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A B S T R A C T

CO2 catalytic hydrogenation to CO will likely be an important part of CO2 mitigation and valorization processes.
Recently, we have developed materials containing surface-formed Cu-Al spinel that act as active and stable
catalysts for this reaction. Here, the fundamental characteristics of Cu-Al and Co-Al spinel catalysts were studied
to understand the role of the spinel structure in its catalytic activity for the reverse water gas shift reaction. Based
on the catalytic tests, Cu-Al spinel was found to have a higher catalytic activity. By means of catalysts char-
acterization combined with theoretical studies, this increased activity was attributed to the higher number of
oxygen vacancies on its surface which were formed because of the higher inversion degree of Cu-Al spinel, which
in turn, resulted in the formation of a more disordered structure with cation substitution. We found that the
oxygen vacancies were vital for CO2 adsorption and activation on the spinel surfaces.

1. Introduction

Catalytic conversion of CO2 to value-added chemicals has been
frequently investigated because CO2 excess emissions have caused
catastrophic environmental effects including climate change, and ocean
acidification [1]. Although important steps have been taken in CO2

direct conversion to methanol as a green fuel, this process still results in
low methanol yield due to the high stability of CO2 [2,3]. Alternatively,
conversion of CO2 to CO, which in thermal catalysis proceeds through
the reverse water gas shift (RWGS) reaction, has gained increasing at-
tention because it is a promising route for CO2 recycling and valor-
ization through synthesis gas production using renewable hydrogen.
Unlike CO2 which is thermodynamically stable, CO is much more active
and its further conversion to various chemicals is well known [4,5].
Through this reaction, the CO/CO2 ratio of the resulting synthesis gas
can be tuned. Besides the advantages of the RWGS reaction, studying
this reaction is of high interest, particularly, since it is known that CO is
formed as an intermediate product in CO2 hydrogenation reactions that
aim to form other chemicals such as methanol [6,7]. Cu-based and
other transition and noble metallic catalysts are among the most at-
tractive ones for this reaction due their relatively high activity and high
selectivity towards CO [3,8,9]. However, Cu-based catalysts lack

stability at the relatively high temperatures (> 400 °C) required for this
reaction [8,10,11]. Much progress has been made to improve the metal-
based catalysts for the RWGS reaction. Notably, the addition of pro-
moters such as K or Fe to the supported Pt-based and Cu-based catalysts
was shown to improve their activity through formation of new active
sites at the interface of the metal and the promoter [11–13]. Many
catalytic supports such as alumina, silica, saponite clay, titania, ceria,
or more uncommon materials such as molybdenum carbide have been
proposed to increase Ni and Cu dispersity in order to improve their
activity in both the RWGS [10,14–19] and the WGS [20,21].

Recently, our research group has presented a surface-formed Cu-Al
spinel catalyst as a promising candidate for CO2 conversion to CO [22].
Unlike other copper-based catalysts, this catalyst has shown both high
activity and high stability while running the RWGS reaction. Therefore,
comparing the activity of Cu-Al spinel to other spinel catalysts formed
with other active transition metals in the RWGS reaction would be
particularly interesting. Cobalt is a known active catalyst for CO2 hy-
drogenation [23,24] and the RWGS reaction [25] and CO2 was pre-
viously reported to be activated on the surface of the Co-Al spinel
catalyst [26]. Therefore, we have investigated and compared the cat-
alytic activity of Cu-Al and Co-Al spinel catalysts. Through this study,
we investigated the fundamental reasons behind the observed
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differences in their activity. We found that Cu-Al spinel outperformed
Co-Al due to the higher concentration of surface oxygen vacancies that
were formed on its surface because of the higher degree of inversion of
Cu-Al spinel. This result highlights the prominent role of oxygen va-
cancies in CO2 activation on spinel catalysts.

