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The reverse water—gas shift (RWGS) reaction provides a sustainable
route for CO, valorization by producing CO, a key intermediate for
various industrial applications. Its endothermic nature and the
competition with Sabatier reaction impose a practical challenge
on the design of low and medium temperature RWGS catalysts thus
hampering its integration with downstream units. In this study, we
investigate the design and optimization of Cu-based materials for
low-temperature RWGS. A series of Cu/TiO, catalysts were synthe-
sized and characterized using operando UV-vis, DRIFTS, and NAP-
XPS spectroscopies. These studies allow us to prioritize the most
promising catalyst and to derive key insights into surface inter-
mediates, such as the formation of acrolein as a major coke
precursor. These insights enable us to optimize the catalyst and
mitigate deactivation through coking. Pt doping is shown to be
particularly effective in reducing coke deposition, thus enhancing
the long-term stability and overall catalyst's performance. Our
multicomponent PtCuK@ catalyst demonstrated superior activity,
selectivity, and regenerability under extended operation, opening
new horizons for advanced RWGS catalysts targeting industrial CO,
utilization. This work also provides a comprehensive framework for
enhancing catalyst durability and anti-coking strategies in sustain-
able CO, valorization processes.

1. Introduction

Raising atmospheric CO, levels are a major driver of climate
change, with far-reaching impacts on society, economy, and
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New concepts

We present a spectroscopy-guided strategy to develop low-temperature
reverse water-gas shift (RWGS) catalysts. Unlike previous catalyst optimi-
zation studies, we use operando electronic and vibrational measurements
to rapidly prioritize formulations. In particular, measuring electronic
stability (UV-vis plasmon retention, vacancy signatures, bandgap tem-
perature sensitivity) and surface intermediates (DRIFTS, NAP-XPS) allow
us to optimize catalyst composition and architecture without lengthy
reaction runs. Our resulting multicomponent catalyst (Pt-Cu-K) achieves
the intended reaction mechanism, offering excellent selectivity, stability,
and minimal formation of undesired acrolein-type coke precursors. This
strategy may also be applicable to other redox processes where polymeric
carbon deactivation limits catalyst performance.

nature." Anthropogenic emissions are majorly responsible for
this increase, the highest registered in the past 800000 years.?
Out of the 35.8 billion tons of CO, emitted annually,>* the natural
carbon cycles of Earth can only offset about half.> In response to
this scenario, hundreds of energy policies have been deployed
globally.® Some policies incentivize using CO, as a feedstock to
produce valuable products.”® Among these products, CO stands
out as a versatile building block for the industrial synthesis of
dozens of more complex molecules.’ Although CO is mainly
produced by partial oxidation or steam reforming of carbonac-
eous feedstocks, such as coal and natural gas, unconventional
feedstocks such as biomass and pure CO, are also being explored.
The large CO market and its strong growth projections can
benefit from new production technologies."

CO can be produced from CO, via direct reduction, also
known as the reverse water-gas shift (RWGS) reaction.* This
reaction is used in various industrial processes to adjust the
CO, content of streams or to produce CO as an intermediate
(e.g., Fischer-Tropsch process, methanol synthesis, hydrofor-
mylation reactions and urea synthesis). Additionally, recent
policies are driving the use of this reaction downstream of
various combustion processes to reduce emissions, with the
produced CO being utilized as a feedstock. The RWGS reaction
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is challenging due to the low reactivity of CO,. The most
promising low-temperature (200-500 °C) RWGS catalysts
include noble metal-based catalysts and Cu-based catalysts.'
Noble metal catalysts present high catalytic activity, but have
limited selectivity and are expensive.'> Cu-based catalysts can
be very selective but tend to be less active and deactivate due to
coking and sintering."® The Cu/ZnO-Al,O; catalyst is the most
widely used industrially for the forward WGS process, but it
struggles with coke production when applied in the RWGS"
and losses active copper phase above 400 °C."> Our group
recently reported the synthesis of a Pt-based catalyst doped
with Cs, which demonstrated high selectivity and activity
towards RWGS."® Doping allowed adjusting the selectivity of
Pt catalysts but their catalytic stability was compromised under
reaction conditions. Wang and colleagues tackled catalyst
design with machine learning, resulting in a Pt-Rb-Ba-Mo-
Nb/TiO, catalyst."” The catalyst proved highly active and selec-
tive, but its synthesis is complex, and its long-term stability and
recyclability were suboptimal. Nonetheless, the study showed
that successful RWGS catalysts can be achieved with a balanced
mix of an active base metal, a basic promoter, an electronic
promoter, and a structural promoter.

In this work, we sought to develop a multicomponent
catalyst to enable the conversion of CO, to CO with high
selectivity and improved stability compared to conventional
Cu-based systems. To accomplish this, we screened various
copper-based materials using operando UV-vis spectroscopy.
This allowed us to identify a promising candidate, for which
we investigated its reaction mechanism using operando
DRIFTS, NAP-XPS, and transient-pulse catalytic experiments.
With these techniques, we gained insights into the formation of
coke on Cu-based catalysts and hypothesized how to overcome
it by rational incorporation of Pt and K, yielding a catalyst with
high promise in kinetic, stability, and recyclability tests.

