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ABSTRACT: The reverse water gas shift reaction is considered to be a highly
attractive catalytic route for CO2 recycling in a future sustainable economy. Copper-
based catalysts are commonly used for this reaction due to their high activity and
selectivity. However, their low thermal stability is problematic for long-term usage.
Here, we introduce an in situ formed surface Cu−Al spinel as a highly active and
stable catalyst for the reverse water gas shift reaction. Even at high weight hourly
space velocities (300 000 mL g−1 h−1), we observed no detectable deactivation after
40 h of operation. Through in situ DRIFTS and DFT studies, it was found that 2-fold
coordinated copper ions and 3-fold coordinated surface oxygen atoms constitute the
active sites for this reaction.
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■ INTRODUCTION

The effects of excessive CO2 emissions on climate change have
initiated a global search for efficient CO2 capture and
utilization systems.1,2 Among them, catalytic CO2 hydro-
genation has recently generated high interest as a promising
way to convert the constantly increasing emitted CO2 to fuels
and chemicals.3 Although the process of direct CO2 conversion
to value-added chemicals, such as methanol and formic acid,
has shown promising progress,4 it still remains a challenging
step due to the thermodynamic stability of CO2. Catalytic CO2
hydrogenation to CO, also known as the reverse water gas shift
(RWGS) reaction, is recognized as a promising and important
option for CO2 valorization. Advanced industrial processes for
CO conversion to energy-rich chemicals have been used for a
long time, and the catalytic conversion of CO is well-studied.5,6

Moreover, CO formation is known to be an important
intermediate step in CO2 hydrogenation reactions.7,8 There-
fore, further improvement of the RWGS reaction can
effectively boost the carbon recycling system. Recently, many
studies have focused on catalyst improvement for the RWGS
reaction.9−12 Copper, gold, and platinum are known to be the
main active metals for this reaction. Considering high CO
selectivity and activity of copper,11 as well as its low cost
compared to gold and platinum, copper-based catalysts may be
the most promising candidates for use in the RWGS reaction.
However, low thermal stability of copper at high temperatures
and, therefore, its rapid deactivation due to sintering and
reoxidation are the main drawbacks of this catalyst.2 Many
researchers have attempted to stabilize copper using various
promoters and/or supports.11,13,14 However, all of these

studies have encountered a trade-off between CO yield,
WHSV, and/or stability, where insufficient performance with
respect to at least one of these parameters has prevented the
implementation of their catalysts. Through coprecipitation of
copper and aluminum followed by hydrogen treatment, we
obtained an in situ synthesized surface Cu−Al spinel, which
proved to have not only remarkable stability but also a much
higher activity compared to any other copper-based heteroge-
neous catalyst described so far for the RWGS reaction.

■ RESULTS AND DISCUSSION

Coprecipitation or impregnation followed by high-temperature
calcination (>900 °C) have been reported for the formation of
spinels.15,16 Some of these spinel-type catalysts were shown to
be active in the methanol steam reforming and water gas shift
(WGS) reaction.17−19 However, high-temperature calcination
can reduce the surface area of the synthesized spinel.16 Bolt et
al. stated that surface Cu−Al spinel formation can be initiated
at relatively low temperatures (500 °C) and accelerated in the
presence of steam.20 Low-temperature surface spinel formation
was reported in the literature through hydrogen treatment.21

Hydrogen treatment can in fact form steam, which helps the
surface Cu−Al spinel formation process without decreasing its
surface area. Here, we used coprecipitation followed by
hydrogen treatment to form a surface Cu−Al spinel with
high surface area. Various nCu−Al2O3 catalysts were prepared
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by coprecipitation with Cu/Al nominal molar ratios of 1, 2,
and 3, which hereafter are noted as 2Cu−Al2O3, 4Cu−Al2O3,
and 6Cu−Al2O3, respectively. A Cu/Al2O3 catalyst (4 wt % Cu
prepared by wet impregnation) served as the reference
material. Actual Cu/Al molar ratio, BET surface area (SBET),
pore volume (Vp), and crystalline size were measured for all
catalysts (Table 1). The Cu−Al catalysts were screened for the

