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ABSTRACT

Indium-based catalysts exhibit excellent performance for CO, hydrogenation to methanol, yet their nat-
ure and chemical evolution under reaction conditions are still elusive, thus hindering an understanding of
their reaction mechanism. In this work, near ambient-pressure X-ray photoelectron spectroscopy (NAP-
XPS) is employed to investigate the chemical properties and the catalytic role of indium/copper model
catalysts under CO, hydrogenation conditions. We found that the deposition of In on the surface of a
Cu foil led to the formation of Cu-In alloy, whereas upon CO, exposure, In was partially oxidized to
In;03.x and Cu remains metallic. Due to the presence of In,0s., CO, was activated on the surface of
In/Cu samples mainly in the form of carbonate. In addition, compared with the pure In foil reference, both
the fraction of oxygen vacancies and the coverage density of carbonate were higher on the In/Cu samples,
indicating the promotion effect of Cu-In alloy in the activation of CO,. These results reveal the evolution
of the active sites of indium/copper catalysts and inspire the design of advanced In-based bimetallic cat-
alysts for CO, hydrogenation.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY-NC-ND license

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

1. Introduction

In the framework of research devoted to meeting the growing
energy demands, the catalytic conversion of CO, to value-added
chemicals and fuels with the assistance of H, has been proven to
be a feasible and promising approach, as it both mitigates global
warming caused by conventional fossil fuels and provides a solu-
tion to the storage of renewable energy [1-3]. Although the process
is attractive, its scale-up remains a great challenge due to the lack
of efficient and selective catalysts, as well as its unclear reaction
mechanism. Thus, understanding the activation and reduction of
CO, on a catalyst surface is imperative for the development of
advanced catalyst and the eventual industrialization of CO,
hydrogenation.

Recently, In,03 has emerged as a promising material for con-
verting CO, to methanol via hydrogenation [4-7]. For example,
using pure In,03 as catalyst, the reverse water-gas shift (RWGS)
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reaction can be completely suppressed, leading to a nearly 100%
methanol selectivity (5 MPa, 16,000 h~' GHSV, 200-300 °C). Den-
sity functional theory (DFT) calculations have suggested that the
presence of oxygen vacancies on the In,Os surface favors the
methanol synthesis pathway [8,9]. The existence of oxygen vacan-
cies has also been proven experimentally using electron paramag-
netic resonance (EPR), temperature-programmed desorption (CO,-
TPD), and Raman spectroscopy, etc. [5,7,10]. Recently, an operando
X-ray powder diffraction (XRD) - X-ray absorption spectroscopy
(XAS) study directly correlated the activation of In,O3 catalysts to
the formation of oxygen vacancies, and deactivation to the appear-
ance of over reduced metallic In [11]. Nevertheless, surface-
sensitive studies are still required to reveal the chemical state of
In,03 and adsorbates under reaction conditions.

Although In,05 is highly selective and durable for CO, hydro-
genation, its low H,-splitting ability limits its CO, conversion rate.
Therefore, metals such as Cu [12-15], Pd [16-19], Ni [20], and Au
[21] have been integrated with In,Os-based catalysts, with the
intention to enhance the H,-splitting ability. However, the forma-
tion of alloys between In and other metals (e.g., Cu or Pd) makes it
difficult to identify the catalytic sites and the reaction mechanism
under the CO, reduction environment. For example, Shi et al. sug-
gested that the formation of Cu;;Ing improves the dissociation of
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H, to atomic hydrogen, which then participates in CO, hydrogena-
tion to methanol [13]. However, Yao et al. proposed that metallic
Cu sites adsorb and dissociate H, for the hydrogenation of
adsorbed CO, on the surface of In,03 [15]. Similar arguments also
hold for Pd-In,05 catalytic systems. These arguments for the func-
tion of the bimetallic phases might originate from the extensively
employed ex situ characterization techniques on these bimetallic
catalysts after exposure to air, which is exclusively undesirable
for bimetallic alloy phases and oxygen vacancies due to the poten-
tial oxidation. Therefore, it is important to investigate In,03-based
bimetallic catalysts (i.e., Cu-In) under CO, hydrogenation condi-
tions using in situ techniques to understand the structural and
compositional evolution of the catalysts.

In this work, the activation of CO, on bimetallic In/Cu model
catalysts were systematically studied using near ambient-
pressure X-ray photoelectron spectroscopy (NAP-XPS). We pre-
pared a series of samples by depositing In on Cu foil, and then
probed their surface properties upon exposure to CO, and CO,/H,
mixtures at different temperatures. We quantified the relative
amount of lattice and defect oxygen under different conditions,
and observed that the Cu-In alloy corresponded to a higher density
of oxygen vacancies, which resulted in a higher coverage density of
activated CO, in the form of carbonate compared with the pure In
reference. Furthermore, we revealed the stability of the oxygen
vacancies on In/Cu surfaces at up to 600 K. Based on our experi-
mental observations, we discussed the synergy between the Cu-
In alloy phase and the oxygen vacancies from In,0s3_, sites for
highly active CO, hydrogenation reactions. Overall, our study pro-
vides fundamental details of the relationship between the surface
property and the performance of Cu-In bimetallic catalysts for
CO, hydrogenation.

