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Boosting the performance of Ni/Al,O; for the reverse water
gas shift reaction through formation of CuNi nanoalloys

Supported nickel can be used as highly active catalyst for the
reverse Water Gas Shift reaction, forming carbon monoxide
and water from carbon dioxide and hydrogen. However, nickel
tends to reduce carbon monoxide even further to methane,
especially at low temperature. Supported copper catalysts

are highly selective to carbon monoxide, but the catalytic
activity decreases rapidly. The fusion of nickel and copper into
a stable alloy is an excellent strategy to suppress methane
formation and enhance carbon monoxide yield, combining the
activity and stability of nickel with the selectivity of copper.
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Ni supported on alumina is extensively employed as a catalyst for the reverse water gas shift reaction.
However, the formation of inactive Ni aluminates and the high selectivity to methane affects the
performance of these catalysts, especially at low reaction temperatures. In this study, Cu is employed as an
effective enhancer of the catalytic performance, promoting the reducibility of Ni, and suppressing methane
production through the formation of stable CuNi nanoalloys. The synergy between both metals suppresses
consecutive hydrogenation, reaching conversions close to equilibrium and 100% selectivity to carbon
monoxide. At 500 °C, the CO yield of the Cu,sNizs/Al,O3 catalyst was twice that of Ni/ALOs, with only half
the hydrogen consumption. The formation of CuNi nanoalloys was confirmed by HAADF STEM-EDS,
without segregation in monometallic phases even after 30 h time on stream. Similarly, CusoNiso/ALOz
remained alloyed after the reaction. However, the catalytic activity decreased due to sintering, in
agreement with a higher Cu content. This effect was significantly more pronounced for CuzsNizs/AlO3
and Cu/AlLOs, with formation of large particles and consequent loss of active surface area.
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The chemical conversion of carbon dioxide to carbon
monoxide via the reverse water gas shift (rWGS) reaction is

Introduction

Carbon monoxide is of great importance in the chemical and
petrochemical industries since it is employed as a building
block to produce higher-value products. The H,/CO mixture,
known as synthesis gas or syngas, is the raw material in the
production of alcohols and synthetic fuels through the
Fischer-Tropsch process."™ At a commercial scale, the steam
reforming of natural gas remains the preferred synthesis
route and Ni has been employed as the key active site in
supported reforming catalysts since their first industrial
applications.”® Nevertheless, the use of carbon dioxide as a
feedstock carbon-containing molecule has gained a lot of
attention in the last few decades. Carbon dioxide is one of the
main by-products of the chemical industry, and its
hydrogenation employing hydrogen obtained by green
methods is a potential pathway towards a circular economy
and the development of more sustainable processes.” ™"
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an endothermic process (eqn (1)). This reaction requires
temperatures higher than 700 °C in order to activate the
thermodynamically stable CO, molecule and reach
economically feasible conversions.”'> However, when the
reaction takes place at lower temperatures, methane
formation through the Sabatier reaction is favoured due to
the exothermic nature of this side-reaction (eqn (2)):

CO, + H, — CO + H,O AHY =41 k] mol™ (1)
CO, + 4H, — CH, + 2H,0 AH% =-165 k] mol™* (2)

At a commercial scale, Cu/ZnO/Al,O; and FeCrCuO, catalysts
are employed due to their efficiency."*™'> However, Cu-based
catalysts suffer from deactivation due to excessive sintering
at high reaction temperatures.’®'” Therefore, highly active,
selective, and stable catalysts are required to produce carbon
monoxide that are consecutively applied in the Fischer
Tropsch process, suppressing methane formation.

A vast number of metal combinations have been tested for
the rWGS reaction. Noble metals are highly active and selective;
however, their scarcity and high cost make their large-scale
application unfeasible. Thus, the use of non-noble transition
metals such as Ni, Co, Fe, Cu and Mo is of great interest.'"® >
Among them, Ni catalysts have shown remarkably high activity

This journal is © The Royal Society of Chemistry 2022
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and stability even at relatively low reaction temperatures.
However, high selectivity to methane via
hydrogenation of carbon monoxide poses a challenge. In
addition, Ni catalysts supported on alumina can form inactive
species of low reducibility like Ni aluminates.*>**

The incorporation of a second metal is an effective way to
tune the electronic properties of the active sites and several
promoters have been proposed as an alternative to enhance
the selectivity to carbon monoxide of Ni-based catalysts.>*>°
Indeed, the benefits of bimetallic catalysts for the rWGS
reaction are mostly related to higher metal dispersion,
enhanced CO, activation and improved CO desorption.””>°

Hence, one of the most promising alternatives is the use of
Cu, due to its inherent high selectivity to carbon monoxide.****
Based on temperature programmed desorption studies, Liu
et al. have shown that Cu significantly promotes the selectivity
to carbon monoxide of supported Ni catalysts on alumina.*®
This effect was attributed to the lower hydrogen adsorption
capacity of Cu compared with Ni and thus suppression of
consecutive carbon monoxide hydrogenation to methane. More
recently, experimental results and theoretical simulations
showed that Cu-Ni catalysts have an outstanding performance
compared to their monometallic counterparts, related to the
formation of alloyed nanostructures.*” However, low thermal
stability and excessive sintering limit their application at
relatively high reaction temperatures.*®*°