RWGS reaction at various temperatures, the results of which
are presented in Figure S1 (Supporting Information, relative
characterization data in Figures S2−S4). In these tests, 4Cu−
Al2O3 showed the highest activity even at high WHSV values
of 300 000 mL g−1 h−1 (Figures S1 and S5). It can be seen in
the STEM-EDXS images (Figure S6) that the CuO islands
formed in 2Cu−Al2O3 were relatively large and were not
uniformly mixed with the Al2O3 phase. Cu entities in 6Cu−
Al2O3, however, were mostly present in the catalyst bulk rather
than the surface (Table S1). Coverage of the surface by the
Al2O3 phase can also be noted in Figure S6c. Only in 4Cu−
Al2O3 were a homogeneous distribution of CuO and Al2O3
phases observed. It is plausible to assume that this character-
istic together with the high number of Cu entities present on
the catalyst surface explain the measured higher activity of
4Cu−Al2O3. This candidate was therefore selected for further
stability test and characterization studies.
Figure 1a depicts the performance of the 4Cu−Al2O3

catalyst over 40 h on stream at T = 600 °C and WHSV=
300 000 mL g−1 h−1. Using 4Cu−Al2O3 catalyst, 47% CO2
conversion and 100% CO selectivity were achieved while no

detectable deactivation was observed after 40 h of operation
proving its remarkable activity and stability during the test
(carbon balance and TPO shown in Figure S7).
In comparison, the reference catalyst, Cu/Al2O3, lost

approximately 50% of its limited initial activity of 22% CO2
conversion. Cu/ZnO/Al2O3 (HiFUEL W220, Alfa Aesar) was
also tested for comparison due to its known WGS activity
(temperature-programmed reduction (H2-TPR) profile shown
in Figure S8). This reference catalyst also lost 73% of its initial
activity after 40 h. To compensate for the lower copper loading
of the Cu/Al2O3 catalyst compared to 4Cu−Al2O3 (based on
Cu wt % measured by ICP-OES), we have also tested the
performance of these catalysts normalized to their amount of
copper (Figure 1b). Despite the higher WHSV value, 4Cu−
Al2O3 still outperformed the conventional supported Cu/
Al2O3 catalyst in both activity and stability. Therefore, the
observed higher activity of 4Cu−Al2O3 was not a consequence
of the higher copper loading alone with the same active sites.
We thus expected fundamental differences between the active
sites of 4Cu−Al2O3 (due to surface Cu−Al spinel formation)
and Cu/Al2O3. The CO2 conversion rates for these catalysts
are presented and compared to some of the literature reported
catalysts in Table 2.
Better catalytic performance has been assigned to a strong

metal−support interaction (SMSI) in many studies in the
literature.27−29 Therefore, we evaluated this possibility in our
study through detailed characterization of the 4Cu−Al2O3
catalyst as well as the Cu/Al2O3 reference catalyst. To
elucidate this interaction, H2-TPR was conducted. On the
basis of the results shown in Figure 2a, the H2-TPR profile of
4Cu−Al2O3 showed three peaks while the last peak was not
observed for Cu/Al2O3. The first two peaks were assigned to
the well-dispersed copper oxide species and the bulk copper
oxide crystals, respectively.30,31 The last peak could be caused
by the reduction of larger copper oxide entities in the bulk of
4Cu−Al2O3. In both cases, the first peak is independent of the
crystal size. We observed that the first peak in the H2-TPR
profile significantly shifted to higher temperatures (200 °C) for
4Cu−Al2O3 compared to the same peak for Cu/Al2O3 (178
°C) supporting the strong influence of aluminum on copper in
the 4Cu−Al2O3 catalyst, which can be described as the strong
interaction of the well-dispersed copper oxide species on the
catalyst surface with the support.27,32,33