2. Materials

2.1. CuK@

Copper(u) nitrate trihydrate (>98%, Merck) was dissolved in
deionised water (0.50 L) to give a nominal 5 wt% Cu. Under
vigorous stirring (1500 rpm), 0.1 M KOH was added with a
microtitration device (1 mL min~") to pH 9, and the suspension
was aged at 80 °C for 12 h to form Cu precursor nanoparticles. A
titanium isopropoxide solution in 2-propanol (10 vol%) was
then prepared, held at 80 °C and stirred at 1500 rpm. The Cu
precursor sol was fed into this solution at 100 uL s~ to initiate
hydrolysis and coating. After 30 min, the solid was recovered by
centrifugation, washed to neutral pH, dried at 80 °C for 12 h,
and calcined in air at 450 °C for 4 h (5 °C min™").

2.2. Cu(IMP)

TiO, support was prepared by controlled hydrolysis of a 10 vol%
titanium isopropoxide solution in 2-propanol. Deionised water,
used in the same total volume as in the previous synthesis, was
added dropwise at 100 pL min ' to promote controlled
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hydrolysis of the titanium precursor. The resulting suspension
was aged at 80 °C under constant stirring (1500 rpm) for 12 h,
then dried at 80 °C for 12 h and calcined in air at 450 °C for 4 h
(5 °C min~'). Subsequently, 5 g of the TiO, support were
dispersed in 100 mL of deionised water under magnetic stir-
ring, and copper(u) nitrate trihydrate was added in an amount
calculated to achieve a nominal copper loading of 5 wt% in the
final solid. The mixture was ultrasonicated for 45 min to
enhance dispersion and impregnation, after which the solvent
was evaporated under stirring with a rotavapor. The resulting
solid was dried at 80 °C for 12 h and finally calcined in static air

at 450 °C for 4 h with a heating ramp of 5 °C min™".

2.3. CuK(IMP)

TiO, support was prepared by controlled hydrolysis of a 10 vol%
titanium isopropoxide solution in 2-propanol. Deionised water,
used in the same total volume as in the previous synthesis, was
added dropwise at 100 pL min~ " to promote controlled hydrolysis
of the titanium precursor. The resulting suspension was aged at
80 °C under constant stirring (1500 rpm) for 12 h, then dried at
80 °C for 2 h and calcined in air at 450 °C for 4 h (5 °C min™ ).
Subsequently, 5 g of the TiO, support were dispersed in 100 mL of
deionised water under magnetic stirring, and copper(u) nitrate
trihydrate was added in an amount calculated to achieve a
nominal copper loading of 5 wt% in the final solid and KOH
was then introduced to match the potassium loading of 10 wt%
achieved in the CuK@ reference catalyst. The mixture was ultra-
sonicated for 45 min to enhance dispersion and impregnation,
after which the solvent was evaporated under stirring. The
resulting solid was dried at 80 °C for 12 h and finally calcined

in static air at 450 °C for 4 h with a heating ramp of 5 °C min™.

2.4. CuK(COP)

A solution containing 10 vol% titanium isopropoxide in
2-propanol was prepared and heated to 80 °C under vigorous
stirring (1500 rpm). Deionised water, previously adjusted to pH
9 with KOH and with a total aqueous volume matching that
used in the preceding syntheses, was then added dropwise to
the titanium solution at a rate of 100 pL min~"' to promote
controlled hydrolysis of the titanium precursor. Once the
hydrolysis step was complete, an aqueous copper nitrate
solution, calculated to yield 5 wt% Cu in the final solid, was
introduced dropwise at 1 mL min ' into the hydrolysed Ti
suspension while maintaining the temperature at 80 °C and the
stirring rate at 1500 rpm. The resulting suspension was aged for
1 h at 80 °C, after which the solid was recovered by centrifuga-
tion, washed repeatedly with deionised water until neutral pH,
and dried at 80 °C for 12 h. Finally, the dried solid was calcined

in static air at 450 °C for 4 h using a heating ramp of 5 °C min ™.

3. Methods
3.1. X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) measurements were carried out
on X'Pert Pro PANalytic diffractometer with Cu-Ko anode at
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room temperature, working at a voltage of 45 kV and a current
of 40 mA. Diffractograms were registered over a 20 range of 10°-
90° with a step size of 0.05° and a step time of 300 ms.

3.2. Textural properties

The textural properties of calcined catalysts were measured by
N, adsorption-desorption isotherms at 77 K in a Micromeritics
Tristar II instrument. Prior to measurement, the samples were
degassed under vacuum at 250 °C for 4 h. The specific surface
area (Spgr) was estimated using the Brunauer-Emmett-Teller
(BET) method in the relative pressure range p/p, from 0.05 to
0.3. The pore size distributions were estimated using the
Barret-Joyner-Halenda (BJH) method.

3.3. Thermogravimetric analysis (TGA)

Thermogravimetric measurements were conducted using a TA
Instruments SDT Q600 equipment under air flow (100 mL min ")
and applying a temperature ramp of 10 °C min " from ambient
temperature to 800 °C. All volumetric flows in this article are
referred to 25 °C and 1 atm unless stated otherwise.