Surprisingly, studies based on transmission electron
microscopy and energy-dispersive X-ray spectroscopy that
corroborate the formation of CuNi alloyed nanoparticles in
the rWGS reaction are still scarce. In the present study, a set
of five different mono- and bimetallic Cu-Ni catalysts
supported on alumina were tested in the reverse water gas
shift reaction in the range of 500-600 °C. The incorporation
of Cu into Ni catalysts suppresses methane formation through
the formation of bimetallic nanoalloys, enhancing carbon
monoxide yield and decreasing hydrogen consumption. The
use of alumina as a support improves the stability of
bimetallic nanoparticles due to the strong interaction with
the support through Ni aluminate species. In addition, Cu-Ni
alloyed nanostructures were stable after 30 h time on stream,
without segregation in monometallic phases.

Therefore, we believe that our work brings new insights in
terms of copper-promoted nickel-based catalysts. The
formation of stable bimetallic CuNi alloys suppresses
methanation and thus enhances the performance in terms of
CO yield and hydrogen consumption. To the best of our
knowledge, this is the first report where CuNi/Al,O; catalysts
applied for rWGS are characterized by STEM-EDS, clarifying
the role of nanoalloys without a doubt.

consecutive

Experimental
Synthesis of Cu-Ni catalysts

The catalysts were prepared by incipient wetness impregnation.
Bimetallic catalysts were prepared by co-impregnation. In a
typical protocol, 1 g of the y-alumina support was impregnated
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with 0.95 ml of Cu and/or Ni nitrate solution containing the
desired amount of metallic precursors. The nominal metal
loading was fixed to 5% wt. Metal nitrates were chosen as a
precursor because of their low cost, good solubility in water and
facile decomposition.”” The catalysts were dried at 120 °C
overnight and calcined at 500 °C for 4 h employing a heating
rate of 10 K min~* and a 200 ml min~* flow of 21% O,/N,. The
catalysts were named Cu,,Ni,,/Al,O;, where xx/yy refers to the
Cu/Ni mass ratio. Cu(NO3),:3H,0, Ni(NO3)-6H,O (99.99%,
Sigma-Aldrich, Germany) and H,O HPLC grade (Honeywell
Riedel-de-Haén, Germany) were used as received without any
further purification.

Characterization

Thermal gravimetric analysis (TGA) was carried out using an
STA 409 apparatus (Linseis) employing 25 mg of the sample
at a temperature range of 25-900 °C, with a heating rate of
10 K min " and a flow rate of 20 mL min ™" of 20% O,/N,.

Elemental analysis (carbon, nitrogen, hydrogen and
sulphur) was performed on a Thermo FlashEA 1112 organic
elemental analyzer by a dynamic flash combustion method
operating at 1020 °C.

X-ray diffractograms of the powder samples were acquired
in Bragg-Brentano geometry on a Rigaku SmartLab 3 kW
with Cu Ka radiation (A = 1.54 A) over an angular range from
10° to 80° and a scan rate of 2° min .

The chemical composition of the mono- and bimetallic
catalysts was determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) on a Jobin Yvon
Horiba ULTIMA 2000 spectrometer. The samples were
digested in aqua regia HCI/HNO; 3:1 v/v (nitric acid 69%,
SUPRA-Qualitdit ROTIPURAN® and hydrochloric acid 30%,
SUPRA-Qualitit ROTIPURAN®) and the mean of three
reproducible independent experiments is reported.

Temperature programmed reduction experiments were
carried out using a BelCat-II equipped with a thermal
conductivity detector (TCD). For each measurement, 250 mg
of sample was heated up to 900 °C employing a heating rate
of 6 K min™" in 5% H,/N, with a total flow of 50 mL min".
Operating conditions optimized following the
recommendations reported by Monti et al.*'

Nitrogen sorption analysis was carried out using a
Quadrasorb SI (Quantachrome GmbH & Co. KG Odelzhausen,
Germany) after degassing the samples for 12 h at 150 °C. The
surface area was determined using the Brunauer-Emmett-
Teller (BET) method, and the corresponding pore size
distribution was obtained by non-local density functional
theory (NLDFT).

X-ray photoelectron spectroscopy (XPS) was carried out
using a Thermo Fisher Scientific ESCALAB 250Xi. An Al-Ka
X-ray source (1486.6 eV) was employed for the analysis, with
a pass energy of 200 eV for a survey, and 50 eV for high-
resolution spectra. The samples were activated following a
similar reduction treatment to that of the catalytic test and
stored under an inert atmosphere in the glovebox (MBraun

were
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LABmaster Pro). Before measurements, the catalysts were
briefly in contact with air during sample holding. The
analysis of the spectra was done using CasaXPS software. The
C1s peak of adventitious carbon at 284.6 eV was taken as a
reference of charge-shift correction for the measured spectra.
The morphology, composition and size distribution of the
supported nanoparticles were analysed by high-angle annular
dark-field-scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectroscopy (EDS)
elemental mapping using a Thermo Scientific Talos F200X
microscope operated at an accelerating voltage of 200 kV. The
microscope is equipped with a SuperX EDX detector system.
Samples were prepared by dipping the lacey carbon 400-mesh
gold grids (Plano GmbH) into the powder sample. STEM-EDS
mappings show the net intensities of the corresponding
elements with a post-filtering Gaussian blur of 1.1 sigma.

