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ABSTRACT

Light-assisted catalysis is a promising approach for accelerating the thermally driven catalytic reverse water gas shift
(RWGS) reaction, which converts CO, and H, into valuable CO. In this work, pure CeO, nanorods and titanium-modified
CeO, nanorods were functionalized with 1-30 wt.% of copper. The catalyst containing 3 wt.% of copper (3Cu-CeTiO,) was
the most active for the light-assisted RWGS reaction. Illuminating the 3Cu-CeTiO, catalyst with 770 mW cm™? of visible
light resulted in a CO rate, which was up to 57 times higher than that under purely thermal conditions at identical catalyst
temperature. Catalyst illumination with wavelengths shorter than 450 nm triggers simultaneous photoexcitation of the Ti-
doped CeO,_, support and Cu nanoparticles. This accelerates the RWGS reaction approximately twofold more, compared
to excitation of the copper phase alone. Copper is responsible for H, dissociation, the Cu-O,-Ce interface active sites
enable the catalytic reaction, and titanium doping diminishes emissive recombination, making photoexcitation more
efficient. Furthermore, the E, for CO formation decreased drastically from 92 to 26 kI mol™" during the light-assisted
reaction, revealing a change of the reaction mechanism and lowered energetics of the rate-determining step. Our kinetic
analysis and operando DRIFTS analysis suggest that hydrogen species chemisorb more strongly under illumination, and
the most abundant surface species (carbonates and formates) hydrogenate and dissociate faster, resulting in accelerated
CO formation.

1 | Introduction footprint, but is highly fluctuating and is currently not yet
cost-effective [2].

Fossil fuels serve as the primary energy source and signifi-

cantly contribute to the rapidly increasing CO, emissions into
the atmosphere. This intensifies the pressing global issues of
climate change and global warming [1]. As we face the en-
ergy crisis, fueled by the increasing depletion of fossil fuel
reserves and large CO, generation, action is needed to utilize
alternative and sustainable energy solutions. One of the most
promising candidates for renewable energy is the endless
potential of sunlight, which has no directly associated CO,

Strategies for CO, conversion into added-value chemicals have
garnered attention as essential pathways toward carbon neu-
trality. CO, hydrogenation to hydrocarbons (Fischer-Tropsch
synfuels or methane) and different alcohols [3-7], or to CO via
the reverse water gas shift (RWGS) reaction is at the center of
research as strategies for large-scale carbon capture and utili-
zation (CCU). However, RWGS reaction requires high temper-
atures (> 700°C) and H, surplus to ensure sufficiently high CO,
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conversion (Figure S1 and Equation 1) [7, 8]. In turn, this
presents challenges like catalyst sintering and deactivation, as
well as energy inefficiency.

CO, + H, & CO + H,0 AH%zggK = 41 kJ mol™! (1)

To address these challenges, we need to unlock sustainable
RWGS routes that capitalize on higher catalytic activity and
renewable energy. Combining sunlight as an abundant and
sustainable energy source and a suitable photo catalyst offers a
potential solution to develop an efficient RWGS process that
operates with high rates closer to ambient conditions, and im-
proves maximum achievable CO yield while maintaining high
catalyst stability.

Catalysts in photothermal reactions are usually composite ma-
terials comprising semiconductors and/or (plasmonic) materi-
als, which contain suitable catalytic sites and light-harvesting
properties [9]. Typical optical response of plasmonic materials
to light with a suitable wavelength is localized surface plasmon
resonance (LSPR), where light interacts with free conduction
band electrons on the surface of plasmonic nanoparticles (NPs).
Plasmon-induced effects, which influence photocatalytic activ-
ity, can be divided into three categories: (1) enhancement of the
near (local) electromagnetic field, (2) hot carrier generation
induced by plasmon decay in the metal NP, and (3) strong local
heating of the NP due to thermalization of high-energy (hot)
carriers. Hot carriers (electrons and holes) can transport from
metal NPs to the adsorbed molecules or the semiconductor by
either direct or indirect transfer and thereby participate in the
catalytic process [2, 10]. This enables nonthermal reaction
channels to occur, making conversion and selectivity no longer
limited by the thermodynamic equilibrium [9, 11, 12].

Ag and Au exhibit strong LSPR, yet due to their limited availa-
bility and high cost, there is a lot of focus on finding alternative
metals with plasmonic properties, such as Al and Cu. Copper-
based catalysts are widely studied materials for the thermally
driven catalytic CO, hydrogenation to CO or methanol [5, 13, 14]
due to their low cost, as well as good activity and selectivity.
Several studies have shown that CeO, decorated with Cu shows
high activity in the RWGS reaction and simultaneously shows
negligible selectivity toward the methanation side reaction [5, 15].
The LSPR of metallic copper can be induced by photons with
wavelengths around 600 nm, making it a suitable visible light-
driven photocatalyst [16]. However, the main challenge of Cu in
the photocatalytic reactions is oxidation when exposed to oxygen
or water vapor. Oxidation of Cu to Cu,O or CuO quenches its
plasmonic properties [17].

