with a holding time of 0 and 4 h
and subsequent XRPD measurements (Figure 2b), which exhibits
a shift toward lower q. A magnification of this can be found in
the Supporting Information (Figure S7). Since the alloying was
progressing notably further in the sample held for 4 h at 530 °C
compared to the one without holding time, it can be concluded
that the Ga reduction and alloying with Cu does evolve slowly at
this temperature.
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FIGURE 2 | (a) TPR measurements of CG and CA. Both samples exhibit their main reduction event at roughly 275 °C, with CG also showing an
additional reduction event after around 400 °C. In both cases, the baseline is given to highlight the additional reduction step in CG and the lack thereof
in CA. The degree of reduction was calculated based on the amount of Cu?* in the sample, suggesting complete reduction of Cu?* to Cu® in the case of
CA and additional reduction of Ga** in the case of CG. (b) XRPD measurements of CG after TPR at 275 °C and 530 °C with a holding time of either 0 h
or 4 h at the respective temperature. All depicted XRPDs were recorded at room temperature. Additionally, calculated peak positions and intensities of

Cu [57] (turquoise) and 5-Ga, 05 [58] (green) are shown.

In summary, the two catalysts CA and CG show a strong similarity
regarding their Cu content, XRPD patterns, particle morphology
and TPR peak maximum, while differences can be found in the
XRPD peak shapes, the particle size and detailed TPR profiles.
The most striking difference seems to be the possibility of partial
support reduction and alloy formation in case of CG, but not
CA. While the bulk reduction shows an onset near 400 °C,
which is beyond the reduction or reaction temperatures of
typical Cu-based methanol synthesis catalysts, the driving force
toward bulk alloying renders the presence of reduced surface
species similar to the famous Cu-Zn SMSI [59] possible in this
system.

3.2 | Catalytic Activity

In order to compare the catalytic activity of CG and CA, we
performed stability tests for both catalysts (Figures S9-S11). After
an initial formation period, only slight deactivation occurred
for CG, while no deactivation was present for CA and we used
this steady state region for the comparison. Reduction of the
precursors were performed at 275 °C and 480 °C to produce
not only a Cu/M,0; (M = Al, Ga) catalyst, but in case of
CG also a Cu,Ga,/Ga,0; catalyst to probe how formation of
the alloy affects the catalytic activity or selectivity. Precursors
reduced at 275 °C or 480 °C are additionally labeled with the
reduction temperature, resulting in e.g. CG_275 for CG reduced
at 275 °C. As can be seen in Figure 3, in case of CA_275, a
CO,-conversion of roughly 9% and a MeOH formation rate of
0.7 mmol g.,~! h™' were found, which only decreased slightly
to 8% for CA_480 with the MeOH formation rate remaining
unchanged, suggesting good thermal stability of the CA-systems.
On the other hand, CG_275 exhibits CO,-conversion of only 2%
(1/4 of that of CA_275). The MeOH formation rate of CG_275
was found to be 0.3 mmol g, ~! h™!, which is nearly half that of
CA_275. This demonstrates that Ga-species in the catalyst have a

10
[ cO,-conversion -
94 [l MeOH formation rate
8 -

0.6

0.4

CO,-conversion / %

0.2

MeOH formation rate / mmol g, " h

0.0
G
-

FIGURE 3 | CO,-conversion and MeOH formation rate as well as
the standard deviation of CA_275, CA_480, CG_275, and CG_480 after
7 h on stream. To calculate the standard deviation, values between 6
and 10 h on stream were used. Using a reduction temperature of 480 °C
reduces the conversion in both cases, but does not influence the MeOH
formation rate in the case of CA_480. For CG_480, however, barely any
MeOH is detectable at steady state conditions (230 °C, 8.5 sccm H,/CO,
3:1, including 0.5 sccm He, 20 bar).