Catalytic activity: CO, hydrogenation

The catalytic experiments were carried out at atmospheric
pressure and in a set-up designed by Integrated Lab Solutions
(ILS, Berlin, Germany). 25 mg of each sample (pressed and
sieved between 100 and 200 pm) was loaded into a quartz-tube
reactor. The activation of each sample was performed in situ for
60 min at 500 °C in 100 mL min™" of 10% H,/He with a heating
rate of 10 K min™". The reactor was purged with a 100 mL min ™"
He flow after activation treatment for 10 min. Afterwards the
reactant mixture (40 mL min~" CO,:40 mL min" H,:20 mL
min ™ N,) was introduced into the reactor, and the reaction
temperature was modified in a ramping up-ramping down cycle
at 500-550-600 °C. The resulting gas hourly space velocity
(GHSV) was 240 000 mL g h™".

The effluent gas stream was analysed using an online gas
chromatograph (Agilent 7890A) equipped with a flame
ionization detector and a thermal conductivity detector. The
carbon dioxide conversion (Xco,), carbon monoxide selectivity
(Sco), methane selectivity (Scy,) and space-time yield of
carbon monoxide (STYo) were defined as:

co in _ CO out
Xco, = (% X100
CO,

Sco = (&) X100
[CO}OUt + [CH4]0ut

Sow, = < [CHL™ ) %100
CHy — [CO}OM + [CH4]0ut

_ _ Xco, Sco Fco
STYco (Mol h™ gewa ) = = ———
CuNi

where Fco, is the molar flow of carbon dioxide and wgy; is

the mass amount of Cu and/or Ni in the sample.
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In addition, hydrogen consumption was calculated based
on the CO and CH, formation for each catalyst.

Results and discussion
Calcination process

Thermogravimetric analysis (TGA) of the impregnated
catalysts was performed under analogous conditions to the
calcination treatment as described in the Experimental
section and is shown in Fig. S1.7 Three different stages could
be observed: the first one at 100 °C is related to the
dehydration through evaporation of physisorbed water; the
second and third one in the range of 215-260 °C and 360-
410 °C respectively, are related to the decomposition of the
nitrates by loss of hydration water and formation of gas
products.”>™* The TGA of the second stage suggested that
the temperature decomposition of the mixed salts follows a
linear correlation with the Cu/Ni ratio, without the influence
of the second metal (Fig. S27).

To have a clear comprehension of the decomposition
process of the metallic nitrates on alumina, TG-MS analysis
was performed for CusoNiso/Al,O3 (Fig. S31). The dehydration
process (m/z = 18; H,0) follows a two step process: the first
one around 100 °C is related to physisorbed water; and the
second one at 200 °C is related to the loss of structural water
of the nitrates. Regarding the nitrate decomposition, only NO
was detected (m/z = 30), with the first decomposition step at
180 °C, followed by the second one at 280 °C and the third
one at 350 °C.***®

In addition, elemental analysis was performed for the
impregnated (before calcination) and calcined samples. In all
cases, the impregnated catalysts showed a nitrogen content
close to the theoretical, corresponding to the metallic nitrates
deposited on alumina (Table S1f). In contrast, there was no
evidence of nitrogen content for the calcined samples. Thus,
the complete thermal decomposition of the metallic precursors
after the calcination treatment could be confirmed.

Crystalline phases before and after activation

The crystalline phases in both calcined and reduced catalysts
were characterized by powder X-ray diffraction (XRD) as
described above. For the sake of comparison, the alumina
support was also included. As seen from Fig. 1, all the
samples present a broad peak at 37.5°, together with the
peaks at 46° and 67° which are typical of the spinel-type
phase of y-alumina.*®*° Since Cu and Ni aluminates are also
of spinel-type structure, it is difficult to distinguish them
between the crystalline phases of the support.”*>*

Fig. 1a shows the diffractograms of the calcined catalysts.
There is no evidence of either Cu or Ni oxidized species. This
could be related to the presence of finely dispersed
nanometric metallic oxides that cannot be detected, but also
to metallic spinel species that overlap the crystalline
support.>*”>” However, for the Cu/AL,O; catalyst, two peaks at
26 35.6° and 38.7° were observed, related to the diffractions

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 XRD of CuNi/Al,O3 catalysts: A) calcined; B) reduced; a) Al,Os; b) Ni/Al,Os;

ALOs.

of the (111) and (200) planes of the CuO monoclinic structure
(JCPDS 5-0661).%®

Fig. 1b shows the diffractograms of the reduced catalysts
after activation in 10% H, at 500 °C for 1 hour. In the
monometallic Cu/Al,O3 catalyst, it can be clearly seen that Cu
oxide was successfully reduced to metallic Cu (26: 43.29°
(111), 50.43° (200) and 74.13° (220) (JCPDS 04-0836)).>”°° The
absence of diffraction peaks for Ni/Al,O; can be rationalised
either by the formation of nanosized Ni nanoparticles well
below the XRD detection limit and/or incomplete reduction
of Ni aluminates.

