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Cu-Al spinel oxide is a highly active catalyst for CO, conversion to
CO. However, it suffers from low surface area. By depositing a silica
layer, we protected the catalyst surface and preserved the Cu?* ions
during the calcination process. These ions form well-dispersed Cu
sites which participate in the reaction.

Reducing fossil-derived carbon dioxide emissions and their asso-
ciated environmental effects is one of today’s major challenges.
Carbon recycling is more vital than ever in order to limit global
warming and the resulting climate change."” In addition, CO, is a
cheap source of carbon, the efficient usage of which can ensure a
secure sustainable economy. Therefore, mitigation of CO, and its
conversion to value-added chemicals has been the objective of many
research projects.

Methanol is an important bulk chemical that can be pro-
duced through direct conversion of CO,. However, due to the
low activity and high thermal stability of CO,, only low yields
are obtained. In contrast, synthesis of methanol and other
chemicals from CO is well-established and well-studied.>* In
many of the direct CO, hydrogenation routes to chemicals, CO
is actually formed as a reaction intermediate.>® The hydro-
genation of CO, to CO is known as the reverse water gas shift
reaction (RWGSR) and has gained more attention in recent
years. Noble metal-based catalysts have shown high activity
towards this reaction. However, due to their high cost, efforts
have been focused on finding an inexpensive substitute. Cu/
ZnO/Al,0O; can actively catalyse the reaction. However, it suffers
from severe deactivation.”® Recently, we have demonstrated
that copper aluminate (CuAl,O,, spinel structure) is as an active
catalyst for the RWGSR.”® This catalyst is commonly prepared
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through co-precipitation of the constituting metal precursors
followed by a high-temperature calcination step (=900 °C). The
high temperature causes the reaction of Cu and Al,O; to form
CuAl,O, but it also leads to particle sintering and a low surface
area.'® Variation of the chemical composition of the support
has been used as another method for preserving metal ions and
particles on the catalyst surface.'”'*> Another way to inhibit
particle sintering is to deposit a protective layer on the catalyst
surface.”®'* In most cases, the protective layer acts as a physical
barrier, which immobilizes the nanoparticles.’>'® In some
cases, it also alters the chemical properties of the support or
even enhances the overall catalyst activity due to advantageous
changes of the catalyst structure'>'* despite the layer covering
some of the active sites. Layer deposition techniques could be
improved by several strategies to inhibit or suppress site
blockage, which can minimize this negative effect.'”'®

In this study, we added a silica layer through a controlled
surface sol-gel method to protect Cu nanoparticles impreg-
nated on Al,O; during the high temperature calcination step
that forms the desired copper aluminate phase (catalyst
labelled as CuAlSi-900). The schematic is shown in Fig. 1a. In
order to study the effect of the silica layer’s addition, we have
also prepared a control catalyst using the same procedure
without depositing the silica layer (catalyst labelled as
CuAl-900). The experimental methods for catalyst preparation
are described fully in the (ESIf). The EDSX-STEM image
(Fig. 1b) shows the successful deposition of a uniform silica
layer as well as the high dispersion of the Cu particles. The
image for CuAl-900 is presented in the ESIL,T (Fig. S1).

The catalyst activities for CO, hydrogenation to CO are
shown in Fig. 2. By depositing a silica layer, not only did the
initial activity of the catalyst not deteriorate due to the potential
blockage of some of the active sites, but appears to have been
enhanced by about 10% compared to the control catalyst. The
stability of the CuAlSi-900 catalyst is presented in Fig. S2 (ESIt)
and its activity is compared with other catalysts in the literature
(Table S1, ESIT). The reproducibility of the catalyst syntheses
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Fig.1 (a) Schematic presentation of the catalyst preparation process.
(b) STEM and particle size distribution of the CuAlSi-900 catalyst.
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Fig. 2 Catalyst activity of CuAl-900 and CuAlSi-900. T = 450 °C,
P =1 bar, WHSV = 15000 mL gt h™™.

and activity tests was checked and the second set of results
closely matched the first (Fig. S3, ESIT). This confirmed the
protective effect of the silica layer and proved the reliability and
low sensitivity of the preparation method, which is important
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for its potential application in industrial processes. The catalyst
samples were further characterized to identify the source of the
higher activity.