3.4. Temperature-programmed reduction (TPR)

H, temperature-programmed reduction (TPR) was performed
using a U-shaped quartz reactor connected to a thermal con-
ductivity detector (TCD). A gas flow of 50 mL min ", consisting
of 5% H, diluted in Ar, was passed through the reactor, where
approximately 75 mg of catalyst were placed. The temperature
was raised up to 700 °C with a heating ramp of 10 °C min™".
3.5. Near-ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS)

Near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) measurements were conducted at SGI XPS in Research,
Technology and Innovation Center of University of Sevilla
(CITIUS). The NAP-XPS system (designed and manufactured
by SPECS) was equipped with a PHOIBOS 150 NAP hemisphe-
rical energy analyzer with 1D-DLD detector, a WuFOCUS mono-
chromatic small spot X-ray source (Al Ka), a Diode Laser
(976 nm) for sample heating and an in situ NAP cell connected
to a gas mixture system to allow operando measurements, that
is, applying the atmosphere and temperature of reaction con-
ditions. Two samples were tested: CuK@ and PtCuK@ catalysts.
Both samples were pelletized and placed in the NAP cell.
Samples were subjected to ultra-high vacuum (<10~7 mbar)
at room temperature for a day before starting experiments.
During experiments, a total pressure of 2 mbar was always kept,
flowing either pure N, or a mixture of gases (H,, CO,, Ny).
Firstly, XPS were recorded in pure N, flow (2 mbar in the NAP
cell) at room temperature before and after a reduction step
(reduction in 50% H,/N, flow, at 450 °C for 1h, with a heating
ramp of 10 °C min ). Then, several XPS spectra were collected
under reaction conditions (also at 2 mbar in the NAP cell): 50%
CO,/H, at 200 and 400 °C. In all tests, high-resolution XPS
spectra were collected with an energy pass of 50 eV, a step size
of 0.05 eV, and a dwell time of 1s, with a small area lens
opening (300 pm). The analysis and quantification of the
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spectra were carried out with CASA software, using Ti 2p at
458.5 €V to correct for any spectral shift due to charging.

3.6. Operando UV-vis experiments

Operando UV-vis experiments were carried out using a modified
version of the CCR1000 reaction cell from Linkam Scientific
Instruments.'® An emission-collection probe with six radiant
optical fibers and one data collection optical fiber was placed
inside the reaction cell for spectroscopy. The experimental setup
allows for modifying both the temperature of the reaction cell
and the composition of the atmosphere. The catalyst is placed in
a ceramic bed perpendicular to the radiation beam, which
enables gas flow through the bed. Barium sulfate was employed
as the reflectance reference for analysis. The spectral data were
acquired through the averaging of 64 measurements, each taken
over a 100 ms integration period. The experimental conditions
for UV-vis spectroscopy were as follows: starting from an initial
temperature of 25 °C, the temperature was gradually ramped up
to 450 °C at a rate of 5 °C per minute, under a reducing
atmosphere containing 10% H,/Ar. Upon reaching the target
temperature of 450 °C, the system was held at this temperature
for 1 hour under the same conditions to ensure catalyst
reduction. Following this reduction period, the gas composition
was changed to 10% CO,, 40% H,, and 50% Ar and it was
maintained at 450 °C for an additional 60 minutes. Spectra were
recorded at 5-minute intervals throughout the entire process.

3.7. Operando DRIFTS experiments

Operando DRIFTS measurements were conducted using a Har-
rick HVC-DRP reaction chamber, integrated into a Praying
Mantis (Harrick) DRIFTS optical system with ZnSe windows.
The spectra were acquired via a Thermo Nicolet iS50 FTIR
spectrometer equipped with an MCT detector. Background
corrected spectra were collected in the range of 650-
4000 cm ! with a resolution of 4 cm ™!, averaging 128 scans
for each spectrum. Gas flow was regulated using Bronkhorst
mass flow controllers. Prior to each experiment, the catalyst
was activated at 400 °C, with a 50 mL min " flow of 10% H,/Ar
mixture for one hour. Surface species were analyzed at five
different temperatures (150, 200, 250, 300, and 350 °C), main-
taining each temperature for 10 minutes and under a total flow
rate of 50 mL min ' (comprising 20 mL min ' of H,,
5 mL min~' of CO,, and 25 mL min " Ar). Furthermore,
transient studies were conducted by alternating pulses of
50% H,/Ar and 50% CO,/Ar over the catalyst surface.

3.8. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) micrographs were
obtained in a JEOL 2100Plus (200 kV) with a LaB6 filament
coupled with an Energy Dispersive X-ray analysis system (EDX
X-Max 80 T, Oxford Instruments) and a CCD camera (Gatan) for
image recording. HRTEM micrographs were obtained in a
Thermo Fisher Scientific TALOS F200X equipment (200 kV)
coupled to a CCD Cetal6M camera with CMOS sensor CCD.
Prior to TEM and HRTEM studies, the samples were placed on a
nickel support grid.