Table 1. Cu/Al Atomic Ratio, BET Surface Area, Pore
Volume, and Crystalline Size of the Catalysts

catalyst
Cu/Al atomic

ratioa
SBET

(m2 g−1)
VP

(cm3 g−1)
crystalline size

(nm)

2Cu−Al2O3 1.2 119.1 0.39 10b

4Cu−Al2O3 2.2 45.3 0.16 6b

6Cu−Al2O3 3.7 33.8 0.14 7b

Cu/Al2O3 0.1 117.3 0.23 3b

Cu/ZnO/Al2O3 1.3 84 0.24 5b

CuAl2O4 0.6 1.3 0.01 197c

aDetermined with ICP-OES. bFrom the XRD pattern of CuO. cFrom
the XRD pattern of CuAl2O4.

Figure 1. Comparison of CO2 conversion using (a) 4Cu−Al2O3, Cu/Al2O3, and Cu/ZnO/Al2O3 at T = 600 °C and WHSV = 300 000 mL g−1 h−1.
Equilibrium at 600 °C: ∼53% (dashed line) (b) using 4Cu−Al2O3 and Cu/Al2O3 at T = 600 °C (WHSV adjusted to be proportional to the Cu
loading: 300 000 mL g−1 h−1 for 4Cu−Al2O3 and 30 000 mL g−1 h−1 for Cu/Al2O3).
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We used electron paramagnetic resonance (EPR) to study
the metal−support interaction and the catalyst structure in
more detail. The spectral parameters (g⊥ = 2.05, g∥ = 2.34, A∥ =
147 G) are known to be caused by the distorted octahedral
coordination of Cu2+ ions.34 The EPR spectrum of Cu/Al2O3
showed a higher signal intensity due to a higher concentration
of Cu2+ ions obtained by the smaller CuO crystals and better
Cu dispersion (Figure 2b). However, the hyperfine structure of
4Cu−Al2O3 was better resolved. The resolution of the
hyperfine structure is an indicator of the presence of the
isolated Cu2+ ions where distinct peaks appear due to the lack
of spin−spin interaction.31,35 Isolated Cu2+ ions are known to
strongly interact with the catalyst support.31,36 This means that
although there were fewer Cu2+ ions present in the 4Cu−Al2O3
catalyst compared to Cu/Al2O3, they mainly consisted of
isolated ions, which created a strong bond with the catalyst
support and generated distinct peaks in the EPR hyperfine

structure. The strong interaction of the isolated Cu2+ ions with
Al2O3 can potentially lead to the formation of a surface Cu−Al
spinel.37

To have a better understanding of the catalyst surface,
ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
was applied (Figure 2c). Deconvolution of the acquired spectra
for the Cu 2p 3/2 and Cu 2p 1/2 regions for both catalysts
showed the presence of mainly a Cu2+ peak before hydrogen
treatment (933.7 eV). After hydrogen treatment, the Cu2+ peak
in the Cu/Al2O3 catalyst spectra completely disappeared
showing full conversion of Cu2+ to Cu0/Cu+ (932.5 eV).
However, the Cu2+ peak in the 4Cu−Al2O3 catalyst spectra
showed only a reduction in its intensity. The shakeup satellite
peaks are final state effects associated with the presence of
Cu2+. Thus, their intensity is proportional to the presence/
amount of Cu2+. In agreement with the deconvolution of the
main photoemission peaks, the shakeup satellite peak was

Table 2. Comparison of the Catalysts Selectivity and CO2 Conversion Rate, P = 1 atm

catalyst temperature (K) CO selectivity (%) ratea (×10−5 mol CO2 gcat
−1 s−1) Cu surface (m2 gcat

−1) ref

4Cu−Al2O3 873 100 17.9 −b this work
Cu/Al2O3 873 100 4.9 4.3 this work
Cu/ZnO/Al2O3 873 100 7.6 28.4 this work
CuAl2O4 873 100 0.5 −b this work
Co/β-Mo2C 573 98.1 0.7 22
Cu/β-Mo2C 873 99.2 14.2 4.2 11
BZYZ (BaZr0.8Y0.16Zn0.04O3) 873 97.0 0.2 9
Pd−Fe/SiO2 723 97.2 0.3 23
Cu−Fe/SiO2 873 NA 3.7 5.2 13
Cu−K/SiO2 873 NA 7.3 5.1 24
Pt/CeO2 563 NA 3.8 25
PtCo/TiO2 573 99 0.6 26

aCalculated on the basis of eq 1 with data from this work and/or the references. bNot measurable with N2O adsorption, since the surface consists
of Cu2+ ions instead of metallic Cu.