X-ray diffraction (XRD) measurements (Fig. S4, ESIt) did not
show any Cu-based crystals, which implied that the most of
the nanoparticles were smaller than the detection threshold
(ca. 2 and 3 nm), which was confirmed by the Cu particles size
distribution determined by multiple images analysis using
Image] software (Fig. 1b, inset). However, the XRD patterns
did show the formation of a-alumina peaks on the control
catalyst CuAl-900. Therefore, high temperature treatment partly
converted y-alumina into a-alumina. This phenomenon did not
occur on CuAlSi-900, presumably due to the presence of
the protective silica layer which acted as a stabilizer for
y-alumina.*®2°

a-alumina is known to have a lower surface area compared
to y-alumina.>" Therefore, deposition of the protective silica
layer helped to maintain the surface area of the catalyst as was
further verified using N, physisorption (Fig. S5 and Table S2,
ESIT). The BET surface area of both catalysts before the high-
temperature calcination was similar (~116 m> g™ '). The pore
volume of the CuAlSi catalyst was lower compared to CuAl
(0.13 mL g~ as opposed to 0.22 mL g~ ') since the non-calcined
deposited silica layer potentially plugged some of the pores
(5 and 6 nm pore range, Fig. S6, ESIT). However, after calcina-
tion at 900 °C the BET surface area of CuAl-900 catalyst dropped
to 63 m> g~ ', presumably due to the sintering of the y-alumina
crystals and formation of the low-surface area o-alumina. In
contrast, for the CuAlSi-900 catalyst, the surface area dropped
only to 85 m* g~ '. We attributed the higher surface area of the
CuAlSi-900 to the inhibition of the formation of low-surface
area o-alumina crystals as well as the protection of the
v-alumina crystals from sintering, which can be inferred from
the lower intensity of the y-alumina crystal peaks in its XRD
pattern compared to the CuAl-900 catalyst (Fig. S4, ESIf).
Moreover, the pore volume of the CuAlSi-900 increased to
0.17 mL g~ " after calcination of the silica layer, which might
have cracked the overcoat, creating larger pores (Fig. S6, ESIT),
or removed leftover organic precursors, while the CuAl-900 lost
some of its pore volume (0.19 mL g ' after calcination,
Table S2, ESIT).

X-ray photoelectron spectroscopy (XPS) was applied in order
to study the potential formation of CuAl,0, on the catalyst
surfaces (Fig. S7, ESIt). For both catalysts, the same surface Cu/
Al molar ratio (0.012) was found (Table S2, ESIt). We also noted
the presence of tetrahedral coordinated Cu on the surface of
both catalysts (the binding energy of ~935 eV on Cu 2p), which
confirms the presence of the CuAl,O4 phase.*”

In an attempt to identify the Cu species on both catalysts,
temperature-programmed reduction (H,-TPR) tests (Fig. 3a)
and electron paramagnetic resonance (EPR) tests (Fig. 3b) were
conducted. Three peaks were identified through H,-TPR tests
for both catalysts. The first peak (~250-310 °C) is assigned to
the reduction of very well-dispersed Cu-O entities and the
second peak (~550 °C) is assigned to reduction of CuO in
the bulk. The third peak (~670-740 °C) is assigned to the
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Fig. 3 (a) H>-TPR profiles and (b) EPR spectra for CuAl-900 and CuAlSi-
900 catalysts.
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reduction of the CuAl,0, phase in both catalysts.>*>* The
formation of the well-dispersed Cu-O entities is known to be
either caused by isolated Cu®>" ions, which are present on the
catalyst surface and strongly interact with their support due to
their ionic character, or by weak magnetic associates, or two- or
three-dimensional Cu clusters.”> For the sample with the
surface silica layer, the peak in the TPR profile representing
the well-dispersed Cu-O entities appeared at higher tempera-
tures (251 °C in CuAl-900 and 307 °C in CuAlSi-900) while the
third peak, which represents the reduction of the CuAl,O,
phase, shifted to lower temperatures (from 737 °C in
CuAl-900 to 677 °C in CuAlSi-900). The apparent upward shift
of the peak for well-dispersed Cu-O shows the reluctance of
these entities to react with hydrogen due to their stronger
interaction with CuAl,0,. This implies that, unlike CuAl-900
catalyst, this peak is mostly caused by the isolated Cu** ions on
this catalyst rather than the weak magnetic associates, or two-
and three- dimensional clusters. Therefore, the appearance of
this peak at higher temperatures is due to the higher contribu-
tion of the isolated Cu*" ions on the CuAlSi-900 catalyst surface
since they are more prominent. This is found to be a dispersion
effect and not a new site creation. The downward shift of the
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peak for CuAl,O, reduction to lower temperatures shows the
higher reducibility of CuAl,0, due to the spillover effect caused
by the higher interaction of CuAl,0, with the isolated Cu**
ions forming well-dispersed and small Cu islands after
reduction.”®?” This phenomenon shows that there is a strong
interaction between copper ions and the copper aluminate that
was formed.