2. Experimental

2.1. Catalysts synthesis

Both Cu-Al and Co-Al spinel catalysts were synthesized using the co-
precipitation method followed by calcination [27]. Cu(NO3)2∙3H2O
(ABCR) and Al(NO3)3∙9H2O (Sigma-Aldrich) were used as the copper
and aluminum precursors. The two salts were dissolved using a 2:1 M
ratio of Al:Cu in milli-Q water and mixed together. A 1M aqueous so-
lution of Na2CO3 was used as the precipitating agent, which was added
to the salt mixture dropwise at room temperature. The formed sus-
pension was then stirred at 75 °C for 6 h and filtered and washed
thoroughly. The resulting sample was dried overnight at 120 °C. The
dried powder was calcined at 900 °C for 5 h, which is the minimum
temperature for spinel formation [28–30]. In the case of the Co-Al
spinel synthesis, Co(NO3)2∙6H2O (Sigma-Aldrich) was used as the cobalt
precursor. The rest of the procedure was the same. Alkaline treatment
was used to create further oxygen vacancies in the Co-Al catalyst [31].
The alkaline treated Co-Al catalyst (Co-Al-AT) was prepared by treating
0.2 g of Co-Al with 30mL of a 1M aqueous NaOH solution at room
temperature for 30min. The resulting suspension was centrifuged and
washed thoroughly and was then dried at 120 °C for 4 h before the re-
action.

2.2. Catalytic activity tests

The catalytic tests were done using a gas-phase setup equipped with
a fixed bed quartz reactor and an online MATRIX-MG01 FTIR spectro-
meter (Bruker) equipped with a 10 cm gas cell, which was heated at
120 °C. The obtained spectra were analysed using the OPUS-GA soft-
ware. The desired amount of catalyst was placed in the reactor and
fixed with quartz wool. For each run, the catalyst was dried in situ at
150 °C under Ar flow for 30min before the reaction. A flow of H2

(10mL·min−1) and CO2 (5mL·min−1) diluted in Ar (50mL·min−1) was
then introduced to the reactor, which was heated to the desired tem-
perature using heating wires.

2.3. Catalyst characterization

Brunauer-Emmett-Teller (BET) surface and Barrett-Joyner-Halenda
(BJH) mesoporous 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.
100mg) 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 (H2-TPR) was performed on a
Micromeritics Autochem II 2920. Typically, 0.2 g of sample were
treated with a 90:10 Ar:H2 mixture and the sample temperature was
ramped to 800 °C (10 °C·min−1). H2 consumption was measured using a
calibrated Thermal Conductivity Detector (TCD).

CO2-TPD was performed on the same setup, which was used for the
catalytic test. 0.1 g of each catalyst were fixed in the quartz reactor and
dried at 120 °C (temperature ramp of 10 °C·min−1) for 30min before
the CO2 exposure. The temperature was then cooled down to 30 °C
under Ar flow and then the flow was switched to 50mL·min−1 of pure
CO2 for 1 h. The flow was then switched back to Ar and the reactor was
purged for 1 h to eliminate any physisorbed CO2. The temperature was
then increased to 800 °C with a ramp of 10 °C·min−1. The concentra-
tions of CO and CO2 were monitored using the online FTIR

spectrometer described earlier.
The temperature diffuse reflectance infrared Fourier transform

(DRIFT) spectra were recorded using a high temperature Harrick DRIFT
cell mounted on a Perkin Elmer Frontier spectrometer equipped with a
mercury cadmium telluride detector. Samples were dried for 1 h under
a 20mL·min−1 He flow at 120 °C. After cooling down to 25 °C, the
sample was exposed to CO2 and purged with He. The temperature was
ramped-up with a 5 °C·min−1 ramp rate while collecting spectra reg-
ularly. Spectra were recorded with 32 scans at a resolution of 4 cm−1.
The in-situ test was conducted by co-feeding of a CO2 and H2 mixture
(100mL·min-1) at 250 °C and the temperature was increased to 350 °C.

X-ray photoelectron (XP) spectra were acquired using a PHI
VersaProbe II scanning XPS microprobe (Physical Instruments AG,
Germany). Measurements were done using a monochromatic X-ray
source of 24.8W power and a beam size of 100 μm. The spherical ca-
pacitor analyzer was set to the take-off angle of 45° relative to the
sample surface. OriginPro 2017 software was applied for peak decon-
volution.

X-ray diffraction data were collected in Bragg Brentano geometry on
a D8 Bruker Discover diffractometer equipped with a non-mono-
chromated Cu-source and a LynxEye XE detector. As these data were
used for Rietveld refinement of the inversion degree, Debye-Scherrer
measurements were performed additionally as a control to eliminate
the possibility of preferred orientation by comparison between reflec-
tion and transmission data. Rietveld refinement was done with the
Topas software [32]. The instrumental resolution was collected at the
SRM1976b standard. The measured data were profile-fitted to obtain
the empirical resolution function, which was then used to obtain do-
main sizes from integral breadths on the sample data. The background,
height displacement, zero-error, spinel lattice parameters, 3 isotropic
thermal displacement parameters (1 per Wyckoff site) and the inversion
degree were described with a total of 8 parameters.

