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Effect of Cs and Ba promoters on Ni/graphite
catalysts for CO, conversion via the reverse water
gas shift reactiont
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Obtaining syngas from CO, and green hydrogen via the reverse water gas shift (RWGS) reaction is a
promising strategy for mitigating the greenhouse effect. Additionally, CO obtained as the product holds
significant potential in the syngas-based chemical industry. In this context, we developed efficient Ni-based
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catalysts for the RWGS reaction at a low temperature. In our approach, we selected Cs and Ba as catalytic
promoters and utilized high-surface-area graphite (HSAG400) as a support to maximize the interaction
between the metal and promoter. Our study revealed that both promoters helped in enhancing the CO,
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conversion but had opposite effects in the RWGS reaction. In particular, the use of the Cs promoter
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Introduction

In order to meet the Paris Agreement targets, anthropogenic
CO, emissions need to be critically reduced in a more time-
consistent way." For decades, the scientific community has
been pointing out that only through an energetic transition
towards renewable energy sources can sufficient carbon
dioxide abatement be achieved.” However, this requires
overcoming the problem of their intermittent nature. A
potential solution to this is provided by the so-called power-
to-X technology. This concept refers to the idea of storing
spare electric energy as chemical energy (methane, syngas,
liquid fuels, etc.). The first step in this concept is the
production of hydrogen by water splitting in an electrolyser.
The increased efficiency of electrolysers in recent years has
driven strong developments in this type of technologies in
Europe, especially in France and Germany.®

In this context, obtaining syngas from CO, and green
hydrogen through the reverse water gas shift (RWGS) reaction
would be an interesting strategy for mitigating the greenhouse
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boosted the CO selectivity up to 95%, while the addition of Ba proved to be detrimental to CO selectivity.

effect.* The CO obtained as a product could play an important
role in the syngas-based chemical industry. Light olefins,
methanol and liquid fuels obtained after Fischer-Tropsch
processes are some examples of the different applications this
reaction can have in a situation where oil reserves are
decreasing.’

Owing to the endothermic nature of the reverse water gas
shift reaction (eqn (1)), CO formation is favoured at high
temperatures. This is evident from the changes in Gibbs free
energy with temperature and the increase in the equilibrium
constant at higher temperatures.® As the Sabatier reaction
(eqn (2)) is exothermic,”® it implies that methanation is
favoured at low temperatures. Consequently, relatively high
temperatures are necessary for this reaction, along with stable
catalysts with high activity and selectivity.

CO, + Hy = CO + HyO A Hjog = 41.2 k] mol™* (1)
CO, + 4H, = CH, + 2H,O A Hjogx = -165 K mol™  (2)

Typically, RWGS catalysts are composed of well-dispersed
metal active sites on high-surface-area metal oxide supports.’
Copper and various noble metals, such as Pt, Pd, and Ru,
have been extensively studied in this context.'"®™* Recently, a
new challenge has been identified for RWGS catalysts: the
need for the development of catalysts that can perform
efficiently at low temperatures. This is important, as this
process is generally studied at temperatures below 600 °C,
with low-temperature reactions occurring between 250 °C
and 500 °C. At 300 °C and 1 MPa, the equilibrium conversion
of CO, is limited to just 23%."*

This journal is © The Royal Society of Chemistry 2025
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On the other hand, monometallic and bimetallic catalysts
exhibit different performances, with the size of the metal
nanoparticles significantly affecting the CO selectivity.
Notably, the effect of the support on the reaction becomes
more pronounced when the metal particle size is small, due
to the stronger influence of the support on the smaller metal
particles. Therefore, both the active phase and an appropriate
support and promoter are crucial for designing effective
RWGS catalysts.” Thus, recent studies have shown that while
Ru nanoparticles supported on CeO, or Al,O; selectively
produce CH, in the CO, hydrogenation reaction, the
atomically dispersed Ru on these supports changes the
selectivity to CO."'® The same effect has been found for Rh/
TiO, catalysts."” The authors explained that monoatomically
dispersed Rh atoms are more prone to produce CO since they
are not surrounded by other Rh, which could provide H
atoms to reduce CO into CH,. It has been concluded that the
active sites for CH, formation in these catalysts is a metal-
metal entity, whereas the active sites for CO formation are
the metal-support interface. Generally, the lower the size of
the nanoparticles, the higher the number of metal-support
interfacial sites, which can increase the CO selectivity.*