Many oxide-supported metal catalysts have been explored for
CO, conversion to CO, CH,, and methanol, with cerium oxide
(Ce0,) playing a central role [18]. Additionally, Ce-based cat-
alysts have shown great potential in various light-assisted
reactions, including but not limited to CO, reduction, hydro-
genation, and low-temperature NO, removal [19-21]. Under
reducing conditions and elevated temperature, its unique elec-
tron arrangement facilitates the formation of surface and bulk
oxygen vacancies [22], as well as reversible and fast redox pair
switching (Ce**  Ce**). Thermal stability and the ability to
effectively disperse metal NPs due to the strong metal-support

interactions further enhance the catalytic activity at the metal-
support interface [23]. Nanoshaping of CeO, can further
improve its redox catalytic activity through exposure of {111},
{110}, and {100} terminating facets [24, 25]. In ceria nanorods,
the abundance of {110} facets, which exhibit the lowest energy
for oxygen vacancy formation, is maximized [25, 26]. Further-
more, Lorber et al. demonstrated that oxygen deficiency of ceria
nanorods considerably narrowed its bandgap, making sub-
stoichiometric ceria capable of acting as a visible photon-
responsive semiconductor [21]. Liyanage et al. reported that
Y-doped and pure CeO, nanorods showed the optical bandgap
of 2.63 and 2.68 eV, which means that they can absorb and
utilize visible light [27]. Combining CeO, nanorods with TiO, (a
well-known photocatalyst) or doping with Ti** was previously
shown to positively affect the photocatalytic RWGS perform-
ance [28, 29].

In this work, different amounts of copper were deposited on bare
and titanium-modified CeO, nanorods, which were analyzed for
their activity during thermal and visible light-assisted RWGS
reaction. Kinetic analysis was complemented with structural and
spectroscopic characterization to shed light on the reaction
mechanism and the underlying phenomena that enable signifi-
cant acceleration of the RWGS rate under illumination.

2 | Results and Discussion
2.1 | Catalytic Activity

Initial catalytic tests were performed on CeO, and titanium-
doped (0.5 mol.%) CeO, supports containing different amounts of
copper (1, 3, 8, and 30wt.%, denoted as xCu-CeTi, where x
represents the copper content). The catalyst temperature was
fixed at 300°C and equimolar H,/CO, feed (Figure 1A) or excess
H, (H,/CO, =2.4/1, Figure S2A) were used. Generally, titanium-
doped catalysts enabled higher CO formation rates compared to
analogous CeO,-based catalysts during dark- and light-assisted
reactions, indicating a beneficial effect of titanium addition to
CeO,. The only exception was the 30Cu-CeTi sample, but its
performance was much inferior compared to all other samples.
When comparing the effect of copper content (1, 3, 8, and
30wt.%) on CO rates, the following trend in catalytic activity was
observed: 3Cu-CeTi > 8Cu-CeTi = 1Cu-CeTi > 30Cu-CeTi. The
1Cu-CeTi and 8Cu-CeTi catalysts both exhibited similar CO
rates under dark-assisted (0.4 and 0.44 mmol g., " min~") and
light-assisted conditions (1.47 and 1.74 mmol g, ' min™). In all
experiments, CO was produced with 100% selectivity. The
3Cu-CeTi catalyst demonstrated the highest catalytic activity both
under dark- and light-assisted conditions (0.56 and 2.6 mmol
g 'min~", respectively). Consequently, 3wt.% is the optimal
copper loading in our tested catalysts. Based on these preliminary
examinations, further tests were performed with the 3Cu-CeTi
catalyst. Zhou et al. also observed a volcano-type activity depen-
dence when varying the Cu loading in the Cu/CeO, catalysts for
the RWGS reaction. However, in their study, the samples con-
taining 8 wt.% of Cu proved to be the most active [30].

The CO rate produced by the 3Cu-CeTi catalyst was also ana-
lyzed with a H,/CO, =2.4/1 feed ratio (Figure 1B). Excess H,
led to a marginal increase in the dark, whereas a strong negative
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FIGURE1 | (A) CO rate comparison under thermocatalytic and light-assisted conditions for different copper loadings deposited on CeO, and CeTi
supports using the inlet gas H,/CO, ratio of 1/1. (B) CO rate for 3Cu-CeTi catalyst using different H,/CO, feed ratios and (C) absolute and relative CO

rate gains derived from data in (B). In all experiments, the total flow was equal to 30 mL min™

! During light-assisted reaction, the catalysts were

illuminated by 770 mW cm ™2 of white light, and the external heating was adjusted to maintain the catalyst temperature constant at 300°C.