2. Experimental section

In/Cu model catalysts were prepared in the preparation chamber
(base pressure 2 x 10~'° mbar) of a laboratory-based NAP-XPS sys-
tem (SPECS GmbH). A polycrystalline Cu foil (Goodfellow, purity
99.9%, 0.125 mm thick, size 1 cm?) was cleaned by electrochemical
polishing in 85 wt% H3PO,4 solution at 40 mA for 60 s with another
Cu foil as counter electrode before being introduced into the
NAP-XPS system. Prior to the In deposition, at least three cycles of
Ar* sputtering (1.5 x 107> mbar Ar, 1 keV, 15 min) and vacuum
annealing (850 K, 15 min) were applied to the Cu foil until the level
of impurities (O 1s and C 1s) was below the XPS detection limit. In
was deposited on the Cu foil from a molybdenum crucible filled
with In pellets (Alfa Aesar, purity 99.99%) using an e-beam evapo-
rator (EBE-4, SPECS GmbH) by electron bombardment. The deposi-
tion rate was kept constant by maintaining a constant flux current
monitored using a built-in flux electrode. A flux current of 10 nA
roughly corresponds to a deposition rate of 0.003 ML/s. The mor-
phology of the samples was characterized by a FEI Teneo scanning
electron microscope (SEM) operating at a high voltage of 1 kV and a
25 pA beam current, with a working distance of 5-7 mm.

All UHV- and NAP-XPS measurements were carried out in an
analysis chamber (base pressure 2 x 107'° mbar) equipped with
a microfocus, monochromatic Al Ko (hv = 1486.74 eV) X-ray
source, and a differentially pumped hemispherical energy analyzer
(PHOIBOS 150 NAP, SPECS GmbH) with a series of electrostatic
lenses. For NAP-XPS measurements, the sample is placed in a
NAP cell with an X-ray transparent SisN4, window and a 300 pum
aperture for the photoelectrons to pass through. With this config-
uration, XPS measurements can be performed in gas environments
up to 25 mbar. Research-grade CO, (4.5, PanGas) and H, (5.0, Pan-
Gas) were used for all experiments and the flowrates were regu-
lated with precise mass flow controllers (GF40, Brooks). The
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purity of the gases was confirmed with a residual gas analyzer
(MKS e-Vision 2) installed on the pre-lens stage of the energy ana-
lyzer. The pressure in the NAP cell was measured with a gas-
independent capacitance gauge (CMR361, Pfeiffer Vacuum). An e-
beam heater was placed on the back of the NAP cell, allowing sam-
ple heating up to 600 K. After each sample loading, the position of
the sample was optimized to maximize the intensity of the signal.
For all core level regions, a pass energy of 20 eV was used. As the
samples were conductive, no charge compensation was required.
For all clean samples (before NAP-XPS measurements), the valence
band (VB) region spectra were also measured for energy scale cal-
ibration with Fermi-edge. The XPS spectra were analyzed with
CasaXPS software after Shirley or linear type background subtrac-
tion. Symmetric peaks were fitted using a Gaussian/Lorentzian pro-
duct formula with suitable G/L ratios, and asymmetric peaks were
fitted with the three-parameter Lorentzian asymmetric line shape.
For quantitative analysis, Scofield relative sensitivity factors (RSFs)
were used for correcting the peak areas [22]. The coverage of In
was estimated using Equation (1) [23] based on quantification of
XPS results.

I, Iy 1—exp(—t/2y,(E,) cos 0)

o
I

9 1

I exp(—t/i, (Es) cos ) M
where I,and I; are the intensities of the In overlayer and the Cu sub-
strate, given by corresponding XPS core-level peak areas corrected

by the RSFs. I;” and I° are the signal intensities for infinitely thick

layer of In and Cu, respectively. i\, (E,) and 2., (E;) are the inelastic
mean free path of the photoelectrons moving through the In layer
with energies E, and E;, obtained from the NIST Electron Inelastic-
Mean-Free-Path Database [24]. 0 is the photoelectron emission
angle and ¢ is the thickness of In overlayer.