To confirm this hypothesis, we used EPR to characterise the
catalyst. The hyperfine structure, which appears due to the lack
of spin-spin interaction, is almost equally well-resolved for
both samples indicating that the Cu®" ions, which are present
on both catalysts, are isolated. This is in line with the relatively
low Cu loading for both samples (1 wt%), which helps ion
dispersion. Whereas the degree of isolation of the Cu®" ions is
comparable for both catalysts, the higher intensity of the
spectra of CuAlSi-900 reveals a higher concentration of Cu**
ions in this sample. This means that the isolated Cu** ions were
better preserved in the CuAlSi-900 catalyst during the high-
temperature calcination process, probably due to the effect of
the interfacial sites.

In our previous study, we had shown that the CuAl,O, phase
leads to particularly favourable CO, adsorption and that most
of the adsorbed CO, molecules remain on the CuAl,O, surface
as spectators due to their strong adsorption on the oxygen
vacancies.’ Only the adsorbed CO, intermediates (either in
form of carbonates or formates) which are adsorbed next to
surface hydrogen will be further hydrogenated and desorb from
the catalyst surface as CO.>®*° Therefore, we suggest that the
role of the isolated surface Cu®" ions is to form highly dispersed
metallic Cu entities, which act as the H, binding sites during
the reaction. Since the reaction temperature was kept at 450 °C,
and based on our H,-TPR results, the isolated Cu®>" ions were
likely reduced under operation conditions. In order to test the
effect of these dispersed ions, a temperature-programmed sur-
face reaction (TPSR) was conducted using the CuAlSi-900
catalyst (Fig. 4). In one test, the catalyst was only activated
under Ar at 300 °C to avoid Cu®* reduction while in the other
test, the catalyst was pre-reduced using a H,/Ar flow at 400 °C
before the test. When the catalyst was not pre-reduced, the
formation of CO started at ~268 °C (Fig. 4a), which almost
matches the start of the first reduction peak of H,-TPR experi-
ment. For the pre-reduced catalyst (Fig. 4b), however, the CO
evolution starts already at ~228 °C. We surmise that, since the
Cu”" ions were already reduced, they could facilitate the reac-
tion at these lower temperatures. Based on the H,-TPR profiles,
the bulk CuO and the CuAl,O, phase were likely not reduced at
this temperature. Therefore, the active sites of the CuAlSi-900
catalyst are consisted of CuAl,O,4, which were found to be active
in CO, adsorption, as well as dispersed Cu® entities, active for
H, adsorption and dissociation, which formed due to the
reduction of the Cu®" ions on the catalyst surface during the
reaction.

The formation of high-surface area CuAl,O, phase, also
known as the Cu-Al spinel oxide phase, which act as strong
CO, adsorption sites, is complicated by the high-temperature
calcination step which causes severe sintering. Here, we have
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Fig. 4 TPSR test for CuAlSi-900 (a) without pre-reduction and (b) with
pre-reduction of the catalyst at 400 °C.

used a silica layer as a protective overcoat for this step in order
to maintain the surface area of the catalyst. We observed that
not only was the surface area partly preserved after calcination
by using the protective layer, but the well-dispersed, isolated
Cu®" ions also saw their stability increase during the calcina-
tion step. These ions were then reduced during the reaction to
form Cu entities, which acted as adsorbed H, sources for the
activation of the adsorbed CO, on the CuAl,0, surface.
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