effect on the CO rate was observed under light-assisted condi-
tions. Under thermally driven conditions in excess hydrogen,
trace amounts of methane were formed, lowering the CO
selectivity to 97%. On the contrary, under light-assisted RWGS
conditions, selectivity to CO was restored to 100%, which is in
line with previous research on light-assisted RWGS over Cu/
Al,05 [31]. The benefits of light-assisted RWGS are shown in
Figure 1C as absolute CO gain (light-assisted CO rate minus
the dark CO rate) and relative CO rate gains (light-assisted CO
rate/dark CO rate). CO formation was maximized at equimolar
H,/CO, feed, and illumination enables a 4.5-fold acceleration
of the CO rate compared to dark conditions, which equals

2 mmol CO gcafl min~.

The 3Cu-CeTi catalyst was further analyzed with temperature-
dependent experiments (Figure 2A). The CO rate increased
with temperature under dark and illuminated conditions. The
rates were substantially higher in the light-assisted reaction
throughout the entire temperature range, and no deactivation
was observed. Below 213°C, there is no catalytic activity in the
dark, whereas 0.24 mmol CO g~ min™" was produced under
sample illumination without additional electric heating, where
the catalyst operated at 116°C. At all temperatures, CO was
produced with 100% selectivity.

Figure 2B shows the temperature-dependent absolute and relative
CO gains with the 3Cu-CeTi catalyst. Relative CO gain increases
from 3 to 57 as the temperature decreases from 320°C to 210°C,
indicating that the light-driven contribution becomes progres-
sively dominant at lower catalyst temperatures. This is because of
the exponential (Arrhenius-type) temperature dependence of the
thermally driven catalytic reaction, whereas the light-driven
contribution depends on the number of photons, which was
constant. Higher temperatures also favor recombination of char-
ges and cause plasmons to decay more rapidly, therefore mini-
mizing the effects of pure photochemical contribution. Upadhye
et al. observed a similarly decreasing CO gain with increasing
temperature over the illuminated Au/TiO, catalyst [32]. Absolute
CO rate gain using the 3Cu-CeTi catalyst, however, increased
with temperature from 0.90 to 1.99 mmol g, * min™*, which can

be attributed to light-induced excitation of the CeTi support and
the increase of the ground state energy of the CeTi valence band
due to higher temperatures. Additionally, the surface population
with spectator species becomes less dense with increasing tem-
perature [23], resulting in more free sites that accommodate
reaction intermediates [33]. The stability of the 3Cu—CeTi catalyst
was evaluated at 270°C under both dark- and light-assisted con-
ditions (Figure 2C). In both cases, the catalytic activity decreased
over the initial 30 h on stream, after which it reached a steady
state. The initial CO rates decreased by 34% in the dark-assisted
and 31% in light-assisted conditions, respectively, revealing simi-
lar catalyst deactivation extent. While light irradiation does not
influence the long-term stability of the catalyst, it results in a
notably (10-fold) enhanced catalytic activity.

Arrhenius plots for the 3Cu—CeTi catalyst (Figure 2D) showed
that the apparent activation energy value (E,) decreased from
92 to 26kJmol™" upon illumination. This dramatic E, drop
reveals a change in the reaction mechanism and decreased
energy barrier of the rate-determining step of the reaction. The
E, value for the 30Cu-CeTi catalyst under dark conditions
(88 kI mol™") was very similar to that of the 3Cu-CeTi catalyst,
but dropped only to 57 kI mol™" upon illumination. This reveals
that the RWGS reaction mechanism under illumination is dif-
ferent among the two samples, Figure S2B.

To further analyze the light-induced changes of the RWGS
reaction channel, variable irradiance experiments were per-
formed, Figure 2E. By increasing the illumination of the cata-
lyst, resistive heating was decreased, thus maintaining a
constant catalyst temperature of 270°C. The CO rate was
modestly influenced in the low-irradiance range (<400 mW
cm™?) and only after exceeding 400 mW cm ™2 did the CO rate
increase linearly with the number of photons. Full intensity
illumination with 770 mW cm™2 accelerated the CO formation
almost 10-fold compared to reaction in the dark at identical
catalyst temperature: from 0.26 to 2 mmol gmt_1 min~}, thus
confirming the dominant role of light on CO formation.
Marimuthu et al. [34] observed a threshold irradiance of about
550 mW cm 2 during the light-assisted propylene epoxidation
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FIGURE 2 | (A) Temperature dependence of the CO rate under dark- and light-assisted conditions. (B) Temperature-dependent relative and
absolute CO rate gain. (C) Long-term thermocatalytic and light-assisted RWGS activity at 270°C. (D) Apparent activation energy values (E,) under
dark- and light-assisted conditions. (E) Dependence of the CO rate on irradiance. (F) CO rate and apparent quantum yield (AQY) at different

excitation ranges, a constant irradiance of 230 mW cm ™2

3Cu-CeTi catalyst. In all these experiments, the flow rate of H,/CO, gas feed was kept constant at 30 mL min™ .