3. Results and discussion
3.1. Surface properties of In/Cu model catalysts

To investigate the interactions between Cu and In, we first pre-
pared four model samples with varied coverage of In from 0.2 to
2.0 monolayer (ML) on Cu foil, along with pure Cu and In foils as
references. The SEM images (Fig. S1) show that, by means of e-
beam evaporation, In initially (0.2 ML) aggregated on the defective
edge of the Cu surface, and did not present on the flat surface. As
the In coverage increases to 0.9 ML, In nanoparticles can be
observed on the flat surface but still distribute mainly on the
slightly grooved areas (formed during the electrochemical polish-
ing). On the sample with 1.4 ML In, In nanoparticles are homoge-
neously distributed. With further increase of In coverage up to
2.0 ML, the In domains interconnected with each other. This
growth behavior is similar to that of many other bimetallic systems
[25-27]. Fig. 1 shows the Cu 2p3; and In 3ds;, XPS spectra from the
Cu, In and In/Cu surfaces taken at room temperature under UHV.
With the increase in the amount of deposited In, the binding
energy (BE) of the Cu 2p;;, peaks gradually increased from
932.7 eV for Cu foil to 933.06 eV for the sample with 2.0 ML In
(Fig. 1a). The primary LMM Auger transition of Cu, which originates
from the 3d® configuration due to a single Ly (2psj,) core-hole
decay involving two Mys (3d) electrons [28], is shown in Fig. 1c.
The final state splitting components, namely 3F, 'D, 'G and 'S,
can be clearly identified, while the 3P is not visible due to its low
intensity. Furthermore, another Auger peak arising from the
L,LsMys Coster-Kronig transitions is also observed [29]. Because
we did not observe any O 1s peak after the In deposition
(Fig. S2), and the peak shape of Cu 2p and Cu LMM Auger peaks
(Fig. 1a and c) remained the same as those of metallic Cu, we can
exclude the oxidation of Cu as the reason for the BE shift. In
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Fig. 1. (a, b) XPS spectra of the Cu 2ps),, In 3ds); regions and (c, d) X-ray excited Cu LMM and In MNN Auger peaks of Cu foil, In foil, and In/Cu samples with different surface In
coverage. Spectra are unsmoothed data. The In coverage is indicated by monolayer (ML) calculated from the peak area ratio of In 3ds;, and Cu 2ps, after a Shirley type

background subtraction and correction by the corresponding RSFs.

accordance with the results in Fig. 1a, b shows that decreasing the
amount of In leads to a decrease in the BEs of In 3ds;: from
443.8 eV for pure In foil to 443.6 eV for 0.2 ML In on Cu. In addition,
the valence band spectra (Fig. S3) show the variation of the density
of states (DOS) for Cu with different In coverages compared to the
pure elements. The Cu d band peak shifts gradually from 2.8 eV to
3.2 eV with the increase of In coverage. This trend is similar to that
of the Au-In and Au-Sn alloys systems and has been suggested as
the result of the s-d hybridization of the s and d orbitals of Au with
s and p orbitals of the main-group atoms upon alloying [30,31].
These results, along with the observations in the core-level BE
shifts, can confirm the formation of Cu-In alloys. Although this
phenomenon was not reported for Cu-In samples, the BE shifts of
the Pd and In peaks due to the formation of Pd-In alloys have been
observed [32]. Additionally, one may also notice that the bulk plas-
mon loss peak associated with the In 3ds), core level at ~455.5 eV
(Fig. S4) of the pure In sample [33,34] does not exist on any In 3d
spectra of the In/Cu samples. This implies that In exists in a highly
dispersed form after deposition on Cu, which further supports the
formation of Cu-In alloy. The In MNN Auger peaks in Fig. 1d result
from two different final states with a 4d® configuration, namely M5
(3ds;2) and My (3ds),) core-hole decay involving two Nys (4d) elec-
trons. Both Auger transitions consist of one strong line correspond-
ing to the ('D,)('G4) electron configuration and weak asymmetric
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peaks on the high energy side [35]. The weak peaks in the
M5N45Nys line can be assigned to P, and >F, 5 configurations, while
in the MyN,sNys line, the can be assigned to 3F, 3 and 3F, configu-
rations [35]. Similar to Cu, the shape of the In MNN Auger peaks
remains unchanged for all samples, further confirming the metallic
state of In.

To qualitatively interpret the relative BE shifts with the change
in In surface coverage, a simple charge transfer model of Cu-In
coordination near the surface is proposed (Fig. 2). With the depo-
sition of In, Cu was more positively charged in the In-
coordinated state relative to the “pure Cu” state and thus showed
an increased Cu 2p BE. In turn, increasing the In coverage resulted
in the decreased ratio of Cu-In coordination, thus the In 3d BE value
of high In coverage sample approached that of the In foil. This
model indicates that the formation of Cu-In surface alloy induces
a flow of electrons from Cu to In. Notably, the electronegativity
of Cu (1.90) is slightly higher than that of In (1.78), therefore elec-
tron flow from In to Cu is expected. Such counterintuitive results
were explained earlier by Goodman et al.: the charge transfer in
surface alloys can be contrary to that of bulk alloys due to the ani-
sotropic character of a surface that changes the relative electroneg-
ativities of metal atoms [36]. Furthermore, the BE shifts of surface
alloys can also be influenced by other factors during the photoelec-
tron emission process. For example, the geometric contribution
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Fig. 2. Schematic illustration of the Cu-In charge transfer model for Cu-In alloying on Cu foil surface.

caused by lower effective coordination of surface adlayer than the
bulk material could decrease the BE of the adlayer element [37],
orbital rehybridization may decrease the BEs of both adlayer and
substrate elements [38,39], and the final state effects partially can-
cel the abovementioned initial state contributions [40,41]. Overall,
these factors lead to the observed BE shifts of Cu and In.