This journal is © The Royal Society of Chemistry 2026
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3.9. Catalytic tests

Catalytic activity was evaluated using a continuous Hastelloy X
stainless steel reactor with an internal diameter of 9 mm. For each
test, 200 mg of catalyst (40-60 mesh) was placed between two
quartz wool plugs. Prior to reaction, the catalyst was heated in situ
under a flow of 50 mL min~" (10% H,/90% N,) at 10 °C min ™"
until 450 °C and held for 1 hour. Afterwards, the temperature was
lowered to the reaction temperature (e.g:, 250 °C) and the gas flow
was changed to 60 mL min ™" of reaction mixture (16% CO,/16%
N,/68% H,). At each temperature, the products were analyzed
every 30 minutes with an online Agilent 7890B gas chromatograph
equipped with two packed columns (MolSieve 5A and Hayesep Q)
and a TCD detector. The outlet flow rates for different components
were estimated considering the response for the known flow rate
of inert gas (N,) and known response factors. Performance of the
catalysts was characterized in terms of CO, conversion and CO
selectivity, defined as follows:

Fo, — Fco
Xco, = —25—— (1)
Feo,
Fco
Sco=——""—— 2)
Fo, — Feo,

where Fgoz is the molar flow rate of CO, at the inlet, and Fo and
Feo, are the molar flow rates of CO and CO, at the outlet.

3.10. Kinetics

Kinetic parameters were estimated by assuming first order
reaction kinetics between CO, and H, taking place in an
ideal, isothermal plug flow reactor (PFR). In this case, the
differential mass balance applied to CO,, which is the limiting
reagent, is:

dF(;o2

am_ = [co = —k(T) - pco, - m, (3)

where F; is the molar flow (mol s ') of component j (e.g., CO,), m
is the catalyst mass (kg), p; is the partial pressure of component j
(Pa), r; is the reaction rate of componentj (mol kg™ ' s~ '), and k is
the apparent kinetic constant for the reaction (mol s~ kg™* Pa™?)
at a given temperature, 7. Given the relatively small conversions
studied, we neglect the effect of the reaction equilibrium in
estimating the kinetic constants.

The differential mass balance can be integrated along the
catalytic bed as follows:

dx
ooy @

I T S -
"= Ok'pCOZ'pﬂv_k o \Jol
2k (po.)

where 0 is the molar ratio of H, to CO, in the reactor feed. We
have also introduced the CO, conversion, X (eqn (1)).
We then solve the definite integral, resulting in:

_ 0° 0—X
T s ©

This journal is © The Royal Society of Chemistry 2026

View Article Online

Materials Horizons

Note that we have simplified terms by considering the ideal
gases law:

0 0
o P9
F/'_R,T (6)

where Q° is the input volumetric flow (m® s™).

Rearranging terms further, the following equation allows
estimating the apparent kinetic constant at a certain tempera-
ture given an observed conversion level, feed composition, and
contact time (t = m/Q°):

| 0 x
k:r-R-T-p%OZ-(Ql)ln(0~(l—X)) ?)

The apparent kinetic constant depends on the temperature
(T in K) according to the Arrhenius equation:

Ey
k= ko e RT (8)

where k, is the preexponential factor, and E, is the apparent
reaction energy.
This relationship can be linearized in an Arrhenius plot:

log(k) = log(k) ~ =2 ©)

|

4. Results

4.1. Synthesis of Cu-based catalysts

Four copper catalysts supported on titanium oxide (TiO,) were
synthesized. Titanium oxide was chosen as the support due to
its redox couple (Ti**/Ti*"), which enables the formation of
active oxygen vacancies critical for RWGS mechanisms. For
instance, compared with certain CeO, formulations, TiO, can
show a more RWGS-selective response under comparable
conditions, while also avoiding the handling issues of CrO,."**°
Additionally, TiO, is more cost-effective than other redox
supports with similar properties, such as CeO,. Potassium
was incorporated to suppress methanation, aid in CO, fixa-
tion via the carbonate route, and encourage potassium titanate
formation through alkali roasting.”?

The Cu(IMP) and CuK(IMP) catalysts were prepared using
the classical wet impregnation method, applying the precursors
to TiO, synthesized in-house by hydrolysis.>® The CuK(COP)
catalyst was produced by mixing the co-precipitated copper and
potassium with TiO, formed by hydrolysis. The CuK@ catalyst,
in contrast, was synthesized via co-precipitation of copper and
potassium, followed by in situ hydrolysis of the titanium pre-
cursor. This final approach aimed to enhance metal-support
anchoring and yield a robust catalyst against ripening.>* The
compositions of the as-prepared materials are shown in Table S1.

4.2. UV-vis spectroscopy screening of potential Cu-based
catalysts

Operando UV-vis spectroscopy was used to assess the electronic
properties of the four Cu-based materials prepared. The for-
mation of oxygen vacancies is key for CO, decomposition to CO,

Mater. Horiz., 2026, 13, 3406-3418 | 3409
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while the stability of the electronic spectrum provides key and reaction (400 °C, 4H,:1CO,:1N,, GHSV =60 L g~ " h™"). Table S2
insights into the electronic environment when changing the quantifies the changes in areas under the curve after pretreatment
gas feed.'®® Fig. 1 shows the changes in the intensity of the and after 120 min of reaction.