reaction using molecular oxygen and Cu/SiO, catalysts. They
reasoned that a sufficiently high irradiance is required to
maintain the metallic form of copper and prevent its oxidation
to Cu,O, thus enabling its LSPR property to drive the light-
assisted catalytic reaction. In our case, the irradiance threshold
is lower, likely due to the use of a softer oxidant (CO, has a
lower oxidizing power compared to O,) and because copper
tends to remain in a metallic state when deposited on ceria
compared to silica, due to electronic metal-support interactions
and altered charge redistribution [35]. In line with this rea-
soning, Xie et al. observed that illumination with visible light
(420-800 nm) of the Cu-ZnO-Al,O; material in the H,/CO,
flow increases the Cu®/Cu'* fraction in the catalyst [36].

Next, different wavelength ranges were used to individually
(or collectively) excite CeTiO,_, support, Cu inter- and intraband
transitions, and LSPR (Figure 2F). Catalyst temperature was
maintained constant at 270°C throughout the experiment. When
illuminated with wavelengths between 450 and 550 nm (Cu in-
terband transitions), 550-600 nm (Cu LSPR), and 600-700 nm
(Cu intraband transitions), the catalyst produced CO with a rate
of 0.37 mmol g, min™, which is 10% higher compared to the
reaction in the dark. However, a 20% gain in CO rate compared

, and a temperature of 270°C. Black dot shows the CO rate in the dark. All data relate to the

1

to the experiment in the dark (0.41 mmol g, ' min™') was
observed upon illumination with photons in the 400-450 nm
range. This difference could be attributed to the simultaneous
excitation of the CeTiO,_, support (bandgap = 3.06 eV, Table S4),
as well as the Cu interband transitions. The calculated apparent
quantum yield (AQY) values (Figure 2F) correlate with the light-
induced CO rate acceleration and reach 1.6% for excitation with
photons in the 400-450 nm range. Comparison of CO rates and
AQY values between the 3Cu-CeTi catalyst and different catalyst
formulations used in light-assisted RWGS (Table S1) shows very
competitive performance and efficiency of the catalyst used in
this work.

Kinetic analysis was performed by exploring the dependence of
the dark and illuminated CO rates on CO, and H, partial
pressures (i.e., concentrations), and then calculating the corre-
sponding reaction orders (Figure 3). This way, we investigated
the light-induced differences in the RWGS reaction mechanism.
The Langmuir-Hinshelwood type reaction mechanism is
rationally proposed (both reactants chemisorbed on the catalyst
surface), since our control experiments ruled out the existence
of redox (Mars-van Krevelen) reaction mechanism under dark-
or light-assisted conditions, Figure S3. As a result, the RWGS
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reaction can be expressed as r = k-(sz)“-(pCO2)b with k repre-
senting the pre-exponential factor, whereas a and b are reaction
orders for H, and CO,, respectively.

Under thermocatalytic conditions (black circles), the reaction
order pertaining to H, is 0.99 and exceeds that of CO,, which is
0.36 (Figure 3A,B). Higher H, reaction order compared to CO,
under dark conditions suggests that the overall RWGS rate is
hindered by a slow reaction step involving either hydrogen dis-
sociation (H, dissociation energy is estimated as 0.55eV on
Cu(111) and 1.0eV on Ce(111) surface) [37, 38], or high H diffu-
sion barrier (1.8 €V over the CeO,(111) surface) [37] to reach the
active sites, which are located at the copper—ceria interface [5, 31].

Under light-assisted conditions, the reaction order of H, decreases
to a negative value of —0.63. The negative H, order reveals over-
crowding of active sites, which diminishes the abundance of free
sites that remain available for CO, dissociation. As a result, the
reaction rate becomes progressively more dependent on CO, partial
pressure and thus CO, surface coverage, which manifests in the
rise of CO, reaction order to 0.75 [39].

To summarize, our catalytic experiments, kinetic analysis, as
well as wavelength and irradiance-dependent experiments show
a substantial light-driven change of the RWGS reaction channel.
The CO rate is strongly accelerated under visible light illumi-
nation, and simultaneous excitation of copper and the CeTiO, is
required to optimally utilize the photon energy.

2.2 | Structural Characterization

Inspired by the abovementioned catalytic results, we proceeded
with morphological and elemental composition analyses. SEM-
EDX elemental analysis confirmed that the actual copper con-
tent is very close to the nominal values of 1, 3, 8, and 30 wt.%,
Table S2. Titanium content in the CeTi supports varies between
0.34 and 0.56 wt.%, Table S2. All catalysts form agglomerates of
interwoven CeO, nanorods, which vary in length between 20
and 130nm, Figure 4A3-A5. A segregated CuO phase was
observed only in the 30Cu-CeTi sample, Figure 4B2.