Ni is one of the most used catalysts for the hydrogenation
of CO,."® It combines significant catalytic activity with the
advantage of being an abundant, non-precious element."® Ni
is known to be a catalytically active metal in the Sabatier
reaction, ie., the total reduction of CO, to CH,.*°*® Ni
nanoparticles supported on various metal oxides, including
alumina, titania, and ceria-zirconia, have been employed as
active sites for the methanation reaction.**2® However,
atomically dispersed Ni sites were found to selectively
produce CO instead of CH4.>” In fact, CO, hydrogenation has
been described as structure-sensitive reaction, with an
optimal nanoparticle size for the maximum TOF to CH, of
2.5 nm,*®*® and with smaller particles and clusters favoring
the selectivity to CO.*° In addition, it has been reported that
Fe addition to Ni catalysts can boost the CO selectivity due to
the formation of FeOx-Ni sites, which facilitate the CO,
conversion,® while FeOx also enhances Ni dispersion on the
surface®* when used as promoter. A comparable effect has
been noted with the incorporation of alkali and alkaline
earth metals to RWGS catalysts.”* It was reported that the
addition of Cs also increased the number of basic sites on
the surface of the catalysts, evidencing a correlation between
this property and an improved CO selectivity® up to
thermodynamic equilibrium levels, with CO selectivities close
to 100%, while also blocking methanol and methane
production.

In this context, Ni-based catalysts can be optimized by
controlling various parameters, such as the active-phase
dispersion, structure, morphology, metal-support interaction,
and surface chemistry. A thorough understanding of how
different promoters and supports affect catalyst selectivity is
crucial for the development of efficient heterogeneous
systems. Consequently, these factors require further detailed
study. In this work, Cs and Ba were chosen as promoters for
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Ni-catalyzed CO, reduction. Regarding the promoters, while
Cs has classically been considered an electronic promoter, Ba
has been reported to be a structural one.*® In order to study
their influence on CO, reduction, different bimetallic
catalysts supported on high-surface-area graphite (HSAG400)
were prepared. In this sense, carbonaceous supports are
usually a good choice when trying to establish a comparison
between different heterogeneous catalysts, as they tend to
interfere to a lesser extent than oxides in metal-promoter
interactions.*®?” The catalytic activity of the Ni-promoted
materials for the CO, hydrogenation reaction was evaluated.

Additionally, the most significant physicochemical
properties, including the crystallinity, reducibility,
morphology, and surface electronic structure, were
characterized wusing a series of techniques. This

comprehensive analysis provided us with valuable insights
into the -catalytic performance of these materials and
elucidated the roles of the alkali and alkaline earth metals
within them.

Experimental
Preparation of the catalysts

High-surface-area graphite (HSAG400, produced by Timecal,
Sger = 400 m> ¢7') was employed as a support for the
catalysts. The monometallic Ni catalyst (2.3%Ni/HSAG400)
prepared through a standard incipient wetness
impregnation method. In addition, two series of promoted
bimetallic catalysts were prepared by co-impregnation. Cs
and Ba were chosen as the promoting metals. Nitrates were
employed as the precursors [Ni(NO3),-6H,O Merck, CsNO3,
Aldrich and Ba(NOs),, Fluka]. In all cases, a 1:1 mixture of
ethanol and water was utilized as the solvent. Different molar
stoichiometric relationships were established between Ni and
the promoter. The amount of Ni (2.3 wt%) was kept constant
in all cases. In this manner, Ni-X (1:2), Ni-X (1:1), Ni-X (2:
1), Ni-X (3:1), Ni-X (4:1) catalysts, where X = Cs or Ba, were
prepared.

was

Catalyst characterization

Reducibility was studied through acquisition of the
corresponding thermal programmed reduction (TPR) profiles.
A quartz micro-reactor containing 50 mg of the powdered
materials was exposed to a continuous flow of a H,/Ar gas
mixture (5% of H,). An electric oven was utilized to increase
the temperature from room temperature to 720 °C (10 °C
min™"). A thermal conductivity detector allowed obtaining the
profile of the consumed hydrogen with respect to the
measured temperature.

X-Ray diffraction (XRD) measurements were performed
using a PANalytical X'Pert Pro Polycrystal diffractometer with
a Bragg-Brentano geometry at 45 kV and 40 mA. The XRD
patterns were recorded using a Cu/Ka radiation source (4 =
0.1544 nm) in the 20 region between 10° and 90° with a 0.04°
step size.

Catal. Sci. Technol., 2025, 15, 1948-1957 | 1949
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Transmission electron microscopy (TEM) was performed
using a JEOL JEM-2100F instrument at 200 kV to examine the
distribution and sizes of the metallic particles. High-angle
annular  dark-field scanning transmission electron
microscopy (HAADF-STEM) analysis was conducted with a
spot size of 1 nm. The distribution of Ni and Cs or Ba in the
bimetallic catalyst was analysed through X-ray energy
dispersive spectroscopy (EDS) mapping, performed with an
X-Max80 detector (Oxford Instruments). The samples were
first ground into a fine powder, suspended in ethanol using
an ultrasonic bath, and then deposited onto a copper grid
with a carbon-coated layer. To determine the mean particle
size (d), at least 400 particles were measured. The error was
calculated as the standard deviation of the values used for
determining the average particle size.