3.2. NAP-XPS in the presence of CO, at 300 K

Next we exposed the clean Cu, In and In/Cu surfaces to 0.2 mbar
CO, at 300 K to investigate the effect of CO, on the surface

properties. The Cu 2ps); and In 3ds,, spectra collected from the dif-
ferent surfaces are shown in Fig. 3a and b. Compared with the spec-
tra obtained under UHV, introducing CO, did not change the peak
shape of Cu 2p3, (Fig. 3a) or Cu LMM (Fig. S5a), indicating that Cu
can maintain its metallic state [42]. In contrast, the peak shape of
In 3ds;, was significantly changed upon CO, exposure: additional
peaks contributed by In oxides can be observed at a higher BE
(Fig. 3b). The deconvolution of the In 3ds/, region using a multi-
peak fitting indicates that the fraction of the oxidized In is depen-
dent on the amount of deposited In. As shown in Fig. 3b, a small
amount of In (0.2 ML) was completely oxidized, whereas the
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Fig. 3. NAP-XPS spectra of the (a) Cu 2ps,, (b) In3 ds,, (¢) O 1s, and (d) C 1s regions of Cu foil, In foil, and In/Cu samples with different surface In coverage upon exposure to

0.2 mbar CO, at 300 K.
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increased deposition amount of In led to an increase in the remain-
ing ratio of metallic In from ~47% for the 0.9 ML In sample to ~65%
for the In foil sample. Meanwhile, the Auger peaks in Fig. S5b also
exhibited hybridized characteristics of metallic and oxidized In
[43]. Notably, as In is oxidized by CO,, the In concentration in
the Cu-In alloy should be smaller than that before CO, introduc-
tion. Such a phase separation can be confirmed by the slight shift
in the Cu 2p5); peak to a lower BE (Fig. 3a). Nevertheless, the metal-
lic phase of Cu and In remains to be alloyed, as the peak shifts of Cu
2p3)2 to a higher BE and In 3ds, to a lower BE compared with the
pure metal references are consistent with the results from UHV
measurement. Together, these results indicate that at room tem-
perature, Cu can maintain its metallic state upon CO, exposure
while In can be partially oxidized, leading to the partial de-
alloying of Cu-In alloys.

Apart from the surface properties of In/Cu samples, we also
monitored the adsorption states of CO,. Fig. 3c and d shows a series
of C 1s and O 1s spectra collected from different surfaces at 300 K
under 0.2 mbar CO,. Gas-phase CO, was clearly detected in the O
1s region (~536.5 eV) and C 1s region (~293.0 eV). In C 1s region,
an additional peak can be observed at ~284.5 eV for all five sam-
ples, and is assigned to neutral carbon impurity (Co) as this peak
also appears after the sample is placed in NAP cell without expo-
sure to any gases (Fig. S6) [44]. Here, the slight variation in the
positions of gas-phase CO, and C, peaks on different samples is
due to the change of sample work function and vacuum level after
In alloying with Cu. As the gas phase is not electrically contacted
with the sample surface and the energy analyzer, its energy scale
is referenced to the vacuum level of the gas (Eyac.gas), Which is
between the vacuum level of the sample and the aperture [45].
Besides, the sample position, which also affects the gas-phase peak
position [45], was optimized individually for each measurement.
Thus, the gas-phase peak positions are different for samples with
different In coverage. Similarly, the Cy peak positions are also
dependent on the work function of the sample and vary for differ-
ent samples [46]. As we tried to use identical sample position in
each experiment, the these peaks shifted systematically as In cov-
erage increases. On the Cu foil surface, a weak peak at ~288.0 eV
can be observed in addition to the Cy peak. This peak can be
assigned to the chemisorbed, negatively charged CO, [47]. In con-
trast, an additional peak at 289-290 eV can be observed for the
samples containing In. This peak is assigned to the adsorbed CO3
according to previous studies [42,44,47,48]. Thus, the different
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204 - —
o ) o
o 151 |
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- |
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adsorption species on Cu and In/Cu samples clearly indicates that
the deposition of In changes the activation mechanism of CO,.