The structural properties were analyzed by N, physisorption
and are summarized in Figure S4 and Table S3. All samples
exhibit Type II isotherms, characteristic of mesoporous mate-
rials with interparticle porosity. The titanium modification of
the CeO, nanorods does not affect the specific surface area
(92cm’g™"). Depositing 1 and 3wt.% of copper slightly
decreases the Brunauer-Emmett-Teller (BET) specific surface
area, while higher copper loadings lead to a more pronounced
surface area drop.

The XRD analysis of pure CeO,, CeTi, as well as the 1Cu-CeTi,
3Cu-CeTi, and 8Cu-CeTi samples showed only the diffraction
lines of CeO, (PDF #81-792), Figure S5A [40]. No diffractions
corresponding to CuO were observed, due to the low copper
loading and its high dispersion. In the 30Cu-CeTi sample, two
additional peaks appeared at 35.5° and 38.7°, attributable to
CuO (PDF # 01-080-1916), Figure S5B. This is in line with SEM
visualization (Figure 4) and pulse N,O chemisorption data
(Table S4), which identified a gradual increase of the average
copper particle size from 1.5 to 18 nm as the copper content
increased from 3 to 30 wt.%.

With H,-TPR analysis, we probed the redox properties of the
synthesized catalysts and obtained indirect information on cop-
per morphology. With increasing copper content, the reduction
shifts to higher temperatures, individual contributions change
and become progressively more overlapping, indicative of copper
particle size growth, Figure S6A. The quantification of H, con-
sumed during analysis enabled complete reduction of copper and
20-21% reduction of Ce** to Ce**, Table S4. The exception was
the 30Cu-CeTi sample, where only 11% Ce** to Ce** reduction
was achieved. This is likely due to higher segregation of copper
and lower copper-ceria interface, which results in less efficient
hydrogen spillover to ceria, which dictates the extent of ceria
reduction in the Cu-CeO, mixed oxide composites [41]. Bare
CeO, and CeTi supports showed negligible reactivity with H,
below 320°C, with reduction dynamics being more prominent at
higher temperatures, Figure S6B. Incorporation of Ti into the
ceria structure resulted in a shift of the reduction profile of
the doped sample to lower temperatures by about 20°C, and the
reduction maximum was achieved at 478°C compared to 529°C
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FIGURE 4 | (Al, A2) SEM images of 3Cu—-CeTi catalyst, (B1, B2) 30Cu—CeTi catalyst, and (C1, C2) 3Cu-CeO, catalyst. (A3-A5) TEM images of

the 3Cu-CeTi catalyst.

for pure ceria. However, the extent of Ce* > Ce®* transforma-
tion at 550°C remained unchanged for both samples: 19% and
20% for CeO, and CeTiO,, respectively.

The negative reaction orders of H, during kinetic analysis
(Figure 3A) suggest increased surface hydrogen coverage on the
illuminated catalyst. This was verified using H, pulse chemi-
sorption followed by H,-TPD (temperature programmed
desorption) under both dark and illuminated conditions
(Figure S7). On the illuminated catalyst, the amount of des-
orbed H, equaled 2.2 X 10~*mol gcat_l, whereas on the catalyst
in the dark, the amount was about 5 times lower, namely
4x107°mol H, g, *. If we consider that hydrogen resides on
the catalyst in dissociated atomic form (H*) and the abundance
of surface atomic copper sites from the CO chemisorption ex-
periment (Table S4) equals to 7.9 X 10~ >mol Cu g, ", the H*
density under illumination surpasses the monolayer CO cov-
erage, confirming the light-assisted H* spillover to the ceria
support, as suggested also by Yang et al. [42]

Raman analysis was performed to analyze the role of Ti** and
copper on the generation of defects in the CeO, lattice. Spectra

of all samples are dominated by the lattice F,, band of fluorite
ceria, which is for the bare CeO, centered at 460cm™?,
Figure 5A,C. The main F,; band of ceria is accompanied by
bands located at 595cm™" (dislocated oxygen, Frenkel-type
defects) and 545cm™' (assigned to oxygen vacancies in the
bulk), Figure 5B [33, 43, 44]. The F,, band position abruptly
redshifts to 445 cm™ when copper loading reaches 3 wt.%, indi-
cating a change of the Ce-O bond distance, Figure 5C. Inter-
estingly, the Frenkel-type defects (oxygen dislocations in ceria,
595 cm™") are totally attenuated as copper content reaches 3 wt.%
and the new band appears at 545 cm ™", which is assigned to the
presence of oxygen vacancies in ceria, Figure 5D [33]. We assume
that the initially present oxygen dislocations in ceria are elimi-
nated at the expense of oxygen vacancy formation, which is due
to Cu®* embedding into the ceria structure. To maintain the
electroneutrality of the ceria material, a part of Ce** is reduced to
Ce**, causing the formation of Cu-0,~Ce** interfacial sites. As a
result, the catalytically and photocatalytically active 3Cu—CeTi
catalyst apparently benefits from oxygen vacancy presence co-
existing with highly dispersed copper species (75% dispersion of
copper was calculated for the 3Cu-CeTi sample, Table S4), giving
rise to the abundance of the Cu-O,~Ce>* active interfacial sites.
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FIGURE 5 | (A)Raman spectra of CeO,, CeTi support, and Cu-CeTi catalysts containing different amounts of copper. (B) Integrated peak areas