X-Ray photoelectron spectrometry (XPS) was performed at
room temperature using a non-monochromatic Mg Ko X-ray
radiation source (v = 1253.6 eV) and an electrostatic
hemispherical analyser equipped with seven channeltrons to
obtain the XPS spectra of the reduced catalysts. This custom-
made analyser package, refurbished by SPECS, combined out-
of-service Omicron hardware with the SPECS HSA 3500 and
SpecsLab Prodigy software. A small sample pellet was placed
in the holder and degassed in the chamber until a vacuum
below 10™® Pa was obtained. Since the graphitic support was
conductive, surface neutralization was unnecessary. The
survey spectra were acquired with a pass energy of 50 eV,
while the high-resolution spectra were obtained with a pass
energy of 30 eV. The spectra were analysed using CasaXPS
software. Calibration of all the peaks was done using the C
1s peak at 284.6 eV as a reference. Quantification was carried
out on the high-resolution spectra by measuring the peak
areas and taking into account their relative sensitivity factors
(RSFs). The components were fitted with Gaussian-
Lorentzian functions, except for the C 1s peak, whose fitting
function was modified to introduce asymmetry due to its
high conductivity. A Shirley background was employed for
proper fitting of all the regions.

Catalytic activity measurements

The CO, hydrogenation reaction was evaluated in a U-shaped
fixed-bed glass reactor at a temperature of 275 °C and a
constant weight hourly space velocity (WHSV) of 36 000 ml
h™ ¢ with a H,/CO, ratio of 4:1. The catalyst (0.1 g, grain
size = 0.25-0.35 mm) was reduced in situ right before the
catalytic test by 30 ml min" of H, at 450 °C for 2 h, with
increasing the temperature at a rate of 10 °C min .
Experiments were conducted to rule out the presence of
diffusion problems by using different particle sizes and by
significantly varying both the flow rate and the catalyst
amount while maintaining a constant mass/flow rate ratio.
The findings confirmed the lack of both internal and external
mass-transfer effects within the specified conditions. The
temperature of both the reduction and reaction was reached
employing an electric oven and was measured using a K-type
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thermocouple in contact with the glass wall of the reactor.
After pretreatment, the inlet gases were switched and the
temperature of the reaction was fixed. The outlet gases were
analysed and quantified with a Varian 3400 gas
chromatograph coupled with a thermal conductivity detector
(TCD). The CO conversion levels were maintained below 10%
to ensure differential operation in the reactor, thereby
limiting the extent of secondary reactions.

CO, conversion (X¢o,) was calculated using eqn (3), where
ngo and ncy, represent the number of CO and CH, moles
coming out of the reactor, and n¢o_in refers to the number of
CO, moles entering the system.

Xco, = M (3)
Nco, in
The selectivity towards the different products was defined
through eqn (4) and (5).

nco
Sco =——m 4
©o Nco + Ncw, )
Ncy,
Som, = ———2 5
ot Nco + Ncn, 5)

Results and discussion

Catalysts characterization

The TPR profiles of the two series of samples are plotted in
Fig. 1. These samples did not undergo any pretreatment,
such as calcination, and therefore it is important to note that
these profiles also reflect the evolution and/or reduction of
certain products resulting from the decomposition of the
metal precursors. Consistent with the existing literature, all
the materials showed three noteworthy temperature regions:
from 220 °C to 270 °C, from 270 °C to 370 °C, and from 370
°C to higher temperatures.*®*° In addition, a negative peak
in the 100-220 °C range could be observed. It is known that
Ni(NOj3),-6H,0 decomposition under a reducing atmosphere
proceeds through the formation of the tetra- and di-hydrate
complexes.”” Following that, this negative peak could be

a) b)
i Ni-Cs (1:2) o Ni-Ba (1:2)
-~ i h Ni-Cs (1:1) ~ Ni-Ba (1:1)
= H ...} H
§ : Ni-Cs (2:1) g ] Ni-Ba (2:1)
S H o :
w 2} B
3 [ Ni-Cs (3:1) 8 & Ni-Ba (3:1)
- b A = HE
' Ni-Cs (4:1) ] Ni-Ba (4:1)
j\ Ni J\/\\\ Ni
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature (°C) Temperature (°C)

Fig. 1 TPR profiles of the Ni-Cs (a) and Ni-Ba catalysts (b).
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assigned to the separation of H,O molecules from
Ni(NO3),6H,0 during the formation of Ni hydroxides. A
slight increase in temperature translates into the appearance
of a shoulder, in the case of the monometallic materials and
a small peak when considering the rest of the bimetallic
materials. The partial and complete decomposition of
Ni(NO3),-2H,0 occurred between 150 °C and 250 °C
approximately, and the lowest expected reduction
temperature for the NiO species that were starting to be
formed was 260 °C.*° According to this information, and in
agreement with other studies,*®*° the peak at 250-270 °C
was therefore assigned to the reduction of the most dispersed
and weakly interacting NiO nanoparticles to Ni’. The
addition of the Cs or Ba promoter in the bimetallic catalysts
shifted the temperature of nickel reduction to slightly higher
temperatures.