Surprisingly, for the bimetallic catalysts there is no
evidence of either metallic Cu or Ni. Thus, it can be inferred
that Ni addition to Cu catalysts promotes the formation of
small and dispersed CuNi nanoparticles, non-detectable by
XRD.®' This was later confirmed by H,-TPR and STEM-EDS
studies.

Reducibility of supported catalysts

The reducibility of supported metal catalysts strongly
depends on the particle size, oxidation state, and metal-
support and metal-metal interactions.’>®® Fig. 2 shows the
temperature programmed reduction (H,-TPR) profiles of both
monometallic and bimetallic CuNi/Al,O; catalysts. The Cu/
Al,O; catalyst exhibits a sharp reduction event at 244 °C with
a shoulder at 219 °C, characteristic of the reduction of
dispersed CuO nanoparticles weakly bonded to the
surface.®®%”

The Ni/Al,O; catalyst shows broad reduction events at
higher temperatures. It is reported that under certain
synthesis conditions, e.g. calcination temperatures higher
that 500 °C and metal loading below 10%, Ni nitrate
decomposes forming a spinel structure with alumina.®®”"
The absence of a reduction peak at 400 °C related to NiO and

This journal is © The Royal Society of Chemistry 2022
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the reduction at high temperature indicates the presence of
NiAlLO, spinel-type species.”>”*

Whether with Al,O; or within the NiAl,O, structure, Ni**
strongly interacts within the framework. The first reduction
event located at 631 °C is related to Nize (Ni** in an
octahedral geometry, defined as Ni** ions that are not
completely integrated as a spinel-type structure but in strong
interaction with the support). Meanwhile, the second one at
796 °C is related to Nif" (Ni** in a tetrahedral geometry,
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Therefore, in agreement with the H,-TPR profiles, Ni is
present as Ni*' in strong interaction with the support in the
calcined samples containing Ni.

Bimetallic catalysts exhibited different reduction profiles
than their monometallic counterparts. The reduction events
are located between the temperatures of the monometallic
ones, which clearly suggests the synergy between CuO and
Ni*" species and thus particles in close proximity.”%”® It is
already reported that Cu promotes the reducibility of Ni-
based catalysts. This can be ascribed to two main
contributions: i) the enhancement of the Ni reducibility due
to H, spillover produced from Cu and ii) a cooperative effect
between both metals through the introduction of Cu to the
Ni phase, reducing the interaction between Ni*" and the
support, and enhancing its reducibility. Indeed, from TPR it
is seen that when the Cu content increased, the effect in
promoting the reducibility of Ni become more
pronounced.32,33,36,79,80

Table S2f shows the hydrogen consumption of the
different catalysts after reduction at 500 °C. For Ni/Al,O3, 500
°C leads to a reduction degree of 13%. As expected, the
reduction degree increases with the Cu content. A H,-TPR
study of the calcined alumina was also performed. As
expected for non-reducible supports, no hydrogen
consumption was detected.

Specific surface area and porosity

Table 1 shows the surface area, total pore volume and metal
composition of the different catalysts after activation in 10%
H, at 500 °C for 1 hour. The alumina support (untreated and
after calcination) was included for comparative purposes.
The chemical analysis performed by ICP showed that the
desired Cu/Ni ratio and nominal metal loading were
achieved.

Fig. S47 shows the nitrogen sorption isotherms and the
pore size distribution. For both alumina and supported CuNi
catalysts, the adsorption-desorption branches present the
characteristic H1 type hysteresis of a mesoporous type IV
isotherm, according to the IUPAC classification.®' The pore
size distribution showed a bimodal distribution with the
main peak at 4.78 nm and a second one centred at 7.47 nm.
The total pore volume decreased after impregnation,

Table 1 Surface area and metal composition of the catalysts
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calcination and activation from 0.950 cm® g™ to a mean
value of 0.402 cm® g~*. However, the calcined support showed
a pore volume of 0.453 cm® g'. Thus, the deposition of
metallic species by incipient wetness impregnation does not
significantly affect the textural properties of the support,
without pore blockage.

Oxidation states in the near-surface region

X-ray photoelectron spectroscopy (XPS) analysis was
performed to study the chemical state and the surface
composition of the mono- and bimetallic catalysts after
activation in 10% H, at 500 °C for 1 hour. The samples were
stored under an inert atmosphere in the glovebox and briefly
in contact with air during sample holding prior to
measurements.