2.4. Computational methods

All Density Functional Theory (DFT) calculations were performed
using the pw.x code of Quantum ESPRESSO (v.6.3) [33]. The Gen-
eralized Gradient Approximation (GGA) to DFT in the Perdew−Bur-
ke−Ernzerhof (PBE) formulation was used to optimize the lattice
parameters and atomic configuration of all structures [34]. Ultra-soft
pseudopotentials were used to describe the interaction between the
core and the (semi) valence electrons for all of the atoms. The Kohn-
Sham orbitals and total electronic density were extended in a plane
wave basis with 130 and 630 Ry energy cutoffs, respectively.

For both systems, we sampled a (1× 1×1) slab with 10 Å vacuum
in order to separate the periodic images with a 4×4×1Monkhorst -
Pack k-point grid [35]. The (2× 2×1) super cells with the same va-
cuum separation were modeled with a 2× 2×2 k-point mesh. These
values were selected by examining the convergence of the total energy
(∼10−3 Ry atom-1) and atomic forces (∼10-4 Ry au-1). Both surface
models (containing 224 atoms) were built based on a (100) surface. The
optimized cell parameter was a box of 16.52 Å × 16.52× 18.26 Å for
CuAl2O4 and 16.12 Å × 16.12×18.06 Å for CoAl2O4.

3. Results and discussion

3.1. Catalytic activity

In order to maintain the spinel surface during the reaction, H2-TPR
was conducted to determine the temperature range, at which the cat-
alytic test could be performed without reducing the spinel surface
(Fig. 1a). No reduction peak for Co-Al spinel was observed up to 800 °C
while Cu-Al spinel interacted with H2 at ca. 400 °C. Although copper
was not reduced to Cu° even at 800 °C (based on N2O titration), we
investigated the reaction at lower temperatures to ensure the Cu-Al
spinel was not reduced. Therefore, the RWGS reaction was conducted
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on both catalysts between 250 °C–400 °C (Fig. 1b). In both cases, 100 %
selectivity towards CO was achieved. Through the whole temperature
range tested, the Cu-Al spinel showed higher activity despite its lower
surface area and larger crystallite domain size (Table S1 and Figs. S1–S3
in the Supplementary Information). At 300 °C, CO2 conversion using
Cu-Al catalyst was about eight times higher compared to Co-Al. How-
ever, lower CO2 conversion was achieved in the present study in
comparison with our previous one [22]. This is due to the lower op-
erating temperature, which affects both the reaction thermodynamics
and the CO2 desorption (discussed below), as well as the lower catalyst
surface area. Rates of reaction were measured in the temperature range
of 250–400 °C (Table S2), based on which an Arrhenius regression was
calculated (Fig. 1c). A lower activation energy was calculated for the
Cu-Al spinel compared to the Co-Al spinel (22.9 and 67.5 kJ·mol−1 for
Cu-Al and Co-Al, respectively).

3.2. CO2 adsorption/interaction

Since hydrogen did not measurably interact with the catalysts sur-
faces within the investigated temperature range, we concluded that the
difference in activity between the two catalysts was due to a difference
in CO2 adsorption and activation, which could be a vital step in de-
termining the catalyst activity for the RWGS reaction. To investigate
this further, CO2-TPD tests were conducted using both catalysts. First,
we observed that no CO2 desorbed from the surface of these two cat-
alysts after purging of the physisorbed CO2. With the Co-Al spinel, only
CO desorbed at high temperatures (400–800 °C) (Fig. S4). CO deso-
rption hinted that CO2 adsorption might occur on oxygen vacancies of
the Co-Al spinel where an oxygen atom fills the vacancy and remains on
the surface after desorption of the CO. Neither CO2 nor CO were des-
orbed from the Cu-Al spinel below 800 °C during the CO2-TPD experi-
ment. In order to confirm the presence of CO2 on the catalyst surface,
H2 was introduced at 800 °C, which led to measurable CO desorption
confirming that CO2 was indeed adsorbed on the surface even at 800 °C.