In the second temperature region, the reduction of the
majority of the nickel oxide occurred®®*® and some
differences appeared regarding the amount and nature of the
promoter in the bimetallic catalysts. In the case of the Ni-Cs
samples, the most intense H, consumption peak appeared
between 290 °C and 325 °C, and corresponded to the
reduction of the NiO particles. However, this hydrogen
consumption overlapped with that associated with CsNO;
decomposition. The temperature required for the
decomposition of CsNO; was drastically reduced®’ since it
was facilitated via hydrogen dissociation by Ni’. It is clear
that the amount of impregnated promoter was proportional
to the shift in the reduction temperature towards higher
values and the increase in the area under the peak. This
effect was more pronounced in the case of the Ni-Ba
samples, whereby it increased from 290 °C to 370 °C. In this
case, the overlapping peak due to the decomposition of
BaNO; could be distinguished for the samples with a higher
Ba content (e.g., 1:1 and 1:2).

The third temperature region (370 °C to 720 °C) could
have resulted from the reduction of the remaining largest
nickel oxide particles, but it is crucial to notice that at this
temperature, the consumed H, was accompanied by methane
production, which was expected to arise from gasification of
the support carbon atoms surrounding the metal particles.®
Co-impregnating a higher amount of promoter with the
active metal appeared to decrease the metal-support
interactions. In this manner, when the Ni/promoter ratio was
<1, this region almost disappeared. Thus, the TPR profiles of
the promoted Ni catalysts indicated that the promoter (Cs or
Ba) and nickel were in close proximity. Based on the TPR
characterization, it could be confirmed that all the catalysts
underwent complete reduction when treated with hydrogen
at 450 °C.

Fig. 2A and 3A show the X-ray diffractograms of all the
materials reduced at 450 °C. In all the cases, the principal
observable peaks corresponded to the most prominent
features of hexagonal graphite (JCPDS no. 75-1621), and they
appeared as a sharp and intense peak at 26.5°, a broad peak
centred at 43.8°, and two small signals at 54.4° and 77.4°.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 XRD diffractograms of the a) Ni, b) Ni-Cs (2:1), c) Ni-Cs (1:1),
and d) Ni-Cs (1:2) samples reduced at 450 °C (A) and after reaction at
275 °C (B).

Intensity (a.u.)
Intensity (a.u.)

The first one corresponded to the (002) plane, while the
broad peak was related to the combination of the (100) and
the (101) planes, and the two last peaks were produced by
the (004) and (110) planes, respectively.

The most prominent peak of Ni metallic particles usually
appears at 44.4°. Its existence in these diffractograms could
not be definitively proven or disproven due to it overlapping
with the (101) graphitic peak in that range. Other expected
peaks for the fcc phase would normally appear at around
52.0° (200) and 77.0° (220). Again, and regarding the (220)
peak, an overlap with a more intense graphitic peak might be
occurring here. Finally, only the most intense peaks
corresponding to the XRD pattern of cubic NiO (JCPDS no.
04-0835) could be seen as emerging in these diffractograms.
They were expected to appear at 37.3° and 43.4°,
corresponding to the (111) and (200) planes. Although, the
peak at 43.4° might have been obscured by the graphitic
broad peak, that at 37.3° was clearly absent. Therefore,
although the Ni loading was low and even close to the
detection limit for the supported phases in XRD, it appears
that nickel was well dispersed over the HSAG support.

Concerning Cs promotion, the diffractograms obtained for
the different bimetallic catalysts are shown in Fig. 2A. It
could be clearly seen that regardless of the amount of Cs
promoter added, no peaks attributable to any Cs phase
appeared in the diffractograms. So, the crystallinity of the
materials remained unaltered. Therefore, Ni and Cs were well
dispersed on the graphite support.

In contrast, Ba promotion induced alterations in the
acquired diffractograms compared to the non-promoted catalyst

A) B)

Intensity (a.u.)
Intensity (a.u.)

)
) 2 " o ) s . "

0 10 20 30 40 S50 60 70 80 90 0
26 (degrees)

Fig. 3 XRD diffractograms of the a) Ni, b) Ni-Ba (2: 1), and c) Ni-Ba (1:
2) samples reduced at 450 °C (A) and after reaction at 275 °C (B).