Fig. 3a shows the spectra for the Cu 2p region. The two
major peaks corresponding to Cu® 2p,/, and 2p;), are located
at 952.6 eV and 932.7 eV, respectively. In addition, Cu** was
detected with peaks at 956.4 eV and 935.8 eV corresponding
to Cu® 2py, and 2psn, respectively.®”®® The satellite
components at 943 eV are generated through the O 2p to Cu
3d charge transfer effect in Cu0.*** The presence of CuO is
related to the air contact during sample preparation. As
expected, the intensity decreases with decreasing the Cu
content.

By XRD, metallic Cu could be detected only for the Cu/
Al,O; catalyst. Thus, it is inferred that small and dispersed
nanoparticles were formed in bimetallic CuNi catalysts, not
detectable by XRD. This was later confirmed by STEM-EDS,
showing the formation of CuNi alloyed structures.

Fig. 3b shows the spectra for the Ni 2p region. Only for Ni/
Al, O3, corresponding to the catalyst with the higher Ni
content, a small peak at 852.5 eV related to Ni® 2p;/, could be
detected.®® Furthermore, XPS showed that only 9% of the Ni
content is reduced, in agreement with the reduction degree
of 13% at 500 °C determined by H,-TPR in Ni/Al,O;.

In the case of the bimetallic CuNi/Al,O; catalysts, reduced
Ni could not be detected. This is related to the low Ni content
(Iess than 3.5%) and the small fraction of Ni’ in comparison
with Ni** species, making the detection by XPS difficult.**%”
In addition, the effect of passivation during sample holding
prior to measurements should be considered.”"%%°

BET surface” Total pore volume”

Cu content® Ni content® Total metal Cu/Ni ratio

Sample code area (m>g™") (em® g™ (%) (%) content (%) (%)
Cu/AL O3 181 0.397 4.96 — 4.96 100/0
Cuy5Ni,5/AL 03 185 0.411 3.54 1.17 4.71 75/25
CusoNiso/Al O3 184 0.400 2.24 2.25 4.49 49/51
CuysNiys/ALO; 181 0.401 1.10 3.21 4.31 26/74
Ni/Al, O3 182 0.401 — 4.94 4.94 0/100
A1203 (calcined) 199 0.453 — — —_ —
A1203 (untreated) 222 0.950 - - - -

“ Determined by BET equation. ? Obtained by non-local density functional theory (NLDF). ¢ Determined by ICP.
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Fig. 3 XPS spectra of the reduced catalysts. a) Cu 2p and b) Ni 2p
regions.

Fig. 3b shows the two major peaks corresponding to Ni**
2p12 and 2p;,, located at 873.9 eV and 856.6 eV, respectively.
In addition, satellites features are located at 880.4 eV and
862.3 eV. Similarly, the satellite features are generated
through the O 2p to Ni 3d charge transfer effect in Ni**
species.®””° The absence of peak splitting in the range 854-
858 eV characteristic of NiO, and the high binding energy
value are indicative of Ni*>" species in strong interaction with
the support.”’ ™% Thus, Ni*" is well dispersed forming spinel
structures of type NiAl,O, in all Ni-containing catalysts.
Therefore, the partial reduction at 500 °C formed well
distributed and small metallic nanoparticles supported on

This journal is © The Royal Society of Chemistry 2022
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highly dispersed NiAl,O,. This is in agreement with the XRD
and H,-TPR results and later confirmed by STEM-EDS.

Table S3f shows the Cu/Ni atomic ratio determined by
XPS analysis. In all cases, the atomic ratio is close to the bulk
composition determined by ICP. However, for both Cu;sNi,s/
Al,O; and Cus;oNis5/Al,03, the surface Cu content is slightly
higher. Meanwhile, Cu,;Ni;5/Al,0; showed a slight Ni
enrichment, in comparison with the bulk composition.

Catalytic performance in CO, hydrogenation

Fig. 4 shows the initial catalytic performance of the mono-
and bimetallic catalysts. The evolution of the carbon dioxide
conversion, selectivity to carbon monoxide and space-time
yield during the 30 h time on stream can be seen in Fig. S5.F
During the catalytic tests, only methane and carbon
monoxide were detected as products. Hydrogen consumption
was calculated based on the CO and CH, formation for each
catalyst (Fig. S61).

Considering the thermodynamic equilibrium and the
reaction conditions (P = 1 atm; CO,:H, = 1:1), an equimolar
CO:CH, product composition is reached at 530 °C.”° A
higher temperature favours the reverse water gas shift
reaction and promotes carbon monoxide production.
Meanwhile, a lower temperature methane
formation."***

For Ni/Al,O3, CO, conversion reached values of 28%, 32%
and 36% at 500 °C, 550 °C and 600 °C, respectively.
Meanwhile, the selectivity to carbon monoxide reached values
of 49%, 65% and 81% at 500 °C, 550 °C and 600 °C,
respectively. In addition, no deactivation process was
observed during the time on stream (Fig. S5at). Notably, it
could be observed that during the ramping down, the
selectivity to carbon monoxide is increased compared with
the initial one (57% vs. 49% at 500 °C and 67% vs. 65% at 550
°C, respectively, Fig. S5bf). This can be related to the
continuous formation of metallic Ni sites from the reduction
of the NiAl,O, spinel, as can be inferred from the H,-TPR
results. As a drawback, Ni/Al,O; showed a higher hydrogen
consumption, related to its inherent high activity and trend to
form not only carbon monoxide but also methane (Fig. S67).