Figure 2. (a) H2-TPR profiles for Cu/Al2O3 and 4Cu−Al2O3. (b) EPR spectra for Cu/Al2O3 and 4Cu−Al2O3 catalysts. The magnified parts show
the baseline-subtracted hyperfine structures. (c) AP-XPS (Cu 2p) for Cu/Al2O3 and 4Cu−Al2O3 before and after H2 treatment (signal intensity
multiplied by 3.5 and 13 for 4Cu−Al2O3 and 4Cu−Al2O3−H2 treated, respectively). (d) CO−DRIFT spectra at room temperature for Cu/Al2O3
and 4Cu−Al2O3.
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partly preserved. Cu2+ was present on the 4Cu−Al2O3 catalyst
surface after hydrogen treatment at 300 °C, despite the fact
that no reduction peak was detected at temperatures above 300
°C (and up to 800 °C) on the basis of the H2-TPR experiment
(Figure S9). This means that a phase change occurred on the
catalyst surface (formation of Cu−Al spinel); otherwise, full
reduction of the catalyst would have been expected.
The signal intensity was also considerably reduced after

hydrogen treatment of 4Cu−Al2O3 catalyst while the same
phenomenon did not occur for Cu/Al2O3 (Figure S10). This
could be an indication of Cu cation diffusion into the Al2O3
support during in situ formation of a Cu−Al spinel oxide on
the surface of 4Cu−Al2O3.

38 The majority of Cu2+ ions in a
bulk Cu−Al spinel has a tetrahedral coordination, with higher
binding energies compared to Cu2+ in the CuO structure. In
comparison, Cu2+ ions in the surface-formed Cu−Al spinel
mostly have a distorted octahedral coordination and possess
binding energies similar to Cu2+ in the CuO structure.39,40

Nonetheless, the presence of a Cu0/Cu+ peak on the 4Cu−
Al2O3 catalyst after hydrogen treatment was also noted on the
basis of AP-XPS. Therefore, the oxidation state of the available
copper for the reaction was investigated by diffuse reflectance
infrared Fourier transform spectroscopy using CO as the probe
molecule (CO−DRIFTS). After hydrogen pretreatment of
both catalysts at 300 °C for 1 h, CO gas was dosed to the
samples at room temperature and purged with Ar. A distinct
peak of adsorbed CO on Cu/Al2O3 at 2108 cm

−1 was observed
(Figure 2d) which is the characteristic peak of adsorbed CO
on Cu0.41 However, no CO adsorption whatsoever was
detected on the surface of 4Cu−Al2O3. This observation
confirmed that the available surface of the catalyst consisted of
a lean surface spinel, exclusively, since CO does not adsorb on
Cu2+ in the Cu−Al spinel structure, unlike Cu0 and Cu+.42

To confirm the presence of Cu−Al spinel on the catalyst
surface, the performance of this catalyst was compared to a
reference Cu−Al spinel (CuAl2O4). Since the BET surface area
of the CuAl2O4 catalyst was significantly lower compared to
4Cu−Al2O3 (1.3 m2 g−1 as opposed to 45.3 m2 g−1), the
amount of CuAl2O4 used for the reaction was chosen in a way
to compensate for the lower surface area (procedure is
described in the Methods section). CO2 conversion using the
CuAl2O4 catalyst was very close to the conversion achieved by
using the 4Cu−Al2O3 catalyst (Figure S11) which confirmed
the in situ formation of the Cu−Al spinel on 4Cu−Al2O3
surface. Elemental mapping of 4Cu−Al2O3 further indicated a
more homogeneous mixture of copper and aluminum in 4Cu−
Al2O3 compared to Cu/Al2O3 (Figure 3a,b). From this we
concluded that the reason for the formation of the Cu−Al
spinel phase on the 4Cu−Al2O3 catalyst surface has to be
found in the intimate contact between the two phases as well
as the strong interaction of the isolated Cu2+ ions with alumina.
To investigate the active sites participating in the reaction, in