plasmon band (450-850 nm) and that of oxygen vacancies (350 The UV-vis spectroscopy results indicate that CuK®@ is the
400 nm) during pretreatment (450 °C, 1H,:9N,, GHSV=60Lg "h™') most promising catalyst and it was selected for subsequent
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3 distortion 3 AN -
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Fig. 1 UV-vis screening of materials for RWGS. Electronic spectra allowed the identification of two key properties for RWGS: oxygen vacancies and
electronic stability. UV-vis results during pretreatment (Tmay = 450 °C, 10 vol% H. in N, GHSV = 60L g~* h™%) and reaction (T = 400 °C, 4H,:1CO5:1N,,
GHSV = 60 L g~* h™Y). A Absorbance was estimated by subtracting the first normalized UV-vis spectra. (A) Difference UV-vis spectra of CuK@ catalyst
during pretreatment. (B) Difference UV-vis spectra of CuK@ catalyst during reaction. (C) Difference UV-vis spectra of CuK(COP) catalyst during
pretreatment. (D) Difference UV-vis spectra of CuK(COP) catalyst during reaction. (E) Difference UV-vis spectra of CuK(IMP) catalyst during pretreatment.
(F) Difference UV-vis spectra of CuK(IMP) catalyst during reaction. (G) Difference UV-vis spectra of Cu(IMP) catalyst during pretreatment. (H) Difference
UV-vis spectra of Cu(IMP) catalyst during reaction. Panels A, C, E, and G represent differences in the spectra with respect to the original material. Panels B,
D, F, and H represent differences with respect to the activated material.
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studies. More generally, the materials were ranked as follows:
CuK@ > CuK(COP) > CuK(IMP) > Cu(IMP) (Table S2). CUK@
displayed an intense plasmon and the formation of abundant
oxygen vacancies, which remained stable during reaction
(Fig. 1A and B). The high intensity of the copper plasmon
suggests the formation of small metallic clusters.>® By contrast,
the CuK(COP) and Cu(IMP) catalysts displayed variable electro-
nic spectral stability during reaction. Specifically, CuK(COP)
showed a decrease of the copper plasmon intensity (Fig. 1D),
which may be associated with metal sintering, whereas Cu(IMP)
exhibited an irreversible consumption of oxygen vacancies
(Fig. 1H). CuK(IMP) (Fig. 1F) displayed a very weak plasmon
compared to the other materials.

Besides the superior performance of CuK@ in these two
criteria, the CuK@ material displayed a bathochromic shift
(Fig. 1A), which we attribute to the removal of oxo ligands (0*")
from the copper coordination sphere during the reduction
process.”” The resulting lower coordination is expected to
decrease the local symmetry at Cu orbitals, increasing both the
participation of 4p orbitals and the covalency of the electronic
cloud. This electronic rearrangement should enhance the activity
of Cu sites in RWGS by facilitating overlap with CO, antibonding
orbitals.>®

Given the expected involvement of a redox mechanism,*’ we
estimated the apparent indirect electronic band gap by using
the Tauc plot®® (Fig. S1) as a qualitative descriptor of the
electronic structure. This analysis revealed that the CuK(COP)
catalyst had the smallest band gap among the different materials
(1.61 eV) but also the lowest temperature sensitivity among all
the catalysts (—0.0007 eV °C™"). By contrast, CuK@ exhibited a
band gap of 1.78 eV, the second lowest, with comparatively high-
temperature sensitivity (—0.003 eV °C™"). Although these values
should be regarded as semi-quantitative due to the defect-rich
nature of the materials, they are consistent with CuK@ display-
ing a more temperature-responsive electronic structure, which
may facilitate redox steps during CO, hydrogenation.

4.3. Operando DRIFTS and NAP-XPS provide insights into
catalyst mechanism and optimization

The CuK@ catalyst was investigated for the conversion of CO, to
CO via the RWGS reaction, aiming to identify reaction pathways
and key intermediates. To achieve this, operando DRIFTS was
used to study the evolution of species on the catalyst surface. In
the first experiment, the activated CuK@ catalyst was exposed to
various temperatures, allowing us to observe the formation and
stability of crucial intermediates during CO, conversion.

The DRIFTS spectra revealed a series of complex bands in
1000-1900 cm ™' and 2500-3100 cm ™' regions that required
deconvolution for interpretation (Fig. 2 and Fig. S2). These
bands included signals associated with carbonates and bicar-
bonates at 1635 cm ™', 1597 ecm ™', 1551 cm ', 1352 cm !,
1316 ecm !, and 1273 cm*, indicating that initial CO, activa-
tion on CuK®@ occurs through the formation of carbonate
species. Moreover, v,5(CH) and v5(CH) bands were detected at
2930 cm ™' and 2835 cm ™', but no bands corresponding to
methyl (CHj;) groups were detected, suggesting that the

This journal is © The Royal Society of Chemistry 2026
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mechanism involves methylene (CH,) or vinyl species
(CH,=CHR). Strongly polarized C-H stretching bands at
2679 cm ™' and 2772 cm™* suggest the presence of aldehydes
or carboxylates, such as formates, as intermediates. These bands
should be accompanied by J(CH,) vibrations at around
1465 cm ™', which would overlap with the bands associated with
carbonates and bicarbonates in this region®' and could explain
the increased intensity of the band at 1488 ecm ™' (Fig. 2C and
Fig. S2). The presence of a band at 1050 em™" can be associated
with 1{CO) of simple oxygenated intermediates of the CH,O type,
bridging between formyl and methoxy species.*” The appearance
of bands at 2160 cm™ " and 2077 cm™ " suggest the coexistence of
carbonyls of Cu” and Cu® respectively (Fig. S2 and $3C).**3*