promoting effect on the selectivity but due to the lower overall
CO,-conversion the total MeOH yield of CG_275 is also lower.
For CG_480, the CO,-conversion was only a quarter compared
to CG_275 and hardly any MeOH was detected, resulting in a
decrease of MeOH formation rate by a factor of roughly 1/33.
While the decrease in CO,-conversion can be explained by strong
sintering (Figure S12) during the alloying of Cu with reduced Ga
which is discussed later, the poor MeOH formation rate cannot.
While Kordus et al. [17] reported a promoting effect of alloying Cu
with small amounts of Ga (0.3 atomic % Ga), our study suggests a
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FIGURE 4 | (a) Normalized XRPD-patterns of CG_275 (orange) and CA_275 (blue) directly after reduction (lighter color) as well as after 32 h on
stream (darker color). In the inset, the patterns are vertically offset to resolve the overlap in the main panel. Additionally, calculated peak positions and
intensities of Cu (turquoise) are shown [57]. (b) Scaled patterns of the CG_275 and CA_275 to highlight the difference in the line shape, i.e., a slightly
stronger broadening of the (111)-reflection for CG_275 and additional peak asymmetry for the 200-reflection for CG_275, indicative of a higher density of
planar defects. (c—f) TEM images of freshly reduced CG_275 (c) and spent CG_275 (d), as well as freshly reduced CA_275 (e) and spent CA_275 (f) with
a time on stream of 32 h for both spent catalysts. In the case of CG, a lower magnification had to be used due to electrostatic effects from the sample.

negative effect if the fraction of Ga is too high. After the stability
test, the samples were characterized without exposure to air by
laboratory XRPD (Figures 4a,b and S12) and TEM (Figure 4c-
f) to investigate changes in their composition and structure.
No Bragg peaks for crystalline M,0; phases could be observed
neither in fresh nor spent CA_275 and CG_275. Through Pawley
fits of the metallic Cu phase, which is being present in the fcc
structure, the domain sizes of the freshly reduced and spent
samples (ToS = 32 h) were determined. In both cases, the domain
size of freshly reduced CG_275 (5.23 + 0.07 nm) and CA_275
(6.56 + 0.08 nm) does not differ within the error margins from
spent CG_275 (5.17 + 0.07 nm) and CA_275 (6.44 + 0.08 nm),
suggesting that both catalysts do not sinter. The lattice parameter
is also identical within the error margins for all four samples
(3.616 A), indicating no measurable alloy formation of CG_275
in the bulk in agreement with the alloying onset at higher
temperatures determined by TPR and XAS. Thus, the observed
deactivation during the formation period cannot be linked to
sintering or changes in the bulk of Cu. Furthermore, there are
slight but yet evident differences in the lineshape of the Cu phase
between CG_275 and CA_275 (cf. Figure 4b): The former shows
a broader 11l-reflection and in particular a more pronounced
asymmetry of the 200-reflection. The latter indicates a higher
density of planar defects (in particular stacking faults) for the Cu
in CG_275 [60]. Thus, the smaller apparent domain size is likely
due to a higher concentration of defects besides slightly smaller

domains in the crystallites. A correlation between such defects
and catalytic activity in methanol synthesis has been proposed
[18], but the synthetic factor to control this properties is not clear.
However, for our two samples it correlates inversely with the size
of the precursor crystallites, but may also originate from slight
differences observed in the reduction behavior on the different
support materials or in different reactors (c.f. lab based TPR and
operando XAS during TPR, vide infra).

The domain size (6.77 + 0.08 nm) of spent CA_480 differs only
slightly from freshly reduced CA_275 (6.56 + 0.08 nm), indicating
that barely any sintering took place. In case of spent CG_480
however, the domain size (12.1 + 0.2 nm) increased significantly
compared to the freshly reduced sample (5.23 + 0.07 nm),
indicating strong sintering. Additionally, the lattice parameter
(3.653 A) increased substantially, proving the formation of a
Cu,Ga, bulk alloy (Figure S12).

Besides the average domain size also the size distribution and
dispersion of Cu on the amorphous oxide support is of interest,
which was studied with TEM measurements (Figure 4c-f). These
revealed that in both fresh and spent state most copper particles
in CA_275 range from a few nanometer up to around 10 nm, with
some exceptions reaching roughly 40 nm. Thus, no indication
for significant sintering was found, which is in line with the
XRPD results. For CG_275, Cu particles of around 20-40 nm
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were found, but there were also many rather small particles,
which are most likely also Cu, due to their contrast in TEM and
their well-defined spherical form. Again, the characteristics of the
spent CG_275 catalyst are nearly identical, rendering sintering
an unlikely reason for the observed initial deactivation under
reaction conditions (Figure S9).