situ adsorption of CO2 and H2 was studied using DRIFTS. C−
H vibrating modes were monitored between 2800 and 3000
cm−1 (Figure 3c), and O−C−O stretching vibrational modes
were monitored between 1300 and 1700 cm−1 (Figure 3d).43

Peaks of O−C−O stretching vibrational modes were observed
associated with CO2 adsorption on both surfaces. However, it
was difficult to assign the peaks observed in the wavenumber
range 1300−1700 cm−1 to a specific molecular structure due to
the very close wavenumber values of formate and carbonate in
this range.43−45 Nonetheless, distinctions between these
components can be found in the C−H vibrating mode range
(2800−3000 cm−1).46 The peaks observed in the C−H
vibrating mode range for adsorbed CO2 and H2 on the Cu/
Al2O3 surface clearly confirmed the formation of formate

Figure 3. STEM-EDXS image of (a) the Cu/Al2O3 catalyst and (b) the 4Cu−Al2O3 catalyst. (c, d) In situ DRIFTS spectra for Cu/Al2O3 and
4Cu−Al2O3 catalysts.
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species on the surface of this catalyst, while no C−H bond was
observed after CO2 and H2 adsorption on the 4Cu−Al2O3
catalyst. Therefore, formation of carbonate species was
supposed on the 4Cu−Al2O3 catalyst surface before addition
of hydrogen and desorption from the surface.
To identify the active species for adsorption of CO2 and H2

on the 4Cu−Al2O3 catalyst surface, a density functional theory
(DFT/PBE) study was performed. All calculations were
performed on a Cu−Al spinel CuAl2O4 (100) surface with a
(2 × 2 × 1) super cell. This surface was selected because it is
the most stable low-index CuAl2O4 surface that can be cleaved
from this structure (Figure S12).47 We determined which
possible surface adsorbates for H2 and CO2 were energetically
favorable. Adsorption energies of the H2 molecule and H
atoms binding to doubly coordinated surface Cu ions (Cu2f) as
well as 3-fold and 4-fold coordinated surface oxygen atoms
were calculated (Table S2). On the basis of the calculated
adsorption energies, the dissociated adsorbed H2 molecule on
3-fold coordinated surface oxygen (O3f) atoms with a binding
energy of −212 kJ mol−1 was found to be energetically most
favorable. However, CI-NEB calculations showed that H2
dissociation can occur spontaneously on Cu2f (Figure 4a)
while the dissociative adsorption of H2 on O3f was prevented
by an energy barrier of 0.89 eV (Figure 4b). It was also found
through these calculations that H migration from Cu2f to two
adjacent O3f can occur almost spontaneously (Figure 4c).
Thus, although initial H2 dissociation occurred on Cu2f, the

active species for further reaction was found to sit on O3f. This
thermodynamically driven migration to the oxygen sites
explains why Cu2+ ions were not reduced upon H2 exposure
of the 4Cu−Al2O3 catalyst. Similarly, for the adsorption of

CO2, O3f sites were energetically strongly preferred compared
to O4f and Cu2f (Table S2 and Figure 4d) which is in
agreement with the experimental observation of carbonate
formation on the 4Cu−Al2O3 catalyst surface. Therefore, Cu2f
and O3f were considered the catalyst’s active sites participating
in the RWGS reaction.