The coexistence of the above species suggests that multiple
mechanistic pathways occur simultaneously on the catalyst
surface: a vacancy-mediated decomposition pathway and a
Cu-centred redox pathway. In the vacancy-mediated mecha-
nism, a Mars-van Krevelen-type route operates at the Cu-TiO,
interface: CO, reacts with pre-existing oxygen vacancies of the
support and lattice oxygen is cyclically removed and replen-
ished, making the metal-support interface the critical area.'®
This interface should be at least 0.33 nm wide, corresponding
to the kinetic diameter of CO,.>* In the redox mechanism, by
contrast, CO, is activated and reduced on Cu®/Cu* surface sites
without net participation of lattice oxygen, so the relevant area
is provided by the copper particles.”®>® Fig. 2E schematically
illustrates how, for sufficiently small Cu clusters, the available
Cu surface and Cu-TiO, interfacial areas can become compar-
able, allowing both pathways to coexist. For larger aggregates,
the redox mechanism is expected to dominate, whereas for very
small clusters, the vacancy-mediated pathway would be more
prevalent. HRTEM observations of the CuK@ catalyst (Fig. S16),
suggest sub-nanometric Cu cluster and the absence of larger Cu
aggregates, consistent with the simultaneous operation of both
pathways inferred from DRIFTS.

Given that the reaction mechanism for CO, hydrogenation
can proceed through different pathways simultaneously, we
anticipated that there might be competition for metal sites
during the final stage of CO formation, especially if the
regeneration cycle of the metal center was not fast enough.
Moreover, the convergence of different reactive intermediates
near the metal center could lead to undesirable parallel reac-
tions (e.g., CH, formation). Indeed, the presence of formyl-like
species on the catalyst are not typical intermediates during
RWGS but rather during methanol formation from CO.*”

The second experiment utilized alternating pulses of H,/Ar
and CO,/Ar to examine how the intermediates responded to
individual reactive gases. The pulse experiment (Fig. S3) con-
firmed that the coexistence of intermediates could result in the
formation of undesired species, particularly at high CO, con-
centrations. During the CO, pulse, aliphatic carbonyl stretching
bands at 1700 cm ' and 1778 cm ™" were observed (Fig. S3A).
These vibrations, along with the presence of methylene groups
and the absence of methyl groups, suggest the formation of o, 3-
unsaturated carbonyl or carboxyl species (e.g., acrylates or
acrolein). We believe that these species could form through
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concerted tandem-coupling of Reppe- or Koch-type reactions
with aldol.*® The proximity of multiple highly reactive inter-
mediates in the basic environment of the catalyst makes the
production of these species possible even at 1 bar.***° The
absence of these species in the online mass spectrum could
suggest a spectator role or poisoning effect on the catalyst. The
insights from both experiments can be summarized in a
mechanistic cycle (Fig. 3F).
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spillover capacity and its ability to accommodate carbonyl
groups, could improve catalytic performance. This modifica-
tion could sustain various reaction pathways at the same time
and enable a faster catalytic cycle. Additionally, Pt-Cu systems
present singular activity in C-H and C-C bond activation,*' we
hypothesized that this modification should minimize the co-
production of complex organic intermediates such as acrolein
and facilitate their decomposition.*> Based on this hypothesis,

we incorporated a 0.5 wt% platinum loading onto the CuK@
catalyst, resulting in the PtCuK@ catalyst.

Based on the insights gained, we hypothesized that decorat-
ing the catalyst with a low loading of platinum, due to its high
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partially hydrogenated intermediates that may conduct side reactions.

The PtCuK@ catalyst was prepared and its electronic proper-
ties were examined to understand the effect introduced by the
Pt decoration (Fig. 3A). The results showed an improvement in
electronic properties, with an increase in the intensity of the
region associated with plasmons and a decrease in the band
gap (1.51 eV). The sensitivity of the band gap to temperature
fluctuations was further reduced compared to the CuK®@
catalyst, suggesting a more robust catalyst under varying tem-
perature conditions. An increased intensity of the band at
350 nm indicated a higher concentration of oxygen vacancies
compared to the parent catalyst. Additionally, the catalyst

This journal is © The Royal Society of Chemistry 2026

exhibited no changes in the electronic spectrum during
120 minutes of reaction, confirming its stability under reaction
conditions. TPR experiment also showed a much lower tem-
perature cycle compared to the parent CuK@ catalyst (Fig. S4)
further evidencing the enhanced redox features for our multi-
component PtCuK@ catalyst.