In summary, despite the similarities between CA_275 and
CG_275, particularly with regard to the unalloyed bulk properties
of the Cu phase, their similar average particle sizes and sintering
stability, marked differences have been observed in their catalytic
behavior. While a positive effect of the Ga,0; support on the
methanol selectivity was observed, the activity of this catalyst
was rather low and unstable. At the relevant reduction and
reaction temperature for methanol synthesis, no bulk-alloying
was observed that could explain these differences calling for in
situ and operando experiments to capture the dynamic behavior
of the Ga, 05 support during reduction and reaction.

3.3 | Insitu and operando Experiments

In order to monitor both the short- and long-range order structure
of the CA and CG systems during catalyst activation, reaction, and
temperature increase, operando XAS and XRPD measurements
were combined in the same experiment. At first, activation of the
as-prepared catalysts was investigated, revealing the reduction of
Cu?* to Cu® by heating the reactor to 275 °C (5 °C/min) in 5%
H,/N, with a GHSV of the total flow of 3 x 10°h~!. According
to a linear combination analysis (Figure S14), Cu was reduced
gradually in both samples from Cu?* over Cut to Cu’, as it
was also seen by the shoulders in the TPR profiles during lab
experiments. The formation of Cu* is more pronounced for CG,
as proposed in H,-TPR. The Fourier transformed (FT) EXAFS
spectra (not corrected for phase shift) of both CA and CG at the
Cu K-edge depicted in Figure 5d,e show no signal originating
from Cu-O scattering (1.5 A) but increased intensity for metal-
metal scattering (2.2 A), indicating that Cu is fully reduced to the
metallic state in both catalysts after TPR up to 275 °C in line with
the H,-consumption in the lab-TPR. Interestingly, the TPR also
impacts the state of Ga, as changes in the XANES at the Ga K
edge become visible (Figure 5c).

XANES, however, is not only sensitive with regard to the
oxidation state, but also provides information on coordination
geometry [61]. Hence, the changes in the XANES at the Ga
K edge can be predominantly influenced by the change of the
local coordination environment of Ga during phase transitions.
Hereby, Ga does not change simultaneously with the stepwise
reduction of Cu (Cu?**—Cu*—Cu®) as the transition of the Ga
species starts before the occurrence of metallic Cu (Figures S14
and S15), which makes it unlikely to relate it to co-reduction.
However, along with other reports [15, 18], we cannot exclude
Ga® formation to a small extent at this point. Comparison with
references suggests that the majority of the Ga’* is still primarily
positioned in octahedral coordination after TPR, which will be
further addressed later. The edge energy of the initial state of CG,
meaning the LDH precursor, is located at 10373 eV (Table S5),
which cannot be related to the Ga,0; polymorphs used as
references, while the shape of the XANES is reminiscent of that
of commercial Ga,0;.

3.3.1 | operando XAS and XRPD During the
CO,-to-Methanol Reaction

After TPR, reaction conditions were applied (230 °C, 90%
H,/CO, 3:1 and 10% N,, GHSV 30,000 h™!, 20 bar) and held
for 1 h. Methanol formation was detected by mass spectrometry
(Figure S16). No changes were observed in the XANES and
EXAFS at the Cu K edge of CA or CG during switching from
reduction to the feed. The Ga K edge XANES/EXAFS also
remained similar (Figures 5 and S16).