for bulk oxygen defects (545 cm™") and oxygen dislocations (595 cm™"), (C) F,; band center as a function of copper content, and (D) oxygen defect

band center as a function of copper content.

2.3 | UV-Vis Spectroscopy and
Photoluminescence

The UV-Vis spectra were recorded at room temperature in air
(representative of the as-synthesized, fully oxidized samples)
and at 270°C in H,/CO, flow (active catalyst under working
RWGS conditions), Figure 6A-E. The bandgaps of the catalysts
were calculated according to the procedure suggested by Ma-
kuta et al. [45]. At room temperature, all samples exhibited
strong absorption only in the UV region, and the calculated
indirect bandgap values were between 2.92 and 3.21eV
(Table S4). Under RWGS reaction conditions, the bandgaps
reduced to 2.82-3.17 eV, Figure 6F. This is a consequence of the
partial reduction of Ce** to Ce** and filling of the otherwise
empty 4f orbital of cerium, which lies within the bandgap of
ceria [21, 46]. The increase of copper content marginally
increased the bandgap, with the 1Cu-CeTi exhibiting the lowest
value at 3.13eV. Also, more copper resulted in higher absorp-
tion in the entire visible range, together with the appearance of
the broad absorption band located between 500 and 600 nm
(Figure 6C-E). This band is a signature response of the LSPR of
metallic copper NPs [16].

Photoluminescence (PL) can be used as an indicator for emissive
hot carrier recombination, which acts detrimentally for photo-
catalytic reactions. Because of electron-hole recombination and
light emission upon thermalization, hot carriers cannot partici-
pate in the light-driven catalytic reaction [47]. The PL spectrum
of the CeO, support shows several bands in the energy range
between 2.9 and 2.3 eV, which is characteristic of electron-hole
recombination across the bandgap and from the electron trap-
ping states below the conduction band minimum, Figure 6G,H.
For the CeTi support, the PL intensity and thus recombination in
the 2.9-2.7eV range is notably diminished compared to pure
CeO,, revealing that titanium doping produces defect sites,
which act as electron trapping sites and prevent recombination
from the CB and shallow trap states. With deposition of copper,
PL intensity progressively decreases, which originates from hot
electron mobility to copper and attenuation of recombination,
likely because of Schottky barrier formation at the interface [48].
Consequently, doping of ceria with titanium and subsequent

copper deposition progressively diminishes emissive carrier
recombination, thus increasing the availability of more excited
charge carriers for the light-assisted reaction.

2.4 | DRIFT Spectroscopy

We first analyzed the effect of light on the surface species
during steady-state RWGS reaction conditions (Figure 7A-D).
Reaction temperature and total reactant flow were maintained
constant, and the CO formation rate was manipulated by
changing the H,/CO, ratio in the feed.

Increasing the copper content in the catalysts led to a progressive
decrease of all IR-active species, thus confirming previous studies
that they populate primarily the ceria surface [25]. Under dark
RWGS conditions (black traces in Figure 7), an excess of
hydrogen resulted in accelerated CO rate and IR band attenua-
tion in the broad range between 1000 and 1550 cm™ Y, where the
C-0 vibrations of different carbonate species occur. The C-H
band of formates (2845 cm™) remained largely unaffected.

Contrarily, under light-assisted conditions, excess hydrogen
diminished the CO formation rate for all tested copper loadings.
This is in line with the negative H, reaction orders that were
identified during kinetic analysis (Figure 3) and highlights very
different reaction channels occurring under dark and illumi-
nated conditions. Under illuminated RWGS reaction condi-
tions, the intensity of all surface species is lower compared to
identical conditions under dark, revealing a less populated
catalytic surface. Progressively increasing the CO, fraction in
the feed increases the CO rate, and the spectral changes man-
ifest themselves mainly by decreasing the formate C-H
(2845cm™") and V(OCO)asym (1585 cm ™) band intensities.