In the O 1s region, the Cu foil sample shows a weak peak at
~530.5 eV, which corresponds to the chemisorbed CO,. However,
for the In-containing samples, high-intensity doublet O 1s peaks
are observed at 528-534 eV. The double O 1s peaks are character-
istic of indium oxides and common for oxides with cations in mul-
tiple valence states [49-51]. This spectrum can be deconvoluted
into two peaks: a lower BE peak at 529.8 eV, assigned to the lattice
oxygen of In,03 (Oy), and a higher BE one at 531.5 eV, assigned to
the defective In,05_ (O;). The higher BE of Oy relative to Oy can be
well explained by the fact that oxygen vacancies change the distri-
bution of the negative charge density [52].

Here, it should be noted that the O 1s peak from carbonate over-
laps with that from the Oy species of indium oxides. Thus, the peaks
at ~531.4 eV in Fig. 3¢ are contributed by the oxygen from both O,
species and carbonate. To identify the ratio of oxygen species, the
contribution of carbonate to the O 1s peak at ~531.4 eV was calcu-
lated from the area of the C 1s peak at ~289.5 eV using the C:O ratio
of 1:3 and the corresponding RSFs for all In/Cu and In foil samples,
respectively. The calculated O;/Oy; ratio is shown in Fig. 4a. Obvi-
ously, a decreasing trend in the O;/Oy ratio is observed with an
increase of In coverage, and the In foil sample corresponds to the
lowest fraction of oxygen vacancies. The ratios of C 1s peak area
contributed by carbonate, and the O; peak area for all samples
are also compared in Fig. 4a. With the lowest O;/Oy ratio, the In foil
sample adsorbs the least amount of CO, in the form of carbonate.
In contrast, all In/Cu samples show a CO3/O; ratio at least 1.5 time
higher than that of the In foil sample, and the highest CO3/Oy ratio
is observed for the sample with 1.4 ML of In. These results imply
that, compared with In, the Cu-In alloy also enhances the adsorp-
tion of CO3 on the In,03_4 surface.

To further investigate the oxidation behavior of In/Cu samples,
additional NAP-XPS measurements were taken for the In/Cu sam-
ple with 1.4 ML In and In foil under 0.2 mbar O, at 300 K, and
the corresponding In 3d and O 1s spectra are shown in Fig. S7.
Fig. 4b shows that for both In/Cu and In foil samples, the fraction
of oxidized In calculated from the In 3ds/, spectra is higher in O,
than in CO,, as O, is a much stronger oxidant. Moreover, the ratio
of defective oxygen (O)) species is higher than lattice oxygen (Oy)
in CO, (Fig. 4b). Overall, we conclude that CO, tends to oxidize In
with a relatively high fraction of oxygen vacancies and this effect
is more distinct on Cu-In alloy than pure In.

80
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Fig. 4. (a) Peak area ratios of defective/lattice oxygen (0,/Oy;) and carbon from the contribution of carbonate/defective oxygen (C from CO5*/Oy) for In/Cu and In foil samples
upon exposure to 0.2 mbar CO, at 300 K, and (b) percentage of different oxygen species (Oy, Oy, and O from CO3*) in O 1s region of one In/Cu sample with 1.4 ML In and In foil

upon exposure to 0.2 mbar CO, or O, at 300 K.
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3.3. NAP-XPS under CO, hydrogenation conditions at 300-600 K

Providing the essential information on the interaction between
the CO, and In/Cu surfaces, we further investigated the evolution
of the chemical states of Cu and In, as well as the surface O and
C species under CO, hydrogenation conditions. Fig. S1 shows that
the 1.4 ML In samples exhibits the most homogeneous In particle
distribution on Cu foil and the highest particle density
(1.4 x 10'° cm™2) compared with other In/Cu samples (Fig. S1),
offering the highest Cu-In interface area. Thus, the In/Cu sample
with 1.4 ML In was used for the following study. The spectra were
acquired under 0.2 mbar CO,, or the mixture of 0.2 mbar CO, and
0.6 mbar Hj, at 300, 450, and 600 K, respectively.

The evolution of Cu 2p3; BE upon exposure to CO, and CO, + H,
at different temperatures is shown in Fig. 5a and d, respectively.
Obviously, as the temperature increases, the position of the Cu
2p3;2 peak shifts to a lower BE by ~0.3 eV (from 300 K under
UHV to 600 K with gases), which is independent of the gas atmo-
sphere. As discussed earlier, the BE shift can be attributed to the
de-alloying of the Cu-In alloy due to the oxidation of In (Fig. S7a
and b). As confirmed in Fig. 5b and e, the In is progressively oxi-
dized from 100% metallic In (under the UHV condition at 300 K)
to 100% In,03_x (under CO, and CO, + H, conditions at 600 K). This