Next, the temperature was increased to 280, 330, 380, 430, 480,
and 530 °C (5 °C/min) with 30 min holding time, respectively.
The aim of the temperature rise was to mimic hot-spot formations
and to accelerate aging phenomena of the catalysts. operando
synchrotron XRPD allowed to monitor the evolution of the lattice
parameter and domain size for the metallic Cu. For Cu in CA,
a roughly linear thermal expansion was detected (Figure 6a).
The cell parameter a for Cu in CG in the Figure 6a follows that
of Cu in CA up to 430 °C. However, a sudden increase was
observed at 480 °C and 530 °C, strongly indicating bulk alloy
formation between Cu and Ga. This is consistent with the ex situ
experiments from TPR. The crystalline domain size (Figure 6c)
increased almost linearly with temperature for CA, while for
CG significantly larger domain sizes were observed starting from
380 °C, indicating the onset of faster sintering. This indicates
an increased mobility of copper over the Ga,0O; support likely
connected to the onset of Ga mobility in the underlying support
triggered by formation of a bulk alloy at 480 °C. Crystallization
of §-Ga,0; was observed during temperature dwelling at 530 °C
(first and last scans at this temperature shown in Figure 6d), while
Al,O; remains amorphous throughout the entire experiment.
Note that with XRPD the analysis is limited to crystalline
phases, while further insights are possible when analyzing the
simultaneously acquired XAS data. The FT-EXAFS at the Cu
K-edge reveals an increased amplitude of the Cu-Cu scattering
signal between 1.6 and 2.7 A (Figure 5d,e), which indicates
sintering to larger particles at elevated temperatures [62, 63].
Also, fits of the EXAFS data using Cu foil as a reference showed
that the coordination number (CN) increased from 9.5 to 10.7
and from 8.7 to 9.0 after TPR for CA and CG, respectively. We
note, that an incorporation of Ga in the Cu structure can lead
to a lower backscattering contribution in the FT-EXAFS (Cu-
Cu first shell). This effect was supported with calculated FT
EXAFS of a Cu and a Cu,Ga, structure provided in Figure S19.
Thus, the resulting lower amplitude observed for the CG EXAFS
gives rise to a lower CN when fitting the FT spectra. There are
additional explanations for the apparent divergence between the
larger domain sizes deduced from XRPD for CG and the higher
Cu-Cu coordination numbers obtained by EXAFS for CA. This
opposition can be reconciled by considering the distinct structural
effects of the two supports. In CG, the more dynamic crystallizing
Ga,0; favors the merging of coherent Cu domains, which are
readily detected by XRPD. At the same time, partial reduction
and beginning alloying leads to substitution of first-shell Cu
neighbors by Ga atom, together with lattice defects/distortion
introduced during alloying/dealloying, may lower the average
Cu-Cu coordination number recorded by EXAFS. Both Cu and
Ga are similar but not the same backscatters, which leads to a
distortion. This distortion results in increasing effective Cu-Cu
distances with incorporation of Ga and is demonstrated through
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FIGURE 5 | (a—c)XANES during TPR to 275 °C of CA (a) and CG (b) at the Cu K edge and at the Ga K edge (c) for CG; (d-f) Fourier-transformed
EXAFS spectra of CA and CG at the (d, e) Cu K edge and (f) Ga K edge at different stages of the experimental procedure.
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FIGURE 6 | Operando XRPD during CO, hydrogenation to methanol: (a) Cell parameter and (b) calculated lattice expansion of various Cu-Ga
alloys with fcc structure as a function of the Ga content, including Cu;;Ga, Cu;5Ga, Cu;Ga, and CuyGa. The red line indicates the percentage of lattice
expansion and estimated Ga content found in the experiments during TPR at 480 °C. (c) Domain sizes of CA and CG. Error bars are derived from the
variation of all data points collected at each temperature. (d) Selected XRPD patterns, evidencing the crystallization of 3-Ga, O3 upon prolonged dwelling
at 530 °C.
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FIGURE 7 | (a) Fractions of components along the experiment as

a result of multivariate curve resolution-alternating least square (MCR-
ALS) analysis of XANES at the Ga K edge during TPR and under
reaction condition. (b) XANES spectra of components derived by MCR-
ALS. (c) Reference spectra for Ga-oxides and metallic Ga resembling the
components in Figure 7b.

theoretical structure models listed in Table S8. In CA, Al cannot
be incorporated into the copper particles leading to a stable and
well-ordered environment of Cu neighbors and thus a higher
Cu-Cu coordination number. To further quantify the structural
changes revealed for Ga during TPR and in CO, hydrogenation
conditions, multivariate curve resolution with alternating least
squares algorithm (MCR-ALS) analysis was used (Figure 7). This
technique is typically employed to decompose complex, overlap-
ping spectral data into spectra of pure components and their
concentration profiles. It works iteratively by alternating between
estimating concentration and spectral profiles using least squares,
leading to identification and quantification of components in
mixtures without the need for prior knowledge of pure spectra
[64]. MCR-ALS revealed that the XANES spectra set at the Ga
K edge of CG consisted of four components; the corresponding
spectra are shown in Figure 7b, whereas the temporal evolution
of the compounds during the experiment is shown in Figure 7a.
Component 1 represents the initial state of the catalyst, in which
Ga’* is part of the layered double-hydroxide (LDH) structure,
surrounded by hydroxide ions. Upon TPR, this initial state of the
catalyst transforms into three different components (Figure 7a),
named components 2, 3 and 4 in Figure 7b. When comparing the
MCR-extracted spectra with reference spectra (Figure 7c), which
were taken from literature [65], similarities between the two sets
of spectra become apparent. With a rather flat main absorption
feature, component 2 shows similarities to a-Ga, 05, a corundum
structure with Ga®* situated in the octahedral positions [61].
As a-Ga,0; and Ga° both show a similar shape of the plateau-