■ CONCLUSIONS

In many studies verifying the effect of copper impregnation on
the metal oxide supports, it is reported that a high loading of
copper (>5%) leads to weak copper−support interaction due
to a poor copper dispersion.32,48 Consequently, highly loaded
copper catalysts are less stable and exhibit low catalytic activity.
In contrast, we found that a coprecipitated 4Cu−Al2O3 catalyst
is an excellent candidate for the RWGS reaction in terms of
both stability and activity despite its high copper content per
gram of catalyst. The characterization results of the
coprecipitated 4Cu−Al2O3 catalyst revealed the presence of
isolated Cu2+ ions and their strong interaction with alumina
under a hydrogen stream, favoring the in situ Cu−Al spinel
surface formation. Both Cu−Al spinel and the supported Cu
nanoparticles (Cu/Al2O3 and Cu/ZnO/Al2O3) were active in
the RWGS reaction. However, much higher activity and
stability were observed in the case of Cu−Al spinel formation.
DFT calculations suggested that while H2 dissociation
occurred on Cu2+ ions of the Cu−Al spinel surface, the most
stable surface adsorbates for both H2 and CO2 was formed on
O3f sites. These sites, therefore, acted as the active sites for the
catalytic hydrogenation of CO2 to form CO. The combination
of high activity and stability makes this catalyst an attractive

Figure 4. Minimum energy path (MEP) for (a) dissociation of the H2 molecule over the Cu2f atom, (b) dissociation of the H2 molecule on the O3f
atom, (c) a dissociated H2 molecule moving to two nearby O3f atoms, and (d) adsorption of the CO2 molecule on the O3f atom of the CuAl2O4
surface.
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candidate for use in chemical processes to utilize CO2 in a
future carbon recycling economy.

■ METHODS
Catalyst Preparation. The commercial Cu/ZnO/Al2O3

catalyst (HiFUEL W220, Alfa Aesar) and CuAl2O4 spinel
(ABCR) were purchased and used as received. To prepare the
coprecipitated nCu−Al2O3 catalysts with various Cu/Al atomic
ratios, available protocols in the literature were followed.49,50

The desired contents of copper and aluminum precursors, i.e.,
Cu(NO3)2·3H2O (ABCR) and Al(NO3)3·9H2O (Sigma-
Aldrich), were dissolved in milli-Q water. Solutions (1.0 M)
of NaOH and Na2CO3 were prepared and mixed together to
form the precipitating agents. Metal precursor solution and the
precipitating agents were added together dropwise while the
basicity of the solution was kept constant at pH ∼ 9. The
resulting suspension was stirred overnight at 75 °C. The
precipitated mixture was filtered and washed until the pH of
the filtrate reached ∼7. No sodium was detected through XPS
analysis on the surface of these catalysts which showed that the
catalysts were washed properly during this stage. The sample
was then dried at 110 °C for 12 h and calcined at 600 °C for 6
h under static air (5 °C min−1). The Cu/Al2O3 catalyst was
prepared by wet impregnation method using copper precursor
(Cu(NO3)2·3H2O) (ABCR) and γ-Al2O3 (Merck). The wet
impregnation method is described elsewhere.51

Catalytic Tests. For each test, the desired amount of
catalyst was placed between two quartz wool plugs in a fixed-
bed quartz reactor. Each catalyst was first treated with
hydrogen under 20 mL min−1 H2 flow at 300 °C for 1 h.
After hydrogen treatment, the gas flow was switched to pure
Ar, and the reactor temperature was then set to the desired
operating temperature. The reactor was working at atmos-
pheric pressure for all catalytic tests. During the reaction, a 50
mL min−1 flow of CO2 and H2 (CO2:H2 = 1:2) was used, and
the product stream was monitored using an on-line MATRIX-
MG01 FTIR spectrometer (Bruker) equipped with OPUS-GA
software and a 10 cm gas cell heated at 120 °C. To confirm the
presence of Cu−Al spinel phase on the surface of the 4Cu−
Al2O3 catalyst, the performance of this catalyst was compared
to CuAl2O4 with equal surface area. Therefore, to compensate
for the lower surface area of CuAl2O4 (1.3 m2 g−1 as opposed
to 45.3 m2 g−1), 0.348 g of CuAl2O4 was used in this test (as
opposed to 0.01 g for 4Cu−Al2O3) with the same conditions as
reported for the catalytic test. The commercial Cu/ZnO/Al2O3
catalyst was reduced under the same conditions as the other
catalysts (under 20 mL min−1 H2 flow for 1 h) but at 400 °C
based on the H2-TPR results (Figure S7). The CO2 conversion
rates were calculated on the basis of the following equation:

= ×
r

F X
W (1)

with F being the CO2 flow rate (mol s−1), X the CO2
conversion, and W the catalyst weight (g).
The carbon balance was calculated as follows:

=
+

C
(CO) (CO )

(CO )balance
out 2 out

2 in (2)

with (CO)out and (CO2)out being the molar flows of CO and
CO2 leaving the reactor (detected by FTIR), and (CO2)in is
the molar flow of the CO2 in the bypass before switching to the
reactor.

Catalyst Characterization. The Brunauer−Emmett−Tell-
er (BET) surface, Barrett−Joyner−Halenda (BJH) mesopo-
rous, and DFT microporous volumes were calculated from N2-
physisorption measurements on a Micromeritics 3Flex
apparatus at liquid nitrogen temperature between 10−5 and
0.99 relative N2 pressure. Samples (ca. 100 mg) were dried at
120 °C (temperature reached with a ramp of 2 °C min−1)
under vacuum (<10−3 mbar) for 4 h, and a leak test was
performed prior to analysis.
Temperature-programmed reduction (TPR) was performed

on a Micromeritics Autochem 2920 II instrument. Typically,
the sample (ca. 100 mg) was loaded into a U-shaped cell and
dried for 30 min under He flow (50 mL min−1) at 150 °C (5
°C min−1). After cooling down to 50 °C, the flow was switched
to a 10:90 (volumetric ratio) H2:Ar mixture, and temperature
was ramped to 800 °C (10 °C min−1). During this process, H2
consumption was monitored using a calibrated thermal
conductivity detector.
Elemental analyses by inductively coupled plasma optical

emission spectroscopy (ICP-OES) were performed at the
EPFL Central Environmental Laboratory on an ICPE-9000
Multitype Shimadzu instrument. From these measurements,
the copper contents of the nCu−Al2O3 (n = 2, 4, 6) catalysts
were determined as 35, 41, and 55 wt %, respectively. The Cu/
Al2O3 catalyst contained 4 wt %, commercial Cu/ZnO/Al2O3
42 wt %, and the CuAl2O4 spinel catalysts 33 wt % copper,
respectively.
Determination of the copper surface area for Cu/ZnO/

Al2O3 and Cu/Al2O3 was done on a Micromeritics Autochem
II 2920 instrument using N2O as a reactive probe selective to
metallic surface Cu atoms according to the method described
by Vannice et al.41 A 0.2 g portion of each sample was reduced
in situ (same method as TPR) and contacted with 0.5 mL N2O
pulses using a sampling loop carried by a flow of He at 90 °C
while N2 evolution and N2O consumption were quantified by
monitoring masses 28 and 44, respectively, using an MKS
Cirrus 2 mass spectrometer.
High-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) was conducted on an FEI Talos
instrument with 200 kV acceleration voltage in the mode
resulting in atomic number contrast (Z contrast). Samples
were dispersed in ethanol and placed on the carbon-coated
gold grid. Energy-dispersive X-ray spectroscopy (EDXS)
analysis was performed using Bruker Esprit software.
DRIFT spectra were recorded using a high-temperature