Such strong CO2 interactions for both catalysts is quite uncommon
for surface adsorption. Therefore, CO2 was likely filling a vacancy in the
catalyst structure rather than a simple surface chemisorption. In both
cases, physisorbed CO2 might have desorbed during the purging step
before starting the temperature ramp. The literature also suggests that
CO2 adsorbs on oxygen vacancies when using spinels as catalysts [36].
To verify CO2 adsorption on the catalyst surface, DRIFT spectra were
acquired during CO2 adsorption. After drying at 150 °C, CO2 was in-
troduced at 30 °C and purged by Ar to remove the physisorbed and
gaseous CO2 (Fig. 2a). Increasing the temperature up to 400 °C did not
result in desorption of the adsorbed CO2, which agreed with the CO2-
TPD results. Two distinct peaks at 1270 cm−1 and 1606 cm−1 were
observed upon CO2 adsorption, which were assigned to bidentate car-
bonate [37]. The bidentate carbonate was likely formed due to the
adsorption of CO2 directly into the oxygen vacancy of the catalyst
surface (see schematic in Fig. 2b). Formation of this type of carbonate
has been assigned to the direct adsorption of CO2 within the surface
oxygen vacancies by past studies [36,38]. Two more peaks were also
observed at 1378 cm−1 and 1461 cm−1 on both catalysts, which were
assigned to monodentate carbonate [37]. Therefore, it can be concluded
that oxygen vacancy is one of the two sites for CO2 adsorption. The
adsorbed CO2 at 400 °C on the Cu-Al spinel surface was then exposed to
H2 to observe the potential carbonate peak desorption. Surprisingly, no
detectable carbonate desorption was observed after hydrogen in-
troduction, which shows the strong interaction of CO2 with the catalyst
surface. We then conducted an in-situ DRIFTS experiment by co-feeding
both CO2 and H2 while increasing the temperature to see the reaction
on the Cu-Al spinel catalyst surface (Fig. 2c). At 350 °C, the gas phase
CO was detected while the carbonate peaks were not much disturbed.
Therefore, we concluded from the DRIFTS experiments that only a
small proportion of the adsorbed CO2 is reacting on the surface at this
temperature to form the products while the rest is strongly bound to the
surface. This is in agreement with the CO2-TPD results which showed
the strong adsorption of CO2 on the catalyst surface. This is also in

Fig. 1. a) H2-TPR profile for Co-Al and Cu-Al spinel catalysts. b) Catalytic activity of the Co-Al and Cu-Al spinel catalysts. c) Arrhenius plot for the Co-Al and Cu-Al
spinel catalysts.
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accordance with the low total conversion of CO2 on this catalyst com-
pared to the previous study [22]. None of the two identified carbonates
were more active in the in-situ DRIFTS experiment. Therefore, we can
conclude that the presence of oxygen vacancies on the surface of these
two catalysts provides additional active sites for CO2 adsorption, but
the participation of monodentate carbonate in the reaction is not ex-
cluded. One way to observe CO2 participation in the reaction, would be
to use modulation excitation spectroscopy combined with phase sensi-
tive detection which selectively enhances the signals of the species in-
volved in the catalytic cycle and suppresses the signals of all static
species as well as noise. More information about this technique can be
found in the literature [39,40].

3.3. Oxygen vacancy formation

To better understand the structure-activity relationship of the Cu-Al
and Co-Al spinel catalysts, XRD and XPS were used to investigate the
atomic structure of these catalysts. Rietveld refinement showed only a
slight degree of inversion in the Co-Al spinel structure, while for the Cu-
Al spinel, this degree of inversion was much more pronounced. The
occupancy of tetrahedral and octahedral sites is given for both catalysts
in Table 1 (the Rietveld plots and structural parameters are presented in
Figs. S2 and S3 and Table S3). A notably higher inversion degree, which
was measured for the Cu-Al spinel, may have formed a more disordered
structure, in which cations are partly substituted. Oxygen vacancies
form in this structure to balance the positive charges and hence, more
oxygen vacancies are formed in the structure with a more disordered
spinel structure [41].