With transient DRIFT experiments, we further analyzed the ex-
tent of decay of formate and carbonate species after the CO, +
H, - H, step change, Figure 8 and Figures S8-S10. The effect of
titanium doping (3Cu-CeTi vs. 3Cu-Ce) and copper loading
(3Cu-CeTi vs. 30Cu-CeTi) is compared. Results are presented in
two wavenumber regions: 3100-2700cm™" (Figure 8A,C) for
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(black) and at 270°C in H,/CO, flow (violet). The flow of the inlet gas feed was constant at 30 mL min~". Insets show Tauc plots to determine the
indirect bandgap values. Results for the 30Cu-CeTi sample are not shown because of the black sample color and total absorbance in the entire
spectral range. (F) Optical bandgap value comparison under RWGS reaction conditions. (G) Photoluminescence spectra and (H) schematic repre-

sentation of the copper-ceria contact and trap states within the bandgap of the CeTi support.

C-H vibrations, and 1900-800 cm™" (Figure 8B,D) for OCO as
well as C=0 vibrations of both formate and carbonate species.
Before the step change, under both dark- and light-assisted
conditions (t=0, Figure 8), the characteristic symmetric and
asymmetric C-H vibrations (2950-2800cm™) coexist with the
OCO stretching (1585 cm™"), corresponding to the presence of
monodentate and bidentate formate species [25]. In the region
between 1650 and 1000cm™}, several other bands of different
carbonates are also observed: monodentate (M, 1495cm™),

bidentate (B, 1292 cm™"), and polydentate (P, 1370 cm™). It must
be emphasized that the P carbonate band at 1370 cm™" overlaps
with the symmetric OCO vibration of bidentate formate [49, 50].

The signals over the 3Cu-CeTi (Figure 8) and 3Cu-Ce catalyst
appear very similar (Figure S9), revealing a minor role of tita-
nium dopant on the most abundant surface species. However,
when copper content is increased from 3 to 30wt.%, the
abundance of surface species notably decreases, as can be
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concluded from about 3 times lower peak intensities in the
1200-1800 cm ™ region and about 7 times lower formate band
intensity at 2845 cm ™, Figures 8 and S9.

After the CO, + H, —» H, step change in the dark, the intensity
of all peaks decreases (Figure 8A,B). The initial signal intensity
decays by about 60% for the COO (1585, 1340 cm™") and C-H
(2950, 2845 cm™") bands of formate species. Also, the v (CH)
peak frequency redshifts with time from 2848 to 2832cm™,
which suggests that initially two types of formates are present:
bidentate (BF) and monodentate (MF). Mudiyanselage et al.
assigned these vibrations to bidentate and monodentate formate
species using IRRAS on inverse CeO,—~Cu,O/Cu(1 1 1) model
systems [51]. The decrease of OCO bands, assigned to M, B, and
P carbonates (1495, 1292, and 1370 cm™?) is 27%, 60%, and 34%
in 50 min.

Under visible light illumination (Figure 8C,D), the intensity of
all surface species drops more extensively within the monitored
50 min interval compared to the experiment in the dark.
Namely, the C-H vibrations assigned to MF and BF (2846 and
2832cm™}) are completely attenuated, while M, B, and P car-
bonate species (1495, 1292, and 1370 cm™) lose 52%, 73%, and
56% of initial intensity, respectively.

Finally, we compared the initial intensity decay rates for the
most abundant surface species (formate, as well as polydentate
and bidentate carbonate), with the aim to identify which species
gain the most in reactivity by illumination [52]. Due to sub-
stantial overlap of the C-O band vibrations originating from
carbonate and formate species, some decay rates are reported as
lumped values (Table 1). The initial decay rate of characteristic
carbonates and formates on the illuminated catalysts is 1.5- to
4.2-fold higher compared to dark conditions, which reveals a
positive effect of light on their removal and, consequently, their
increased reactivity.

The decay of the formate (BF) band is 1.5 and 1.7 times higher
under illumination for the 3Cu-CeTi and 3Cu-CeO, samples,
but notably slower (0.4) for the 30Cu-CeTi sample. This indi-
cates intrinsically different reactivity of formates, which
depends on the chemistry of the binding site (bulk Cu, Cu-
CeO,_, interface, or CeO,_,) [51, 53].

The bidentate and polydentate carbonates (B and P) decay
between 4.2 and 3.2 times faster under illumination for the
3Cu-CeO, and 3Cu-CeTi samples, revealing that the carbonate
removal is accelerated more compared to formate. The poly-
dentate carbonate is less reactive compared to the bidentate
because of its stronger bonding to the surface via forming one
Ce-0 and two Og,+C interactions [23].