Journal of Catalysis 395 (2021) 315-324

trend is further confirmed by the change in the In MNN Auger
peaks (Fig. S8c and d). It is necessary to note that the existence
of H, in the gas atmosphere did not influence the oxidation of In
by CO, (Fig. 5e and f). The reduction of In,O3 powder by 1.0 bar
H, has been reported to be limited to the surface without any
detectable structural change below 500 K, and a deep reduction
to metallic In was observed above 573 K [53]. It was also reported
that the reduction of In,03; layer on metallic In was as slow as
1 nm/h at 623 K in 40 mbar H; [54]. With H, partial pressure of
0.6 mbar and the co-existence of CO, in this work, it is reasonable
that the kinetics of oxidation by CO, would prevail over the reduc-
tion by Hj, resulting in less metallic In at 450 K, and no metallic In
left at 600 K upon exposure to CO,/H, mixture. In addition, the
SEM image (Fig. S9a) of the In/Cu sample with 1.4 ML In coverage
was also taken after exposure to the CO,/H; mixture at 600 K. In
the particle size distribution histogram of samples before and after
exposure the CO,/H, mixture at 600 K (Fig. S9b), no significant sin-
tering of In nanoparticles is observed, thus the influence of the
slow diffusion of gas in large particles can be excluded.

Fig. 5¢ and f show that with the increase in temperature, a clear
increasing trend of the Oy/O; peak ratio, together with an overall
building of the O 1s peaks can be observed. The relative intensities
of O; and Oy, peaks are summarized in Table 1. Meanwhile, it should
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Fig. 5. Comparison of NAP-XPS spectra of (a, d) Cu 2ps,, (b, €) In 3ds,, and (c, f) O 1s regions for the In/Cu sample with 1.4 ML In coverage upon exposure to 0.2 mbar CO; (a,
b, and c) and the mixture of 0.2 mbar CO, + 0.6 mbar H, (d, e, and f) at 300-600 K. Spectra are unsmoothed data.
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Table 1
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Positions and relative intensities of different O 1s species on the In/Cu sample with 1.4 ML In coverage under different conditions.

Gases Temperature (K) Positions (eV) and relative intensities
O; + CO3* O COos* O

CO, 300 531.5 63% 8% 529.7 29%
450 531.4 29% 2% 529.9 69%
600 531.2 22% 0% 529.9 78%

CO, + Hy 300 531.6 63% 4% 529.8 33%
450 531.4 35% 3% 529.9 62%
600 531.0 36% 0% 530.0 64%

be pointed out that at 600 K, even though all the In on the sample
surface is oxidized, Oy still accounts for 22% (for CO, exposure) or
36% (for CO, + H, exposure) of the O 1s peaks. This means that
the oxygen vacancies on the In/Cu sample are stable at up to
600 K upon exposure to CO, and CO, + Hj, and thus, can function
as the active sites for CO, activation under such conditions. In addi-
tion, it can also be observed that with the increase in temperature,
the fraction of O 1s peak area contributed by carbonate adsorbed
on the sample surface (Table 1 and C 1s region in Fig. S10)
decreases. By comparing the relative intensities of O; and CO;
under different atmospheres, it is also obvious that the mixture
of CO, and H, leads to a higher fraction of oxygen vacancies and
a lower fraction of carbonates than pure CO,, indicating that the
reduction atmosphere may preserve more oxygen vacancies, and
that H, may react with adsorbed carbonates to form CO, hydro-
genation products. In Fig. S10, it is shown that the carbon deposi-
tion is substantially higher when the sample is exposed to CO,/H,
mixture at 600 K, which can be attributed to (1) longer heating
time due to the existence of highly thermal conductive gas H,
and (2) formation of carbon from the reduction of CO, by H,
[44,47,55]. Other intermediates of CO, hydrogenation, such as
HCOO*, HCO*/H,CO*, and CH3O groups have been previously
observed using synchrotron-based NAP-XPS [44,47,48,56].
Although we could also deconvolute our C 1s region to identify
these intermediates based on previous studies (Fig. S11), it should
be noted that a reliable peak fitting for C 1s region should be in
consistent with the O 1s region counterpart, which is not realistic
in this work as the majority of O 1s region species are from metal
oxides and the contribution of carbon species is as small as 2-3%.
Thus, details of other CO, hydrogenation intermediates are not dis-
cussed as we try not to overinterpret the results.