like absorption feature (Figure 7c), MCR-ALS has to be regarded
with caution. The energies of the absorption edges and the pre-
edge region furthermore helps to distinguish between the Ga
species when present simultaneously. A table with the absorption
edges of samples and references is given in Table S5. Meanwhile
component 3 can be identified as a Ga,0O; like structure, in
which Ga occupies statistically both tetrahedral and octahedral
positions, as the calculated spectrum resembles - and y-Ga,O;
[66]. Linear combination analysis (LCA) of component 3 revealed
that the spectrum is more similar to -Ga,0; than to y-Ga,0;,
which is in line with XRPD results showing crystallization of
B-Ga,0; at higher temperatures. The fourth isolated spectrum
shows a pre-edge feature at 10368 eV (Figure 7b). This pre-edge
feature originates from reduced Ga (Figure 7c, Table S5). As the
extracted spectrum “component 4” does not fully resemble the
spectrum for metallic Ga, we assume that only a fraction of the
Ga-species was reduced to Ga°. Partially reduced Ga has been
reported in a similar case, in which a CuGa catalyst was reduced
in H, at >400 °C [17]. In the study by Kordus et al. [17], the
shoulder in the pre-edge region of the Ga XANES was used for
identification of partially reduced Ga due to the presence of a
Cu,Ga, alloy. Notably, the MCR-extracted spectra do not fully
represent one or another reference Ga phase in particular, but
could be composed of Ga species not represented within the set
of reference spectra. This also applies to the extracted spectrum
of component 4, in which parts of the spectrum’s features can
be traced back to reduced Ga while the majority is still similar
to the spectra of Ga-oxides. The amount of Ga reference spectra
was limited to the set shown in Figure 7c and a quantification of
dedicated Ga species and phases is therefore not possible. More
importantly, the dynamics of Ga in this catalyst can be easily
monitored with MCR-ALS.

Together with the XRPD results, this transformation during TPR
seen in the MCR-ALS results can be explained by the thermal
decomposition of the crystalline LDH precursor (assigned to
component 1) toward amorphous Ga,O; support with a short-
range ordering mainly resembling a-Ga,0;. This observation
is similar to the thermal behavior of amorphous Ga(OH), gel
reported in literature, which transforms into poorly crystalline y-
Ga,0; in this temperature range [67]. In the study by Li et al. [66]
and in agreement with the known thermal instability of y-Ga, 05,
further heating leads to crystallization of the thermodynamically
stable 38-Ga,0; polymorph at even higher temperatures. The
crystallization of §-Ga,0; is also observed toward the end of
our experiment. Simultaneously with the decomposition of the
LDH (component 1), a Ga-phase named component 4 was formed
during TPR to an extent of about 30%. Prominent in component
4 is the pre-edge shoulder, which can be traced back to partially
reduced Ga. Notably, this shoulder is not significantly evolved in
the XANES pre-edge region during TPR (Table S5), indicating the
absence of bulk-reduced Ga at this point. As component 1 rep-
resents the LDH structure, which was irreversibly decomposed,
the MCR-ALS analysis of the spectra after TPR was performed
with only the remaining 3 components. Switching to reaction
conditions (230 °C, H,/CO, 3:1in 10% N,, GHSV 3 x 10° h™,
20 bar) resulted in the decrease of component 4, while the S-
Ga,0; (component 3) is now formed to an extent of almost
50%. This phase diminishes once the temperature is increased to
280 °C. It is noted that the drop in the amount of component 3
in Figure 7a under reaction conditions at 280 °C could have been
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affected by the cool-down of the catalyst, which was performed
for increased spectra quality and for better comparability of
the EXAFS. Simultaneously with increasing temperatures under
reaction conditions, the content of a-Ga,0; (component 2)
decreases, and the fraction of component 4 increases. This time, a
clear shift in the pre-edge feature of the XANES at the Ga K-edge
is observed (Figure S18), indicating the progressive reduction of
Ga at higher temperatures. This correlates with the increase in
component 4, which peaks at approximately 65% at 480 °C. At this
stage, the spectral features related to reduced Ga and the sudden
change in the cell parameters (Figure 6) suggest the formation of
a Cu,Ga, alloy in which Ga is in the oxidation state 0. At a higher
temperature of 530 °C, the XANES features change markedly,
with the pre-edge feature previously developed significantly
diminished (Figure S18). The concentration of component 4 then
accordingly decreased to approximately 20% of the Ga species. For
the formed Cu,Ga, alloy, this would correspond to around 6% of
Gain the Cu particles. In parallel, the MCR-ALS analysis suggests
a pronounced formation of component 3, which we found to be
best represented by 5-Ga,O;