Pt decoration introduced shifts in the DRIFTS band posi-
tions. The appearance of new Pt-carbonyls suggests that dec-
oration successfully alleviates the decomposition bottleneck on
the surface by introducing additional active sites.** Pt might
also expedite CO desorption by destabilizing Cu-bound
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carbonyls (Fig. S5). The time-dependent blueshift of the Pt-CO
bands (Fig. S5) indicates a strengthening of the CO bond at
later reaction times. This could be due to a cleaning of the
initial catalyst surface or to a lower electronic density over Pt
atoms when alloying with less electronegative metals such as
Cu, which reduces the electron backbonding from t,, orbitals
of Pt.*** The coexistence of formate, formyl, and carbonate
species confirmed the maintenance of multiple reaction
mechanisms after the modification (Fig. 3B and C). However,
the deconvolution of these bands over time (Fig. 3D and Fig. S6)
showed a decreased accumulation of species on the catalyst
compared to CuK®@. This reduced accumulation evidences the
role of Pt as a promoter of the different catalytic cycles. In
addition, some bands lost intensity over time (Fig. 3E). Pulse
experiments confirmed that the disappearance of these bands
was not related to the inhibition of reaction mechanisms but to
the acceleration of catalytic cycles. A comparison of the
2678 cm ™' bands for the CuK@ and PtCuK@ catalysts
(Fig. S7A and B) showed a steeper slope for PtCuK@, confirm-
ing that the pathway remained active, and that the decomposi-
tion of the corresponding species was faster.

NAP-XPS experiments were conducted with both catalysts
(Fig. S8-S12). The results confirmed the formation of complex
organic species during reaction, a potential regeneration strat-
egy, and uncommon metal synergies. In the fresh CuK@
catalyst, the Cu 2p;/, peak at 934.4 eV with intense shake-up
satellites is characteristic of surface Cu®* (Fig. S8A and B). After
H, reduction, the main Cu 2pj;/, peak shifted to 932.7 eV and
the shake-up satellites were largely suppressed, while the Cu
L;M,sM, s Auger line developed a new band at 918.8 eV,
consistent with a mixture of Cu®/Cu™ at the surface. In PtCuK@,
the Cu 2p3,, binding energy was 0.3 eV lower than in CuK@, in
agreement with the negative core-level shifts expected in a Pt-
Cu bimetallic environment (Fig. S8C and D).***” A C1s band
centered at 285.2 eV (Fig. S10A and B) in both catalysts was
attributed to polycarbonaceous species.*”*® Although a redu-
cing treatment completely suppressed this band in both sys-
tems, in the case of the PtCuK@ catalyst, this suppression was
accompanied by an increase in the carbonate band at 288.9 eV.
These findings suggest that the formation of these complex
organic species, likely from intermediates as inferred by
DRIFTS, could be reverted to their initial state with suitable
regeneration of the PtCuK@ catalyst, increasing its lifetime. By
contrast, their formation appears to be irreversible on the
CuK@ catalyst (Fig. S9A).

4.4. Kinetic studies indicate PtCuK@® is a highly active,
selective, and stable catalyst

The Cu-based catalysts were tested under typical RWGS condi-
tions, exploring the influence of temperatures from 300 to
450 °C. In these experiments, the catalyst load (i.e., 200 mg),
the composition of the reactive gas (ie., 60 mL min %
4H,:1C0O,:1N,), and the residence time (i.e., 360 L gc, ' h™")
were fixed to compare catalytic performances.

The CO, conversion results from this screen are shown in

Fig. 4A. The data revealed that the most active system was
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PtCukK®@ (X = 35.7%) followed by CuK@ (X = 19.6%), both
showing higher conversion than the other catalysts at tempera-
tures above 400 °C (XCu(IMP) =1.9%, Xcuk(imp) = 1.9%, Xcu(cop) =
4.7%). At lower temperatures (<400 °C), conversion was similar
among the unpromoted systems (e.g., at 300 °C conversion was
Xcuka = 1.5%, Xcyamp) = 1.4%, Xcukamp) = 0.7%, Xcu(cop) =
1.3%). The materials showed 100% selectivity to CO in all
catalysts and conversions tested, even after Pt doping. This is
already a commendable result since in this temperature range
methanation is the dominant reaction.*® We also compared the
specific activities per gram of catalyst and per square meter to
other Cu- and Pt-based catalysts reported in the literature under
similar conversions, selectivities, and temperatures (Fig. S15
and Table S3). The comparison revealed the competitive per-
formance of the PtCuK@ system, being superior to the Pt
catalyst family in terms of activity per gram of catalyst and
outperforming Cu catalysts family in terms of activity per
square meter. These results also suggest that it might be
possible to further boost the specific activity by increasing the
area of the TiO, support (Table S1).

We also investigated the impact of temperature on the
kinetic rates. Eqn (9) was applied to fit the apparent kinetic
constant for each catalyst across different temperatures. The
slope of the fitted lines provides an estimate of the apparent
activation energy for the chemical transformation (Fig. 4C). The
results show that the CuK@ catalyst leads to the most
temperature-sensitive kinetics, with an apparent activation
energy of 30 k] mol™". Interestingly, this value is very similar
to the activation energy that we previously observed for Au/
Ti0,."® The activity of the Cu(IMP) material is very low, and it
only increases slightly with temperature, with an estimated
activation energy of around 3 kJ mol !, which may point to
diffusional limitations. The activation energies for the
CuK(IMP) and CuK(COP) are intermediate and virtually iden-
tical (ca. 14 kJ mol '), although the preexponential factor for
the CuK(COP) is higher. This suggested that the active phase in
both materials could be the same although there would be
more active sites available on the CuK(COP), which is prepared
by precipitation instead of impregnation.