Harrick DRIFT cell on a PerkinElmer Frontier spectrometer
equipped with a mercury cadmium telluride detector. Spectra
were typically collected with 32 scans at a resolution of 4 cm−1.
For CO adsorption, the sample was pretreated at 120 °C (1 °C
min−1) under helium (100 mL min−1) for 1 h. After cooling
down to 15 °C, the sample was exposed to CO flow (100 mL
min−1) for 5 min, and excess CO was eliminated by flowing
helium (100 mL min−1) for 30 min. The in situ reaction was
carried out by flowing a CO2/H2 mixture (100 mL min−1) at
250 °C. The excess gas mixture was then purged by flowing
helium for 30 min.
Small-angle XRD measurements were performed in a

PANalytical Empyrean system (Theta−Theta, 240 mm)
equipped with parallel beam mirror optics and Cu Kα
radiation.
Ambient pressure X-ray photoelectron spectroscopy (AP-

XPS) measurements were carried out at the ISS (in situ
spectroscopy) end station operated at the X07DB beamline
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(Swiss light source, Paul Scherrer Institute, Villigen PSI).
Linearly polarized light was used, and the excitation energy was
set to 1250 eV. The spectra were acquired with a Scienta
R4000 Hipp-2 spectrometer, using 50 eV pass energy, a dwell
time of 0.1 s, and a step size of 100 meV. The spectra were
normalized to the number of sweeps, aligned using the C 1s
signal as a reference, (284.5 eV) and peak deconvolution was
done using Voigt-shaped peaks after subtraction of a Shirley
background. During the deconvolution of all the Cu 2p
spectra, the position, the full width at half-maximum, and the
line shape (% of Lorentian and Gaussian) were constrained.
The powder was dispersed in isopropanol and then drop-

cast on a silver foil. The sample was mounted on an IR laser
heated (λ = 915 nm, Powermax = 25 W) manipulator, where the
focused laser hits the back side of the sample holder, and the
temperature is measured with a Pt1000 sensor. The samples
were introduced in vacuum; then, the measurement cell was
isolated, and all the spectra were acquired stabilizing the
background pressure at 1.0 mbar. An inert gas (He) was used
to limit the charging during the characterization of the as-
introduced sample, and the temperature was kept constant at
50 °C. Then, the gas was switched to hydrogen (1.0 mbar),
and the samples were annealed in situ at 300 °C for 1 h. After
the pretreatment, the samples were cooled down to 50 °C in
hydrogen, and the photoemission spectra were acquired again.
The Cu 2p spectra of both catalysts were deconvoluted
according to the literature.52,53 Two doublets were used to fit
the main peak (Cu 2p3/2) and its spin−orbit satellite (Cu
2p1/2), and a third doublet was used to fit the shakeup satellites
located in the 940−945 and 960−965 eV binding energy
regions.
Computational Methods. All density functional theory

(DFT) calculations were performed using the Quantum
Espresso package.54 The generalized gradient approximation
(GGA) with parametrization due to Perdew−Burke−Ernzer-
hof (PBE) was used for the exchange correlation functional.55

Ultrasoft pseudopotentials were used to describe the
interaction between the (semi)valence electrons and the nuclei
and core electrons for all of the atoms. Kohn−Sham orbitals
and the total electronic density were expanded in a plane wave
basis with energy cutoffs of 130 and 630 Ry, respectively.
We sampled a (1 × 1 × 1) cell with 10 Å vacuum to separate

periodic images with a 4 × 4 × 1 Monkhorst−Pack k-point
grid while (2 × 2 × 1) super cells with the same vacuum
separation were modeled with a 2 × 2 × 2 k-point mesh.56

These values were chosen by checking the convergence of the
total energy (∼10−3 Ry atom−1) and atomic forces (∼10−4 Ry
au−1).
A surface model (100) including eight layers of CuAl2O4

(containing 224 atoms) was built. The entire model was
optimized in a box of 16.52 × 16.52 × 18.26 Å.
The adsorption energies per molecule were calculated from

the following relation:

= − ++E E E E( )ads (surf mol) surf mol

where E(surf+mol) is the total energy of the adsorbate−substrate
system, Emol is the energy of the isolated molecule, and Esurf is
the energy of the surface. We used the improved CI-NEB
method to calculate the activation energy barriers.57
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