In contrast, the Cu/Al,O; catalyst showed the lowest
conversion compared with the other catalysts, and a quick
deactivation during the time on stream, especially at 600 °C
(Fig. S5at). This could be related to its low thermal stability
and thus, rapid deactivation due to sintering.’>°"%
Therefore, the active surface area decreases over time, as was
later confirmed by STEM-EDS. Regarding the selectivity, the
Cu catalyst formed carbon monoxide as the only product.

Bimetallic Cu,sNi,s/Al,O; and CusoNiso/Al,O; showed an
intermediate catalytic performance. For both catalysts,
carbon dioxide conversion values led between the
corresponding to the monometallic ones, as can be seen in
Fig. 4a. Moreover, the addition of Cu to the Ni-based catalyst
drastically improved the selectivity to carbon monoxide,
suppressing methane formation (Fig. 4b). As the main

favours
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Fig. 4 Catalytic performance of the CuNi/Al,O5 catalysts: a) CO, conversion; b) CO selectivity; c) space-time yield of carbon monoxide.

disadvantage, a clear deactivation could be observed during
the time on stream, especially at 600 °C (Fig. S5at).

In comparison to Ni/Al,0;, both Cu;s5Ni,s/Al,O; and
Cus(Niso/Al,O; showed a higher space-time yield of carbon
monoxide, as can be seen in Fig. 4c. However, the clear
deactivation at 600 °C leads to lower values during the
ramping down of temperature (Fig. S57).

In comparison with the other mono- and bimetallic
formulations, Cu,sNi;s/Al,0; showed the best performance
(Fig. 4). In fact, the carbon dioxide conversion reached values
close to the equilibrium. However, the conversion decreases
during the ramping down (Fig. S51), probably attributed to
partial sintering of the active sites. Likewise for Cu;sNi,s/Al,03
and CusoNiso/Al,O3, the presence of Cu inhibited methane
formation. Thus, the CuysNi;s/Al,O; catalyst with high
conversion and selectivity reached superior space-time yields of
carbon monoxide. At 500 °C, carbon monoxide production was
twice that of Ni/Al,O; with only half the hydrogen consumption.

The reaction mechanism involved in the rWGS reaction is
still unclear. However, based on experimental and theoretical
studies, two main routes were proposed: (i) via a redox
mechanism®*™° and (ii) via an associative route with
formate as an intermediate.'®*"*

The surface redox mechanism involves the adsorption of
CO, on the metallic active site and the oxidation of the active
centres, leading to CO formation. In the following step, the
metal sites are regenerated by reduction with H,, forming
water as a product.'®” %

The associative mechanism involves hydrogen spillover on
the metallic active site. The adsorption and activation of CO,
are strongly support-dependent and can take place at the
metallic site or the metal-support interface. After the formation
of formate species as an intermediate, the reaction with the
dissociated hydrogen leads to carbon monoxide and water as

480 | Catal Sci. Technol, 2022, 12, 474-487

products. Therefore, in contrast to the redox mechanism, CO is
derived from the association of CO, with H, '*13

Even though CO, hydrogenation over nickel-supported
catalysts have been extensively studied, there is not yet a
broad consensus regarding the reaction mechanism. The
major difference is related to the pathway of CO, activation,
where the metal-support interface plays a key role.”''* 8
For Ni/Al,O; catalysts, it is assumed that CO and CH, are
formed through formate species adsorbed on the support.
Several authors proposed that CO, adsorbs and dissociates
on metallic Ni® forming *CO species. Then, the migration
onto alumina is followed by the formation of carbonates
species. In the following step, carbonates react with the
dissociated hydrogen leading to formate species as an
intermediate. This mechanism was evidenced by in situ FT-IR
experiments. The formates can be further hydrogenated
forming CH,4, or desorbed leading to CO and H,0.>*''97'*!
Similarly, it was demonstrated for Cu/Al,O; catalysts that the
CO, hydrogenation reaction occurs via formates as an
intermediate."**"**

Moreover, it is possible to rationalize the catalytic activity
and selectivity of the different catalysts taking into account
the different adsorption energies of the educts and products.
By temperature programmed desorption studies, it is
reported that carbon dioxide preferably adsorbs on Cu sites.
Thus, the addition of Cu to Ni catalysts could promote the
activity in CuNi alloys. As can be seen in Fig. 4a, carbon
dioxide conversion in Cu,sNi;s/Al,O; is slightly superior to
that in Ni/Al,O;. However, Cu-rich catalysts showed a lower
performance, related to their low thermal stability and
sintering of copper.®”'*

On the other hand, the hydrogen adsorption capacity is
higher on Ni catalysts; meanwhile Cu presents a low
hydrogen adsorption capacity. In addition, carbon monoxide

This journal is © The Royal Society of Chemistry 2022
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is preferentially adsorbed on Ni rather than on Cu sites."*”***

Thus, Ni catalysts promote methanation due to the
consecutive  hydrogenation of carbon monoxide to
methane.*>**2°  Therefore, Cu maximizes the synergy

between both metals, promoting CO desorption and
suppressing methane formation.”**'*° Thus, the catalytic
performance can be improved by promoting the -close
interaction between both metals, enhancing the carbon
dioxide conversion and selectivity to carbon monoxide.