4. Discussion

In this work, we investigated the reactivity of CO, on In/Cu sam-
ples with different In coverages on Cu foil, as well as on polycrys-
talline Cu and In foils. By means of e-beam evaporation, the In
readily formed a surface alloy with the polycrystalline Cu sub-
strate. This is an ideal model catalyst as the formation of Cu-In
alloys is widely observed in different Cu-In bimetallic catalysts.
However, as soon as CO, was introduced onto the sample, In was
oxidized and consequently de-alloyed from the Cu-In alloy (Figs. 3
and S4). Under the same conditions, Cu remained in a metallic
state, in agreement with the recent NAP-XPS and NEXAFS studies
on Cu foil and Cu single crystals [42,57]. The selective oxidation
of In is consistent with the fact that In,05 (AH; = —923.5 kJ/mol)
is thermodynamically more stable than CuO (AH; = —56.06 k]/mol)
or Cu,0 (AH; = —170.71 k]/mol) under standard conditions [58,59].
Meanwhile, we observed O 1s peaks from both defective and lat-
tice oxygen atoms of the indium oxide, and the ratio of defective
oxygen was much higher for the indium oxides from In/Cu samples
than that from the In foil, which agrees well with previous obser-
vations that oxygen vacancies tend to be concentrated on the top-
most surface layers of In,Os, rather than in the bulk [60,61].
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According to the theoretical and experimental studies, defective
In,03_ sites are prone to activate CO, and assist the hydrogena-
tion [4,8]. With NAP-XPS, we observed the formation of more
defective In,03_ sites on In/Cu than on In surfaces upon CO, expo-
sure. Such findings from our In/Cu model catalysts may partially
explain the previous observations that Cu-In catalysts show better
performance than pure In-based catalysts [12-14].

Next, the activation of CO, on Cu, In, and In/Cu surfaces at 300 K
are discussed. On the polycrystalline Cu surface, we observed neg-
atively charged, chemisorbed CO3~ from both O 1s and C 1s regions
(Fig. 3c and d), which is in agreement with the widely reported
chemisorption of CO, as the initial activation step on polycrys-
talline Cu [47], as well as on Cu(11 1) surfaces [48,57,62]. However,
the further reaction between CO, and CO5~ which leads to the for-
mation of carbonate was not observed in our experiments, nor
were the results from Ren et al. [62], possibly due to the relatively
slow reaction rate [47]. In contrast, on the In/Cu and polycrys-
talline In surfaces, a substantial build-up of carbonate peak were
observed (Fig. 3d). According to previous DFT studies on CO,
adsorption on the In,03 surface, CO, is activated in the form of car-
bonate upon adsorption by combining with surface oxygen on O-
In-O sites with low coordination numbers of their constituent
atoms [9]. This theoretically explained our observation from
NAP-XPS measurements that the oxygen vacancies from In,0s_4
sites directly corresponded to the formation of carbonate. In addi-
tion, the depletion of CO3~ peaks implies that the In,05_ sites may
also facilitate the stabilization of the carbonate originating from
CO5~ on the Cu surfaces, similar to the function of ZnO sites
[44,47]. Overall, our NAP-XPS results demonstrate experimentally
the activation of CO, on In/Cu surfaces and the importance of
defective In,03_4 sites for CO, hydrogenation.

In addition, on In/Cu samples, the density of carbonate adsorbed
on oxygen vacancies is increased by at least a factor of 1.5 com-
pared with In foil (Fig. 4a). This indicates a potential synergy
between the Cu-In alloy and In,03_4 sites, where CO, tends to be
more easily activated on the oxygen vacancies adjacent to the
Cu-In alloy sites (i.e., on the boundaries between Cu-In alloys and
In,03_). Such a synergy can be further supported by the peak area
ratio of C(CO5*)/O; on the different In/Cu samples shown in Fig. 4a.
Although it is difficult to obtain a precise particle density for the
sample with 0.9 ML In due to the inhomogeneous particle distribu-
tion, we estimated a particle density ranging from 9.2 x 10® to
2.9 x 10° cm? for this sample from several representative SEM
images. While for the 1.4 ML In sample the particle density is
around 1.4 x 10'® cm~2 Thus, the C(CO5*)/0; ratio increases and
reaches its maximum at 1.4 ML In coverage, as the highest density
of In,03_«/Cu-In sites is expected. However, a further increase in
the In coverage to 2.0 ML leads to a continuous In overlayer
(Fig. S1), resulting in a decreased C(CO53*)/0O; ratio. Previously, Shi
et al. prepared a Cuq;Ing-In,03 catalyst with superior activity and
selectivity for CO, hydrogenation to methanol, and proposed that
CuqqIng interacts closely with In,03 and thus affects the adsorption
strength of CO, [13]. Similarly, the CO,-TPD results from Gao et al.
also suggested that Cu-In alloy corresponds to additional CO,
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Fig. 6. Schematic illustration of the formation of Cu-In alloy, the partial oxidation of In/Cu surface to In,03;_x with oxygen vacancies, and the activation of CO, on the In,03_/
Cu-In boundaries and proposed further hydrogenation as an initial step for methanol production.

adsorption sites and thus higher methanol selectivity compared
with pure Cu or In-based catalysts [14]. In addition, it has also been
widely proposed for bimetallic In,0s3-based catalysts that the
metallic (Cu, Pd, Ni or Au) sites provide active hydrogen atoms to
the activated CO, on In,05_ sites so that the initial step of hydro-
genation can occur [12,15,16,20,21,63]. Our results not only sup-
ports the previous findings but, more importantly, offer direct
evidence of the activation of CO, on oxygen vacancies and justify
the synergy between the Cu-In alloy and the In,Os sites in
In,03-based catalysts. These results obtained from In/Cu samples
may also be adapted for the purpose of understanding other
bimetallic catalysts for CO, hydrogenation.