10 20 30 40 50 60 70 80 90
28 (degrees)
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Fig. 4 TEM images and particle-size-distribution histograms of fresh
catalysts (reduced 450 °C, left) and spent catalysts (after reaction at
275 °C, right): (a) Ni, b) Ni-Cs (2:1), ¢) Ni-Cs (1:1), and d) Ni-Cs (1:2).

(Fig. 3A). The prevalent crystallographic phase according to the
diffractograms seemed to be orthorhombic BaCO; (JCPDS no.
05-0378). In that sense, three new tiny peaks appeared in the
bimetallic Ni-Ba (2:1). They were located at 23.9°, 34.1°, 34.6°,
and 46.8°, and they corresponded to the (111), (112), (130), and
(113) refraction planes, respectively. As the Ba molar content
surpassed that of the impregnated Ni, the resulting
diffractogram became more intricate. The above-mentioned
peaks showed increased intensities, and the remaining expected
principal reflections from orthorhombic BaCO; could be
observed at 27.7° (002), 41.9° (221), 42.0° (041), 44.2° (202),
44.9° (131), 61.0° (330), and 68.2° (332). However, no peaks
assignable to Ni appeared for any of the samples, so amorphous
particles or particles with sizes mainly smaller than 5 nm (the
detection limit of the XRD technique) were expected.

Fig. 4 and 5 show the TEM images of the catalysts along
with their corresponding histograms, which represent the
particle-size distribution.

The TEM micrographs revealed a Gaussian particle-size
distributions for all the catalysts, with the peak maximum
corresponding to the mean particle size. Although the mean
Ni particle size of the catalysts could be considered similar
when accounting for the standard deviation, the particle-size-
distribution histograms showed an initial shift toward
smaller particle sizes, followed by a progressive shift of the
maximum toward larger sizes as the Ni:Cs ratio was
increased, yet always remaining below that of monometallic
Ni. Overall, the introduction of the Cs promoter led to a
decrease in the Ni particle size, a trend also observed with
the addition of Ba. The effect of Ba on the Ni particles was
more moderate compared to Cs under these conditions,
likely due to the sintering of the Ba phases, as indicated by
the XRD diffractograms. This sintering may reduce the
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Fig. 5 TEM images and particle-size-distribution histograms of fresh
catalysts (reduced 450 °C, left) and spent catalysts (after reaction at
275 °C, right): (a) Ni-Ba (2:1) and b) Ni-Ba (1:2).

overall influence of the Ba promoter on the dispersion of Ni
particles.

Fig. 6 and 7 show representative STEM-HAADF micrographs
and EDX elemental maps for the NiCs 1:1 and NiBa 2:1
catalysts.

EDX elemental mapping of the NiCs catalysts revealed a
high dispersion of cesium across the support (Fig. 6) and
confirmed the formation of nickel nanoparticles. The spatial
overlap between cesium and nickel indicated there was a
well-dispersed distribution of the active phases on the
carbonaceous support. For the NiBa catalysts (Fig. 7), a
spatial overlap between the Ni and Ba phases was also
observed. However, there was also evidence seen of the
formation of large, segregated Ba particles. This finding
corroborates the observations from the XRD diffractograms.

Next, XPS analysis was conducted to attain semiquantitative
information on the species present on the surface of the
catalysts. Both pre- and post-reaction samples were studied. A
pretreatment reduction step using pure hydrogen as a reducing
agent was performed before characterizing the fresh catalysts
(450 °C, 2 h). The samples were exposed to ambient air before
analysis, thus further surface oxidation could be expected. Fig. 8
depicts the core level X-ray photoelectron (XP) spectra in the Ni

Fig. 6 HAADF-STEM images and the corresponding EDX maps of the
a) fresh (reduced at 450 °C) and b) used (after reaction at 275 °C) NiCs
1:1 catalyst.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Binding energies of the Ni 2pz,, levels for the reduced catalysts
and Ni/C and for different Ni/X (X = Cs or Ba) promoter atomic ratios

Fig. 7 HAADF-STEM images and corresponding EDX maps of the a)
fresh (reduced at 450 °C) and b) used (after reaction at 275 °C) NiBa
2:1 catalyst.

2P3/2, Cs 3ds),, and Ba 3ds, regions for the Ni-Cs (1:1) and Ni-
Ba (2:1) catalysts and their XPS parameters are summarized in
Tables 1 and 2.