Because the catalytic reactions occur on the surface, the surface
structure was independently investigated using XPS. The slight

inversion degree of the Co-Al spinel appears absent on the catalyst
surface. Deconvolution of the peaks observed for the Co 2p and Al 2p
regions confirmed that Co atoms were only present in the tetrahedral
positions and Al atoms only occupied the octahedral positions on the
surface, forming a normal surface spinel (Fig. 3a) [42]. For the Cu-Al
spinel, the deconvoluted peaks of the spectra corresponding to the Cu
2p3/2 and Cu 2p1/2 regions showed both tetrahedral and octahedral
positions taken by Cu atoms (Fig. 3b) [43]. The Al 2p region also
contained the Cu 3p peak. However, the Al atoms also occupied both
tetrahedral and octahedral sites, which confirmed the disordered
structure of the surface of this catalyst [41].

According to several studies, the formation of a distorted inverse
spinel can lead to the formation of more oxygen vacancies [41,44,45].
The O 1s spectra of both catalysts are deconvoluted into two main peaks
(Fig. 3c). The first peak was assigned to the lattice oxygen (OL) on the
surface, while the second peak presents the surface adsorbed oxygen
(OA), which can form due to the adsorption of O2 on an oxygen vacancy
[46]. It may be noted that the O 1s spectra of both samples was slightly
shifted towards higher binding energies which is why the lattice oxygen
and the surface adsorbed oxygen peaks appeared at somewhat higher

Fig. 2. a) DRIFT spectra acquired for CO2 adsorption on the surface of Co-Al and Cu-Al spinel catalysts. b) Illustration of CO2 adsorption on the catalysts surfaces. c)
In-situ DRIFT spectra acquired through co-feeding of CO2 and H2 on the surface of Cu-Al spinel.

Table 1
The occupancy of tetrahedral and octahedral positions for Co-Al and Cu-Al
spinel catalysts using XRD.

Co-Al Occupancy (%) Cu-Al Occupancy (%)

Co (tetrahedral) 86 Cu (tetrahedral) 63(4)
Al (tetrahedral) 14 Al (tetrahedral) 37(4)
Co (octahedral) 7 Cu (octahedral) 19(2)
Al (octahedral) 93 Al (octahedral) 81(2)
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binding energies. This, however, did not affect the results of our study.
The OA/(OA+OL) ratio is higher for Cu-Al (0.68) compared to Co-Al
(0.37). Therefore, a higher oxygen vacancy population was clearly
formed on the Cu-Al spinel surface.

DFT was used as a tool to understand the difference in the energy of
formation of oxygen vacancies on each surface based on the following
equation:

= + − =E E E E1
2

M Cu, Covac M Al O O M Al O32 64 127 2 32 64 128 (1)

Where Evac is the formation energy of an oxygen vacancy, EM Al O32 64 127 is
the energy of the system containing an oxygen vacancy, EO

1
2 2 is half of

the energy of an oxygen molecule, and EM Al O32 64 128 is the energy of the
defect-free system. The modeled surfaces for both catalysts are pre-
sented in Fig. 4. In the case of the Cu-Al spinel, there are two types of
oxygen atoms present on the surface, namely those that are three-co-
ordinated (O3f), which are coordinated with one copper and two alu-
minum atoms, and four-coordinated (O4f), which are coordinated with
one copper and three aluminum atoms. In the case of Co-Al spinel, there
is only one type of surface oxygen atom, which is coordinated with
three aluminum atoms on the surface.

The lowest formation energy of an oxygen vacancy was calculated
to be 1.42 eV for the Cu-Al spinel system, which was based on sub-
traction of one O3f. This calculated energy was found to be higher in the
case of subtraction of a surface oxygen from Co-Al surface (1.84 eV)
indicating that oxygen vacancies are more easily formed on the surface
of the Cu-Al spinel catalyst. Therefore, the calculation agreed with the

previously discussed results confirming that oxygen vacancy formation
is more probable on the Cu-Al spinel surface.

In order to confirm the effect of oxygen vacancy density on the
performance of the spinel catalysts in the RWGS reaction, we treated
Co-Al with NaOH to create oxygen vacancies on the surface of this
catalyst. In this method, Co-Al was treated with a 1M aqueous solution
of NaOH for 30min (Co-Al-AT) and was washed thoroughly to avoid
the presence of Na on the catalyst surface [31]. This catalyst was then
tested at the same conditions for the RWGS reaction (Fig. 5a). The ac-
tivity of the treated catalyst increased significantly compared to the Co-
Al spinel. To confirm the formation of the oxygen vacancies, the O 1s
spectra of the treated catalyst were collected using XPS and the OA peak
clearly increased due to the alkaline treatment (Fig. 5b).