Particle size and elemental distribution of alloyed structures

HAADF-STEM combined with EDS mapping is a powerful
technique for investigating the morphology and composition
of the active sites in supported multimetallic nanostructured
catalysts.

Before reaction, the fresh Ni/Al,O; catalyst showed small
and dispersed Ni nanoparticles of 5.2 + 2.7 nm (Fig. 5 and
S77). After 30 h time on stream, the particle size just slightly
increased showing a particle size distribution of 5.5 + 1.9 nm.

50 nm

50t

Cu

50 nm

e
HAADF [Ni Cu ¥% HAADF
- — 4 -

* ot

LS : T ; 50 nm
Cll:SNiTS/ A1203

View Article Online
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Thus, Ni nanoparticles were preserved, in agreement with the
high activity and stability of the catalyst (Fig. 6 and S87). As
stated by the XPS and H,-TPR results, Ni nanoparticles are
stabilized through the strong interaction with the Ni
aluminate spinel phase, homogeneously dispersed on the
support. In addition, small particles between 2 and 3 nm were
detected on the spent catalyst (Fig. S8t). Therefore, a
continuous reduction of the NiAl,O, structure during the time
on stream can be assumed for Ni/Al,O3, in agreement with the
increment of the carbon monoxide selectivity. Indeed, it has
been reported that the particle size of Ni nanoparticles has a
prominent influence on the selectivity of the reaction. Small
nanoparticles lead to CO formation, while the larger ones lead
to the formation of CH, ****3*

The fresh Cu/Al,O; catalyst showed larger nanoparticles of
6.7 + 2.1 nm (Fig. 5 and S9t). However, a clear sintering
process took place after the reaction, forming large particles
with a broad size distribution of 22.8 + 12.9 nm (Fig. 6 and
S10at). In addition, particles up to 100 nm could be detected,
in agreement with the lack of stability of supported Cu

50 nm

Ni Cu HAADF Cu

»

50 nm

Cu;5Ni,s/ Al O; Cu/ Al,O4

Fig. 5 HAADF-STEM and EDS mapping of the fresh CuNi/Al,O3 catalysts.
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Fig. 6 HAADF-STEM and EDS mapping of the spent CuNi/Al,O3 catalysts.

catalysts (Fig. S10b¥). Thus, the lower catalytic performance
of Cu/Al,0; is related to the migration and coalescence of the
nanoparticles that significantly reduces the number of
available active sites.”’”

The HAADF-STEM-EDS images of the fresh Cu,sNi;s/Al,03
catalyst are shown in Fig. 5. It can be clearly seen that Cu and Ni
form small and dispersed alloyed nanoparticles of 4.5 + 1.2 nm,
with different Cu/Ni ratios (Fig. S11t). Notably, neither Ni nor
Cu was detected as segregated particles. After 30 h time on
stream, a slight sintering process led to the formation of
particles of 8.4 + 2.9 nm. Some isolated agglomerates up to 20
nm could be observed (Fig. S121). Nevertheless, the
nanoparticles remained alloyed instead of forming segregated
Cu and Ni phases. The tendency of the nanoparticles to stay in
the alloyed state can be rationalized by the similarity of Cu and
Ni (same crystal structure fce, similar atomic radii of 117 pm
and 115 pm for Cu and Ni, respectively, valence of +1 and
electronegativity of 1.90 and 1.91 by Pauling scale for Cu and Ni,
respectively) which favours solid solutions of bot metals in the
reduced state."*>"** Thus, the outstanding performance of
Cu,;5Ni;s/AlLO; is related to the formation of stable CuNi
nanostructures (Fig. 7).

482 | Catal Sci. Technol., 2022, 12, 474-487

Considering the hydrogen consumption after reduction at
500 °C (Table S27), Cu,5Ni,5/Al,05; showed a reduction degree
of 35%. Thus, the presence of the unreduced Ni spinel
structure on the surface of the catalyst could be responsible
for stabilizing the formed CuNi nanoalloys. A decrease in the
carbon dioxide conversion during the ramping down is in
agreement with the loss of the active surface area due to
changes in the particle size. However, the preservation of the
nanoalloy structure enhances the carbon monoxide selectivity,
suppressing methane formation and leading to high CO yield
during the 30 h of time on stream.