The Ni 2p;, region displayed one characteristic peak
centred at 855.6 eV and its satellite at 861.7 eV, which could
be assigned to NiO.*> As mentioned above, this was probably
produced by surface oxidation with air during the sample
preparation. The presence of Ni® (852.9 eV) was only observed
in the monometallic Ni/HSAG400 reduced catalyst, where it
was only a minor fraction (see Fig. S1 in the ESIt). Regarding
promotion, there was a clear correlation between the
observed shifts in their binding energy and the presence of

DFM Ni 2p, BE (V) Ni/C Ni/X
Ni/HSAG400 855.6 0.0033 —

Ni-Cs (2: 1)/HSAG400 855.6 0.0018 0.50
Ni-Cs (1 : 1)/HSAG400 855.5 0.0012 0.10
Ni-Cs (1 : 2)/HSAG400 855.3 0.0009 0.06
Ni-Ba (2 : 1)/HSAG400 855.3 0.0016 0.56
Ni-Ba (1 : 2)/HSAG400 855.3 0.0010 0.26

the promoter. It could thus be expected that, in general, the
presence of an electropositive promoter would lead to a shift
to lower binding energies in XPS, usually associated with an
increased electron density due to electronic-transfer
processes.”> However, in the case of the Cs promoter, this
effect was first observed for the NiCs (1:1) sample and it
became more evident when increasing the amount of
promoter in the NiCs (1:2) catalyst (Table 1). In contrast, the
NiBa catalysts showed the same shift in binding energy
(decrease by 0.3 eV) regardless of the promoter loading. This
points out that other factors, such as differences in the metal
particle sizes, may be occurring in addition to the metal-
promoter electronic transfer. As shown in the TEM images
(Fig. 4 and 5), the presence of the Cs and Ba promoters,
particularly Cs, enhanced the dispersion of Ni, resulting in a
smaller Ni particle size compared to with the monometallic
Ni catalyst. With respect to the Ni/C atomic ratio, this seemed
to decrease along with the amount of both Cs and Ba co-
impregnated. While monometallic Ni/HSAG400 had a Ni/C
ratio of 0.0033, it decreased with increasing the promoter
loading; for instance, down to 0.0009 and 0.0010 for Ni-Cs
(1:2) and Ni-Ba (1:2), respectively. Thus, it could be inferred
that a decrease in surface Ni content upon cesium or barium
addition was occurring. Given the observed decrease in
average Ni particle size observed through TEM analysis, it is
likely that the Ni nanoparticles were partially covered by the
Cs or Ba promoters, which not only enhanced the intimate
metal-promoter interactions but also prevented the mobility
and growth of the metal particles.?”

Monometallic Ba/HSAG400 and Cs/HSAG400 samples were
also examined. Cesium was characterized by its Cs 3ds,
region at 725.0 eV, which corresponded to Cs,0 or Cs,CO®. i
Its low FWHM values pointed to a prevalence of one single

Table 2 Binding energies of the Ni 2ps,, levels for the used reaction
catalysts and Ni/C and for different Ni/X (X = Cs or Ba) promoter atomic
ratios

A)
Ni 2p3/2 ~ Cs3d5i2
‘ /
£ T | |
S m ” w\‘ ‘,.w 4 \
1 M d '\ |\ o
|(' | \
| it 4
‘ I . .
| -
870 865 860 855 850 732 730 728 726 724 722 720
BE (eV) BE (eV)
B)
Ni2p3/2 | Ba 3d5/2
‘\‘ )1“‘
‘ AL
“”ht | ‘.«]‘\ LA | " \
[ 5 1 | D
L o
5 ‘ \ S
\
Hn‘
Tl ¢
»‘f‘; !
! )
870 865 860 855 850 790 785 780 775
BE (eV) BE (eV)

Fig. 8 XPS spectra for the A) NiCs (1:1) catalyst for the Ni 2pz,, and
Cs 3ds/, regions, B) NiBa (2:1) catalyst for the Ni 2psz,, and Ba 3ds,»

regions.
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DFM Ni 2ps/, BE (eV) Ni/C Ni/X
Ni/HSAG400 855.8 0.0024 —

Ni-Cs (2 : 1)/HSAG400 855.7 0.0010 0.57
Ni-Cs (1 : 1)/HSAG400 855.8 0.0013 0.24
Ni-Cs (1:2)/HSAG400 855.9 0.0005 0.09
Ni-Ba (2 : 1)/HSAG400 855.9 0.0013 0.44
Ni-Ba (1:2)/HSAG400 855.9 0.0013 0.11
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species. This was not observed for Ba 3ds,, as this peak was
divided into a BaCO; main component at 780.6 eV, and
another smaller one corresponding to Ba(NO;), at 782.1 eV,
in the case of Ni-Ba catalysts.”> The energy of these regions
seemed to be constant, independent of the catalyst.