After cooling back to room temperature, comparison of the
Fourier transformed EXAFS of CG at the Ga K edge (Figure 5f)
reveals strong differences between the spectra recorded in the
initial state, after activation, after reaction at 230 °C as well as
530 °C. The raw data are shown in Figure S21. In all spectra as well
as for the reference Ga,0,, the Ga-O scattering (<2 A) results in
the signal with the highest intensity. For the initial state of the
CG catalyst, the signal referring to the Ga-backscattering (2.5-
3.5 A) is present, but to a much lower extent than for the Ga-oxide
reference. This can be explained by the fact that the uncalcined
starting material is still in the layered LDH structure. Here, only
those Ga atoms in the same layer are available as backscatterers in
the second shell, whereas in the 3D bulk Ga,0;, all surrounding
Ga atoms serve as backscatterers. Interestingly, the signal of
Ga-backscattering is also hardly visible for the sample after the
activation step, while Cu?* is reduced to metallic Cu (resulting in
strong Cu-backscattering in the FT EXAFS at the Cu K edge) and
most of the volatile species have been removed. Hence, reduced
Cu particles are formed during activation along with amorphous
Ga,0;, in which mostly oxygen is seen (backscattering similar
to Ga,0;). Due to the shorter Ga-O distance in Ga,0;, the
oxygen backscattering-peak is shifted to slightly lower distances.
A small contribution can be found at 2.5 A (not corrected for
phase shift), which could be attributed to Ga-M (M = Cu, Ga)
interactions. This status is preserved throughout the reaction at
230 °C. The FT EXAFS at the Ga K edge after the temperature
ramping in reaction atmosphere shows more prominent Ga-M
backscattering appearing at 2.3 A and 3.4 A that have not been
present in the previously recorded FT EXAFS nor the Ga-oxide
reference. Models based on pure Ga oxide and Cu,Ga, alloy
fractions were used to fit the EXAFS data (Table S8), considering
Ga-O and Ga-Ga or/and Ga-Cu scattering. Alongside statistical
inspection provided in the Supporting Information (Table S9), we
conclude that the implementation of Ga-Cu scattering alongside
Ga-0 and Ga-Ga scattering as most beneficial for representing
the experimental EXAFS data, especially at the named feature at
2.3 A in the phase uncorrected FT EXAFS (Figure S23). The fitting
results show that after temperature ramping with Cu,Ga, alloy
formation, some of this alloy remained to a low degree even after
530 °C and cool-down, which is in line with MCR-ALS results.

In summary, the in situ and operando XAS and XRPD exper-
iments show the trend to alloying of the CG catalyst at high
temperatures. Specifically, the Cu,Ga, alloying, followed by §-
Ga, 0, formation under reaction conditions, indicates a combined
redox and polymorph flexibility absent in the Al-containing
system. Most importantly, also evidence for dynamic behavior
of the Ga support at lower temperature relevant for methanol
synthesis was observed mainly in the analysis of subtle changes
in the XANES at the Ga K edge, which was not captured in the
previous ex situ experiments [20]. Although bulk-sensitive x-ray
techniques such as XAS and XRPD may miss Ga surface species or
surface alloys present only in the topmost layers, the combination
of element-specific operando XAS and temperature-resolved
XRPD still provided interesting insight into the dynamics of Ga
with possible relevance to the catalytic function. The ensemble of
operando data and its comparisons to reference and to the static
CA catalyst, in particular the hidden nature of the Ga dynamics
at relevant low temperatures and the absence of the clear features
in bulk-sensitive ex situ analytics strongly suggests that for a
coherent picture of Ga’s role in enhancing methanol selectivity,
the surface must be considered as the effect might be limited
to the near-surface region. Such possible dynamic structural
transformations at the surface could be further elucidated by
surface-sensitive (XPS/LEIS) and microscopic (in situ TEM)
methods, complementary to the in situ and operando studies
reported here. We shed further light by DFT calculations below.