4.5. Long reaction experiments evidence high stability and
recyclability of PtCuK@

Reaction stability tests were conducted for 60 h, as shown in
Fig. 4B. The PtCuK®@ catalyst demonstrated higher catalytic
stability compared to CuK@. The CuK@ catalyst exhibited two
regimes. Initially, the conversion increased from 17.8% to
18.7% over 5 hours. This was followed by a deactivation that
decelerated over time, with an average conversion loss of
—0.11% h™'. The PtCuK@ catalyst also showed two regimes,
but it reached maximal conversion (35.7%) in a shorter time
and this was followed by a much slower deactivation at
—0.04% h™'. The deactivation observed in CuK@ was mainly
attributed to the accumulation of inactive species, as micro-
scopy images (Fig. S16) did not reveal sintering. In the PtCuK@
system, microscopy images (Fig. S17) suggested potential Pt-Cu
domain formation.’® This interpretation is aligned with the

This journal is © The Royal Society of Chemistry 2026
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negative shift of the Cu 2p;/, binding energy and the evolution
of the Cu Auger band observed with NAP-XPS (Fig. S8), which
indicate alloyed Cu in the reduced catalyst and a more Cu’-
enriched surface under reaction conditions. On the other hand,
no carbonaceous deposits were visible under HAADF-STEM,
suggesting minimal deposition. We hypothesized that the
deactivation by carbonaceous species could be reversible, espe-
cially with the formation of this bimetallic alloy.”® Thus, the
regeneration of both catalysts was tested under a hydrogen
atmosphere. Three types of experiments were conducted, apply-
ing a fixed regeneration time (1.5 hours) after different reaction
times (1.5, 3, 15 h), which correspond to 50%, 70%, and 90% of
the total operation time (Fig. S17 and Fig. 5).

The results in Fig. 5 indicate that deactivation begins early
in the reaction, likely due to the formation of carbonaceous
deposits on the catalyst, and these deposits appear to become
more stable and harder to remove through regeneration. For
the CuK@ catalyst, an 8.8% decline in activity was observed

This journal is © The Royal Society of Chemistry 2026

over a 15-hour period (from 17.3% at ¢ = 0 h to 15.8% at ¢ =
15 h). Regeneration between the first and second cycles just
reversed 32% of the total activity lost. After 8 cycles and
100 hours of reaction, the activity loss ranged from 13.7%
(X = 14.9%) to 16.3% (X = 14.3%). For the PtCuK®@ catalyst,
the activity decline over a 15-hour period was only 1.7% (from
35.3% at ¢ = 0 h to 34.7% at ¢ = 15 h). Regeneration between the
first and second cycles restored >98% of the activity. After
100 hours of reaction and 8 cycles, the conversion loss ranged
from 1.3% (X = 35.0%) to 3.5% (X = 34.2%).

These results indicate that the modification of the catalyst
with platinum significantly improved its stability and recycl-
ability. The accumulation of aliphatic species observed in
DRIFTS could hinder the proper regeneration of active sites
due to strong acid-base coordination. In this regard, the
incorporation of Pt likely aided in the decomposition of these
intermediates during the hydrogenation stage and assisted in
the regeneration of nearby copper active sites (Fig. S19). Ex situ

Mater. Horiz., 2026, 13, 3406-3418 | 3415
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400 °C) followed by 15 hours of (T = 400 °C, GHSV = 360 L gc, * h ™%, Hx:CO; = 4).

TGA analysis of the catalysts after multiple long reaction cycles
(Fig. S20) also evidenced the formation of carbonaceous depos-
its on the CuK@ catalyst, which were negligible on the PtCuK@
catalyst.

5. Conclusions

Despite the challenges ascribed to the design of low-
temperature RWGS catalysts, this work evidences the formid-
able opportunities offered by multicomponent catalytic formu-
lations. Our data demonstrates the effectiveness of the CuK@
and PtCuK@ catalysts for the selective conversion of CO, to CO
through the RWGS reaction. The incorporation of small
amounts of platinum in PtCuK®@ not only increased the activity
but also improved its stability and regeneration capabilities.
Operando spectroscopy and NAP-XPS studies reveal the
formation of complex carbonaceous species ascribed to side
reactions of intermediates. These species partially persisted
over CuK@ even after regeneration but they were effectively
removed from PtCuK@, suggesting differences in the reversi-
bility of deactivation between the two catalysts. Stability tests
confirmed that PtCuK@ is a promising catalyst for sustainable
industrial applications in CO, valorization processes, such as
synthetic fuel production. Indeed, our best performing catalysts
showcases successful behavior for simple regeneration proto-
cols, a highly desirable feature for realistic applications.
Besides, this system works at high space velocity which allows
the design of compact RWGS units saving capital cost in a

3416 | Mater. Horiz., 2026, 13, 3406-3418

potential industrial end-use. Its commendable behavior at low-
temperature makes our PtCuK@ catalyst a suitable candidate
for integrated RWGS-methanol synthesis or RWGS-FTS
schemes providing a full cycle for CO, conversion to added
value products. This is only possible by conducting compre-
hensive studies guiding the catalysts design from fundamentals
to applications. Herein, our work provides a solid foundation
for designing advanced catalysts that combine efficiency, sta-
bility, and regenerability for long-term use in CO, recycling
processes.
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