The oxidation state of the In/Cu surfaces and the adsorption of
CO, change significantly with the gas composition and the temper-
ature, as summarized in Fig. 5 and Table 1. In both CO, and CO,/H,
mixtures, the metallic In atoms are further oxidized to In,0O3_4 at
450 and 600 K, and the quantification of O, species indicates that
oxygen vacancies were preserved under all conditions in our
NAP-XPS experiments. However, with the presence of H,, the
In,03_» sites were slightly reduced at elevated temperatures, as
indicated by the higher ratio of O; species. In a recent study on
an Au/In,0s3 catalyst, In,03 was also found to be oxidized by CO,
and partially reduced by H,, which is consistent with our findings
[21]. The reduction of In,03 by H, has been found to be limited on
the surface at <500 K [53]. Furthermore, the in operando XAS-XRD
study on In,05 catalyst for CO, hydrogenation also considered the
reduction by H, as a necessary step for catalyst activation due to
the formation of oxygen vacancies [11]. Combining the results
from published studies on supported catalysts and our In/Cu model
system, it can be inferred that oxygen vacancies from In,03_4 are
stable under typical CO;, hydrogenation conditions, and the reduc-
tion process by H, can activate the In-based catalyst.

On the basis of the discussion above, a full schematic for the In/
Cu phase evolution and the hydrogenation of CO, is summarized in
Fig. 6. Upon the deposition of In metal on a Cu substrate, In and Cu
alloy immediately at the surface. In the presence of CO,, the Cu-In
alloy is partially oxidized with the formation of defective In,O3_4
sites. During CO, hydrogenation, both the Cu-In alloy phase and
In,03_y sites are involved in different reactions. Under CO, hydro-
genation conditions, the majority of the Cu-In alloy works as the
precursor of the highly active In,03_ sites, and H, dissociates on
the remaining Cu-In alloy and metallic Cu. Reaction (1) is the acti-
vation of CO, to carbonate on the boundary of the In,0s_ site and
Cu-In alloy, and reaction (2) is the adsorption of atomic hydrogen
on the Cu-In surface. As the H,-spliting ability of In,03_y is limited
[64], the H atoms dissociate from H, by Cu and Cu-In alloy sites can
spill-over to the adjacent In,03_4 sites to react with the activated
CO,. This way, further hydrogenation to formate can occur as the
initial step for the formation of methanol, which is shown as reac-
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tion (3). In addition, reactions (4) and (5) indicate the formation
and stabilization of carbonate on the Cu-In alloy surface facilitated
by oxygen atoms with low coordination number from the In,0s3_4
site. We believe that the combination of the CO, activation by oxy-
gen vacancies on the In;03_4/Cu-In boundary and the enhanced
hydrogen adsorption on In/Cu surface is the potential origin of
the superior activity and selectivity of the Cu-In bimetallic cata-
lysts for CO, hydrogenation.

5. Conclusions

A series of In/Cu model samples with In coverage from 0.2 to 2.0
ML were prepared on a Cu foil substrate by e-beam evaporation of
metallic In. NAP-XPS studies were carried out to understand the
evolution of the surface structure and composition as well as
solid-gas interactions under CO, hydrogenation conditions. After
deposition, In was found to form an alloy with the Cu substrate
showing clear core-level binding energy shifts. Upon exposure to
CO, at 300 K, the alloyed Cu-In surface was partially oxidized to
In,03_4/Cu-In. CO, was found to be better activated on the surface
In/Cu samples than on the Cu foil reference in the form of carbon-
ate because of the existence of oxygen vacancies on In,0s_,. The
quantification of the carbonate and oxygen vacancies revealed that
the Cu-In alloy promoted the utilization of defective In,03_ sites
for activating CO,. Further investigations at elevated temperatures
up to 600 K and upon exposure to a CO,/H, mixture revealed that
36% of the oxygen species remained as oxygen vacancies and were
stable under such conditions. A synergy between Cu-In alloy and
oxygen vacancies from In,03_x was proposed, in which CO, was
activated on the Iny;03,/Cu-In boundaries and further hydro-
genated by atomic hydrogen adsorbed on the Cu-In alloy surface.
Overall, the obtained results provide fundamental insights into
the surface evolution of the In/Cu model catalysts under reaction
conditions, and indicate a direct relationship between the exis-
tence of surface oxygen vacancies and the enhanced activity of
bimetallic Cu-In catalysts for CO, hydrogenation.
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