3.4 | DFT Results

We calculated the lattice expansion for various Cu-Ga alloys
with fcc structure up to a Ga-content of 25% and confirmed
that there is a linear relationship between the Ga content and
the corresponding lattice expansion (Figure 6b). From this, we
estimate that the observed lattice expansion during the operando
experiments at 480 °C of the Cu/Ga system of 0.52% corresponds
to a Ga content of roughly 7.6% (red line in Figure 6b), such that
a reduction of Ga,0; and alloying to bulk Cu,Ga, starts at these
reaction conditions.

Figure 8 shows the calculated phase diagrams where the stability
of bulk (Figure 8a) and surface alloys (Figure 8b) is given as a
function of temperature and H,O/H, ratio. The H,0/H, ratio,
recognized as a key thermodynamic factor, has been successfully
employed to draw conclusions about phase stability in catalysts
during various reactions, including the Fischer-Tropsch synthe-
sis [68]. The estimated values for our experimental conditions for
methanol synthesis (in terms of H,O/H, ratios that are related to
CO, conversion, cf. Figure 4) are indicated in the figure. We note
that the reference for the gallium oxide has been set to bulk -
Ga,0;, which we see as an upper limit for the mostly amorphous
Ga,0; observed in the samples (with the exception at the highest
temperature applied, 530 °C), as this would be the most stable
reference component. For the bulk, the results are in very good
agreement with the experimental observations that a low-Ga alloy
can be formed, but only at high-temperature conditions irrelevant
for typical methanol synthesis over Cu-based catalysts, i.e., 480 °C
in the feed or 530 °C in the TPR. However, we estimate, based
on a comparison of the phase diagrams in Figure 8, that there
is already the onset of surface alloy formation under reaction
conditions relevant for methanol synthesis, possibly affecting the
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FIGURE 8 | Calculated phase diagrams of (a) bulk and (b) surface
Cu,Ga, alloys with various amounts of Ga as a function of the H,0/H,
pressure ratio and temperature. The calculations in (b) show the results
for the Cu(11l) surface, other surfaces are given in the Supporting
Information. The data point refers to our experimental conditions with
typical deviations marked as error bars. The phase diagrams are calculated
relative to bulk Ga,0s;.

catalytic properties in the absence of clear bulk effects as observed
experimentally. We note, however, that since the hydrogenation
of CO, produces water alongside methanol, the H,O/H, ratio
changes with increasing conversion [69]. This means that the
degree of surface alloy formation is strongly dependent on the
degree of CO, conversion to methanol and water in a simi-
lar way as Co is oxidized to CoO at high conversion of CO
during the Fischer-Tropsch reaction [68]. In our experiments
(CG_275_iso_red, Figure 4), the conversion of CO, to methanol
is roughly 2%, corresponding to a H,O/H, ratio of 3 x 1073.

3.5 | Discussion: Dynamics of Ga in Comparison
to Al and Zn in Cu-Catalysts for Methanol Synthesis