The fresh Cus;oNiso/Al,05 catalyst showed an initial particle
size distribution of 3.5 + 1.6 nm, and similar to Cu,;Ni,s/Al,O3,
Cu and Ni form alloyed structures with different Cu/Ni ratios
(Fig. 5 and S137). The small particle size is in agreement with
the high initial catalytic activity. However, after the reaction the
particle size increases to 10.3 + 5.1 nm (Fig. 6 and Sl4at).
Moreover, alloyed particles up to 80 nm and a Cu/Ni ratio of 1:
1 could be observed (Fig. S14bt). Thus, the sintering of the
bimetallic CuNi alloys explains the deactivation. However,
similar to Cu,sNi;s/Al,O; the particles remained alloyed after
the reaction.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 HAADF-STEM and EDS mapping of Cu,sNi;s/Al,O3 after 30 h time on stream.

The corresponding STEM-EDS images of fresh Cu;sNi,s/
Al,O; can be seen in Fig. 5 and S15.7 In contrast to Cu,sNi;s/
Al,O; and  CusoNiso/Al,O3, CuNi alloyed
nanoparticles could not be detected. In fact, the catalyst is
formed by well-defined Cu nanoparticles of 5.5 + 1.9 nm,
while Ni species are uniformly dispersed on the support. After

bimetallic

the reaction, Cu,sNi,5/Al,0; showed the formation of both
alloyed Cu-Ni and large monometallic Cu nanoparticles up to
20-30 nm (Fig. 6 and S16a and b¥). Despite the formation of
bimetallic alloys, the high Cu content tends to form sintered
Cu nanoparticles, with the consequent reduction of the active
surface area. This is in agreement with the low catalytic
performance and clear deactivation of Cu,5Ni,5/Al,O3.

Fig. S171 shows the particle size distribution of both fresh
and spent CuNi/Al,O; catalysts. In addition, elemental
analysis of both fresh and spent catalysts was performed
(Table S47). As can be seen, the carbon content was very low
and close to the quantification limit. Thus, the deactivation
process of the catalysts is attributed to sintering of the active
sites and loss of surface area, instead of deposition of

carbonaceous species and coke formation.

This journal is © The Royal Society of Chemistry 2022

In summary, small and dispersed Ni particles were formed
after activation of the Ni/Al,O; catalyst. The nanoparticles
were highly stable after 30 h time on stream with no
significant changes in the particle size, in close interaction
with the unreduced Ni aluminate phase on alumina.
Cuy5Ni,5/AL, 03 as the catalyst with the lowest Ni content is
composed of defined Cu nanoparticles supported on Ni
aluminate homogeneously distributed on the support. The
close interaction between Cu and Ni promotes the
reducibility of Ni species and the thermal stability of Cu
nanoparticles, in comparison with the monometallic Cu/
Al,O;. This is in agreement with the catalytic performance.
However, the relatively high Cu content tends to form large
agglomerates.

Cu,;5Ni;s/AlL O3 and CusoNise/Al,O; evidenced the formation
of dispersed alloyed nanoparticles. Despite the sintering after
the reaction, the supported particles remained alloyed even after
30 h time on stream. Thus, Cu was incorporated in the Ni
catalysts rather than forming separate phases, improving the
thermal stability. The sintering was significantly larger for
Cu;Ni5o/Al,03 than Cu,5Ni;5/AlL O3, in agreement with a higher

Catal Sci. Technol,, 2022,12, 474-487 | 483
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Cu content. Regarding Ni-rich catalysts, the incorporation of Cu
significantly enhances the catalytic performance through the
formation of well-dispersed bimetallic CuNi alloyed structures.
In addition, the formation of CuNi alloys in strong interaction
with the support promotes thermal stability, especially for
Cu,5Niys/Al, 0, %134

Conclusions

Supported CuNi/Al,O; catalysts were tested in the reverse
water gas shift reaction. It was found that the reducibility of
Ni is increased by the addition of Cu, and the nature of the
formed bimetallic nanoparticles depends on the nominal Cu/
Ni ratio.

Using Ni supported catalysts leads to methane formation
through consecutive carbon monoxide hydrogenation.
Meanwhile, Cu catalysts showed complete selectivity to
carbon monoxide but low performance due to sintering and
loss of active surface area.

For Cu,sNi;s/Al,O; the synergism between the thermal
stability and bimetallic composition of the nanoparticles
leads to better catalytic performance in terms of conversion
and selectivity. CuNi alloyed nanoparticles maximize the
synergy between both metals, promote the selectivity to
carbon monoxide and suppress methane formation. Cu was
incorporated in the Ni catalysts rather than forming separate
phases, as was verified by HAADF-STEM EDS. In addition,
Cu,;5Ni;s particles remained alloyed even after 30 h time on
stream.

The incorporation of Cu into supported Ni catalysts is an
excellent strategy to tune the electronic properties of the
active metal, improving the selectivity to carbon monoxide
through the formation of stable alloys and enhancing the
performance in the reverse water gas shift reaction. Further
studies should be conducted to improve the long-term
stability of bimetallic nanoparticles under harsher reaction
conditions.
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