Catalytic performance

Currently, low-temperature hydrogenation seems to be a
more useful approach in CO,-valorisation reactions.”** To
test this, different temperatures of reaction were tested, and
a final low temperature of 275 °C was established as optimal.
Control experiments confirmed that there was no reaction at
275 °C either in the empty reactor or when filled with silicon
carbide, indicating that a catalyst is necessary for the reaction
to occur. Preliminary tests with the HSAG support showed
that this was also inactive. Under these conditions, we
analysed the catalytic behaviour of our monometallic Ni
catalyst. This model material displayed a quite low
conversion (4%), a moderate selectivity towards CO (76%),
and, therefore, a low selectivity to CH, (24%). These catalytic
results make it a good starting point for the tuning of its
catalytic properties through its combination with a promoter.
More specifically, the main drawback of Ni-based catalysts is
their potential deactivation. This phenomenon is typically
related to sintering processes; but also to the deposition of
carbon or the synthesis of nickel sub-carbonyls.’® To address
this problem, all the catalytic tests were performed at a fixed
temperature of 275 °C, which allowed us to extend the
experiments so that their average duration was close to 5 h
(Fig. 9).

It was found that the crystalline structure of the Ni-Cs
catalysts, as observed by XRD (Fig. 2A and B), remained
unchanged after 5 h under reaction at 275 °C. Concerning
the Ba promoter samples, all the peaks corresponding to Ba
carbonate showed increased intensity in the post-reaction
samples (see Fig. 3A and B), but no features attributable to
Ni phases could be observed.

However, the average particle size, as determined by TEM,
was increased for all the catalysts after reaction (Fig. 4 and
5, right), especially for the samples containing barium. Fig. 9

A) B)
* *
164 ¢ M ) 16 e S .
“l{ o« o< 14
<« “ « < < f) v .
~ d "
§12 v x b G G { M xc)) ;\?12 A a - ‘g
F104 4 e e, e .o D 104 *
8 ‘ 3
8 81 e)
. . : ¢ t 3 < . of)
6 6
D L S )
7 A 7

0 50 100 150 200 250 300 0 5 100 150 200 250 300
time (min) time (min)

Fig. 9 Profiles of CO, conversion at 275 °C over a 5 h stream for A):

a) Ni, b) Ni-Cs (4:1), c) Ni-Cs (3:1), d) Ni-Cs (2:1), e) Ni-Cs (1:1), and f)

Ni-Cs (1:2) catalysts and B): a) Ni, b) Ni-Ba (4:1), c) Ni-Ba (3:1), d) Ni-

Ba (2:1), e) Ni-Ba (1:1), and f) Ni-Ba (1:2) catalysts. CO, conversion at

thermodynamic equilibrium was 17%.%”
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shows a stable conversion was achieved after reaching a peak at
2-3 h, suggesting that the nickel and the promoters underwent
surface reorganization and agglomeration during the early
stages of the reaction, before reaching steady-state conditions.
This conclusion was further supported by the long-term on-
stream experiments (see Fig. S2 in the ESI{), which revealed that
no significant deactivation was observed for the Ni-Cs (1:1)
and Ni-Ba (2:1) catalysts after 3 and 5 h, respectively. Also, the
Ni 2p3/, binding energy was increased for all the postreaction
catalysts (Ni and those doped with Cs or Ba catalysts), compared
to their freshly reduced counterparts (Tables 1 and 2). This
increase could be justified by the potential stabilization of the
surface and the active oxygen species (O- and O2-) through the
formation of carbonates, which might translate into slightly
higher oxidation states for Ni. This hypothesis was reinforced
by the observation of these crystalline carbonate phases through
XRD, particularly for the Ba-doped catalysts (Fig. 3). On the
other hand, in Fig. 9 it can be observed that the addition of Cs
or Ba to the monometallic Ni catalyst greatly increased its
activity for CO, hydrogenation, reaching values close to those of
the RWGS thermodynamic equilibrium (without considering
CH, formation).”” The maximum CO, conversion achieved
under steady-state conditions after 5 h of reaction for the Ni-Cs
series was 15.5% using the Ni-Cs (1:1) catalyst. This high CO,
conversion was obtained also with the Ni-Ba (2:1) catalyst, that
is, containing half the promoter load than for the Cs catalyst.
According to the XRD profiles (Fig. 3), when the Ni/Ba ratio
exceeded 2, diffraction peaks corresponding to BaCO; clearly
appeared. This latter suggests agglomeration of the Ba promoter
and a possible decrease in the interaction between the Ni and
Ba phases. It is assumed that the highest metal-promoter
intimacy was obtained for the Ni-Cs (1:1) and Ni-Ba (2:1)
catalysts, boosting the formation of highly active sites at the
metal-promoter interfaces. In general, it has been reported that
the introduction of promoters, such as alkali or alkali-earth
metals, in metals (Cu, Pt, Ru, and Ni) catalysts can increase the
number of CO, adsorption sites and mediate the adsorption
strength of the reactants, with a positive effect on CO,
hydrogenation conversion.”'**>*® In the specific case of Ni-
based catalysts supported on various materials (SiO,, Al,Os3,
Ce0,), the effect of potassium or sodium addition as a promoter
has been studied. It was found that, unlike our findings with
cesium and barium, the activity for CO, hydrogenation
decreased significantly.*>*°