This data is in agreement with the clear difference in the O 1s
spectra for Co-Al and Cu-Al. The surface concentrations of Co and Al for
both Co-Al spinel and Co-Al-AT spinel were measured to confirm that
the alkaline treatment did not affect the metal concentrations. “T” and
“NT” are used for treated and non-treated, respectively. Both ratios of
CoT/CoNT and AlT/AlNT were found to be approximately 0.9, based on
Co 2p3/2 and Al 2p peaks. Fig. 6 shows the relation between CO2 con-
version and OA/(OA+OL) ratio at the studied range of temperatures. An
increase in activity can clearly be observed and even seems to follow a
linear trend with respect to the OA/(OA+OL) ratio.

Therefore, this study shows that the high degree of inversion of the
Cu-Al spinel structure compared to Co-Al system generated more
oxygen vacancies on the catalyst surface, which, in turn, promoted the

Fig. 3. a) Co 2p and Al 2p spectra for Co-Al spinel catalyst and b) Cu 2p and Al 2p spectra for Cu-Al spinel catalyst, and c) O 1s spectra for Co-Al and Cu-Al spinel
catalysts.
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adsorption and activation of CO2 for the RWGS reaction. Based on this
study, we found that the crystal structure (and its ability to form de-
fects) played an important role in the catalytic activity of spinel oxides
for the RWGS, even more important than the transition metals used for
hydrogen adsorption/dissociation (such as Cu or Co). The ability of a
structure to create oxygen vacancies should thus be considered when
designing catalysts for this reaction.

4. Conclusion

Cu-Al spinel materials were previously proposed as active and stable
catalysts for the catalytic hydrogenation of CO2 to CO, also known as
the Reverse Water Gas Shift (RWGS) reaction. In this study, the mole-
cular basis of the activity of spinel oxides as catalysts for this reaction
was investigated by comparing Cu-Al and Co-Al spinel oxides. Cu-Al
outperformed Co-Al in the studied range of temperatures
(250 °C–400 °C) despite its lower surface area and larger crystallite

domain size. Further investigation of the catalyst with XRD and XPS
showed that Cu-Al spinel formed a higher inversion degree, which
caused the formation of a more disordered structure compared to Co-Al.
Furthermore, a higher concentration of oxygen vacancies was present
on the Cu-Al spinel surface. The idea of energetically favored formation
of oxygen vacancies on the surface of Cu-Al spinel was further sup-
ported by calculation of the energy required to form oxygen vacancy on
a spinel surfaces through a DFT study. DRIFT spectra as well as CO2-
TPD proposed that a large portion of the adsorbed CO2 on the surface of
both catalysts were located directly on the vacancies. Through DRIFTS
experiment, it was also evident that only a small proportion of the
adsorbed CO2 molecules, i.e. weakly bound CO2, were participating in
the reaction in the studied temperature range, which was in agreement
with the CO2-TPD results as well as the catalytic tests. With regards to
the Co-Al catalyst, higher activity was achieved once vacancies were
deliberately formed on the surface through alkaline treatment of the
catalyst. Therefore, oxygen vacancies appear to be critical to CO2

Fig. 4. Cu-Al and Co-Al spinel slabs with 224
atoms and similar box sizes. a) CuAl2O4 surface
viewed from the y-direction and b) from the z-
direction. c) CoAl2O4 surface viewed from the
y-direction and d) from the z-direction.
CuAl2O4 has threefold (O3f) and fourfold (O4f)
coordinated oxygen atoms, whereas CoAl2O4

has only O3f oxygen atoms on its surface.

Fig. 5. a) Catalytic activity for Co-Al and Co-Al-AT spinel catalysts. b) O 1s spectra for Co-Al and Co-Al-AT spinel catalysts.
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adsorption and activation on the spinel catalyst surfaces. For the spe-
cified temperature range, the spinel crystal structure was the key to
adsorb and activate CO2 for the RWGS reaction and, counterintuitively,
the transition metals associated to the hydrogen adsorption/dissocia-
tion (Cu and Co) did not have a direct impact on the catalyst activity.
The concentration of oxygen vacancies should be seen as a key variable
to be controlled when designing spinel oxide catalysts for CO2 activa-
tion.
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