Since AL, O; is known to be a non-reducible and non-dynamic
support, the comparison of catalysts with Al,O; support with
more dynamic support materials like Ga,0; or ZnO can be very
favorable. By doing so, effects based on the preparation of the
material can be excluded to a certain extent if the synthesis
of the materials is similar, like in the case of our materials.
This allows a better focus on effects related to the dynamics
of the support material like alloy formation and SMSI. When
comparing CG and CA, it is noticeable that the Al component
in CA exhibits a strong structural promoting effect, being able
to keep the Cu-particles stabilized and mostly prevent sintering
even after harsh treatment like a reduction at 480 °C. The Ga
component in CG on the other hand is also able to prevent
sintering to a certain degree. However, at elevated temperatures
surface Cu becomes mobile and the structural promoting effect
of the Ga components is lost, most likely due to its dynamic
restructuring, which we did not observe with the Al components
in CA. This dynamic behavior is somewhat similar to the Zn
promotor widely described in literature. Generally, ZnO can be
present in different forms (graphitic-like layers on Cu, (defective)
waurtzite, surface Zn®* alloyed with Cu) depending mainly on the
degree of reduction [59, 70-72]. Similarly, Ga oxide undergoes
multiple transformations during reductive activation and under
reaction conditions. In CG, the transformation toward the stable
B-Ga,0; phase at higher temperatures is predominant, similar
to the thermal behavior known from Ga(OH), gels. Similar
thermal transformations occur in the Cu/ZnO catalyst during
the calcination stage of the as-prepared catalyst. In both catalyst
systems, there are indications that the formation of bulk alloys
is not beneficial and not the major path of promotion. Different
to the GaPd,- and NiGa-systems, Ga does not easily form bulk
alloys with Cu [26, 27]. However, bulk-alloying can be understood
as the driving force for surface effects happening already at
lower more relevant temperature. For Cu/ZnO, this is the well-
known and widely discussed SMSI effect mentioned in the
introduction. Indeed, for CG we observe that partial reduction
occurs to some minor extent already upon reduction and similar
as discussed for Cu/ZnO [10], it might be related to formation
of a surface alloy. As for Cu/ZnO the stability of the surface
alloy will depend on the reducing potential of the feed, i.e.
the CO/CO, ratio. Dynamic and reversible de-alloying has been
observed in particular in CO,-and H,O-rich feeds [21, 25]. The
instability of a Cu,Ga, surface alloy requires further systematic
research and might be one reason, why we have not observed
a very strong and clear promoting effect of our CG catalyst
in CO, hydrogenation compared to unpromoted CA. Another
possible explanation is that in our CG catalyst, we have employed
relatively large amounts of Ga,0O;, while recent literature for
copper-based catalysts have reported only few percent of Ga,0;
to be efficient as promoter, which should not be overdosed [11-
16]. While such loadings are not uncommon for promoters, this
is in contrast to Cu/ZnO catalysts. In these systems, the oxide
components fulfill both roles of a support and as a source for the
reduced promoter species with less danger of spectator species. In
fact, Cu/ZnO catalysts seem to rather provide as much promoter
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as needed to form high-performance catalysts in a self-assembled
manner in reducing atmosphere limited by the surface capacity
of alloying. Such beneficial scenario might not be operational for
Cu/Ga,0;, at least our attempt to simulate the Cu/ZnO catalyst at
the industrially relevant 70:30 ratio in the Cu/Ga,0; system did
not easily form a highly active catalyst.

4 | Conclusion

In this work, a highly dispersed Cu/Ga,0O; catalyst containing
large amounts of Ga (with a fixed molar Cu:M ratio of 70:30,
similar to the well-known CuZn system) as well as a compara-
ble reference sample containing Al,O; instead was synthesized
through the direct reduction of an LDH precursor. The simplicity
of these systems and their similarity with the CuZn system, which
also contains high amounts of promoter, allowed us to study the
promoting effect of Ga as well as its dynamics.

The combination of operando XRPD, XANES, and EXAFS, as well
as with DFT calculations, was a powerful approach to uncover
the structural changes that occur in the CuGa system during
activation and under reaction conditions. Using this approach, we
disentangled the reduction of Ga** and phase changes, including
changes in the coordination environment from octahedral to
tetrahedral.

The results show that Ga responds dynamically to changing
conditions, forming mostly octahedrally coordinated Ga,0O; dur-
ing TPR, which is converted to a mixture of octahedrally and
tetrahedrally coordinated Ga,0; when the feed gas is applied.
Furthermore, increasing the temperature to 480 °C led to a
reduction of parts of Ga3* to Ga° in the form of alloying with
copper, which is accompanied by an increase in domain size. At
530 °C, further structural changes were observed. This allowed
comparing the system to the CuZn system as a prototype for
strong SMSI and dynamics in methanol synthesis. Unlike the
CuZn-system, an excess of Ga and particularly the formation of
bulk reduced Cu,Ga, was not found to be beneficial. In the future,
studying the dynamics of Ga at low dopant levels with preferential
probing of the surface of the Cu particles and Cu-Ga entities
would be helpful to further understand the mechanism behind
Ga promotion. Furthermore, the dynamics could be deepened in
the future by surface-sensitive XPS/LEIS and in situ TEM studies.
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