The addition of a promoter can also influence the product
distribution. Fig. 10 and 11 show the CO selectivity for the
NiCs and NiBa catalysts, respectively. It can generally be
stated that Cs promotion of our materials facilitated CO,
reduction to CO. More specifically, when the catalysts were
promoted using an equimolar relationship, both CO and CH,
production considerably increased. The diminishment of the
amount of impregnated Cs entailed a complete shift of the
selectivity towards CO. A paradigmatic example of this effect
can be appreciated in the case of the 4:1 Ni-Cs catalyst,
where Sco = 95%. The conversion was also improved in this
case, producing three times more CO than our monometallic

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 CO selectivity and CO, conversion at 275 °C with the reduced
Ni-Cs catalysts.
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Fig. 11 CO selectivity and CO, conversion at 275 °C with the reduced
Ni-Ba catalysts.

catalyst. By the contrary, when the amount of Cs was twice
the amount of Ni, the conversion fell, probably due to the
covering of the most suitable catalytic centres on Ni.

In general, the addition of alkali metals may alter the
catalytic system reactivity.’® Adding alkali metals as a
promoter in a supported metal (Pt, Pd, Cu, Ni) system
increases the amount of active sites by increasing the positive
charge on the catalyst surface’">> which has been found to
be favourable for the reaction, because an increase in surface
positive charges is less favourable for CO adsorption and its
subsequent reduction to methane and other products.’*>?

The Ni-Ba catalysts displayed a different -catalytic
behaviour than the Ni-Cs catalysts. While Cs seemed to
improve the catalysts behaviour towards the reverse water gas
shift reaction (CO, partial reduction), Ba promotion was
proven to be an interesting approach when methanation is the
main goal (CO, total reduction). In all cases, both Xco, and
Scn, increased when comparing their values with our model
catalyst (Fig. 11). These rises achieved their maximum values
when an optimal 2:1 Ni/Ba ratio was employed. In that sense,
and regarding the non-promoted catalyst, the CO, conversion
increased from 4% to 15%, while the selectivity towards CH,
rose from 24% to 38%. Since a linear improvement of the Ni-
Ba catalytic activity with Ba content seemed to be taking place,
higher Ba loadings were also studied. However, for a Ni/Ba
ratio <2, the performance of the bimetallic materials
worsened, probably due to the large agglomeration of the
promoter (see the XRD patterns in Fig. 3).

The characterization results show that the Ni-Cs catalysts
exhibited a good dispersion of both the nickel and the
promoter, which enhanced the metal-promoter interactions. In
contrast, in the Ni-Ba catalysts, the barium promoter was

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Influence of the H,/CO, ratios on the Sco and Xco, of the Ni-
Cs (1:1) catalyst.

agglomerated, which hindered this interaction. Therefore, we
can hypothesize, in agreement with previous studies,”™* that
the active centres for methane (CH,) synthesis in these catalysts
were formed by metal-metal pairs, while the sites promoting
carbon monoxide (CO) production were situated at the
boundary between the metal and promoter. Smaller
nanoparticles enhance CO selectivity by providing a greater
number of metal-promoter interfaces.

The influence of the H,/CO, ratio was analysed using Ni-Cs
(1:1), since the RWGS reaction is usually performed with a
smaller ratio than that utilized in the present study, and Cs
promotion was expected to increase CO production. The catalytic
results regarding this H,/CO, ratio are shown in Fig. 12. It was
concluded that an optimal ratio of H,/CO, = 4 allowed increasing
the conversion to its maximum value in the case of Ni-Cs, while
the selectivity to CO was only slightly diminished.

Conclusions

Ni-based catalysts promoted by the addition of Cs or Ba and
supported on a high-surface-area graphite (HSAG) were
studied in the conversion of CO, into CO at low temperature.
The addition of either Cs or Ba to the carbon-supported Ni
catalysts boosted the CO, conversion by about 3-fold, nearly
reaching equilibrium conversion at 275 °C, and showing
good stability. Specifically, the addition of Cs to the high-
surface-area graphite-supported Ni catalyst enhanced the
selectivity to CO, reaching values of 95%, representing
progress in the suppression of methane production. The
optimal balance between the activity and CO selectivity was
observed with the Ni-Cs (1:1) catalyst, attributed to the
excellent dispersion of both nickel and the promoter, which
improved metal-promoter interactions and increased the
number of active sites for CO production. In contrast, the use
of Ba as a promoter did not help the reverse water gas shift
reaction and instead promoted the CO, methanation process.
The Ni-Cs (1:1) catalyst also showed stable activity over time.
These results highlight the potential of the HSAG-supported
Ni-Cs system for the RWGS reaction.

Data availability

The data of this study were mainly generated during the PhD
work of J. Moral-Pombo. The thesis can be accessed at the
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