3 | Discussion

Illumination of the 3Cu-CeTi catalyst with 770 mW cm™> of
visible light has several notable and beneficial consequences on
RWGS activity: (i) accelerates the CO rate up to 57 times
compared to reaction in the dark at 210°C, (ii) decreases the E,
values from 92 to 26 kI mol ™, (iii) the apparent reaction order
with respect to H, changes from 1 to —0.6, and (iv) selectivity to

Initial decay rates for the most abundant surface species. Bidentate formate (BF), v,s(CH), 2845 cm™!; bidentate carbonate and bidentate carbonate (B + BF), v,,(CO0), 1585 cm™}; polydentate

carbonate and bidentate formate (P 4+ BF), v(COO), 1370 cm™*; polydentate carbonate (P), ¥(CO), 1085 cm™"; and bidentate carbonate (B), »(CO), 850 cm™*. Dark and bright symbols present the dark- and

|
light-assisted intensity trends, respectively.

TABLE 1

30Cu-CeTi

3Cu-CeO,
Rate dark

107*s™)

3Cu-CeTi
Rate dark

Surface species,
wavenumber

(cm™)

Ratio
light/dark
04+0.1

Rate dark

10~*s™)

Rate light

Ratio
light/dark
1.7+0.2
3.0+0.2

2.9+0.6
3.3+0.3

Rate light

Ratio
light/dark

Rate light

10~%s™)

10~*s™)

10~*s™)

10~*s™)

—-0.5+0.1
-1.7+0.1
—0.6+0.1
—-03+0.1
—0.6+0.1

—0.2+0.1
—-3.5+03
—2.3+0.2
—-0.8+0.1
—2.1+0.2

—4.1+0.1
—-5.0+0.2
-1.4+0.1
—-0.8+0.2
-1.3+0.1

—-7.0+0.2

1.5+0.2
40+0.3

3.0+0.2
3.2+0.4

—29+0.1
—4.5+0.2
—2.0+0.1
—-0.5+0.1
—0.9+0.1

—4.4+0.1
—-17.9+0.7
—6.0+0.3
-1.5+0.1
—3.0+0.2

BF, 2845

2.2+0.2
3.8+1.0
2.2+0.7
3.8+0.9

—-15+0.6
—4.1+0.5
—-25+0.1
—5.5+0.2

B + BF, 1585

P+ BF, 1370
P, 1085
B, 850

42+0.3

3.5+0.5
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methane under H, excess feed is totally attenuated. This reveals
that the reaction mechanism is substantially altered upon illu-
mination. Also, the surface coverage with hydrogen is fivefold
higher during illumination compared to the dark, which makes
surplus of hydrogen in the feed, which is traditionally used in
thermocatalysis to increase CO, conversion, redundant in the
light-assisted RWGS reaction.

The combination of H,-TPR, H,-TPD, and in situ UV-Vis char-
acterization results reveals that 20% of Ce** transforms to Ce**
during the catalyst activation step, which shifts the light absorp-
tion of substoichiometric ceria into the visible range [21, 33].
Copper is reduced to a metallic state and, as such, is present
during the RWGS reaction, thus exhibiting strong absorption in
the visible range of the light spectrum and enabling LSPR ex-
citation upon illumination [5].

Raman spectroscopy showed that a copper loading of 3 wt.%
induces structural changes in the ceria support. The Frenkel-
type oxygen dislocations are eliminated, and oxygen vacancies
are formed, likely due to copper (Cu®**) embedding into the
ceria structure. The 75% copper dispersion of the 3Cu-CeTi
sample, with a corresponding copper particle diameter of
1.5nm (Table S4), together with the presence of oxygen va-
cancies in ceria, ensures the abundance of Cu-O,-Ce*" inter-
facial active sites.

Titanium modification of the ceria support does not shrink the
bandgap values nor influences the amount of achievable Ce**,
but rather diminishes emissive recombination from the electron
trap levels just below the conduction band. This enables more
efficient hot carrier utilization to drive the light-assisted RWGS
reaction.

The operando steady-state DRIFT results suggest that the pri-
mary active sites for CO, chemisorption (in the form of CO5*
and HCOO* species) are located on the CeTiO, support. The
role of copper is to adsorb H,, facilitate its dissociation, and
enable hydrogenation at the copper-support interface [5, 31].
All catalysts are less densely populated with carbon-containing
species during illumination, suggesting that light causes their
destabilization and increases their reactivity. The CO rate
increases with decreasing carbonate and formate population,
suggesting their important role in CO formation during the
light-assisted RWGS reaction.

Our transient in situ DRIFTS experiments showed that formates
are completely removed from the catalyst's surface under illu-
mination, whereas they lose only about 60% of the initial pop-
ulation in the dark. As a result, illumination turns the inactive
monodentate formate spectators into reaction intermediates.

The comparison of initial decay rates provided direct informa-
tion on the reactivity of different surface species. Reactivity of
formates is increased during illumination by 1.5- to 1.7-fold
compared to dark on the 3Cu—-CeTi catalyst, which contains the
average copper size of 1.5nm. However, as the copper size
increases to 18 nm (30Cu-CeTi sample), the formates become
more stable during illumination. Such structure-sensitivity is
manifested through vastly different E, values under illumina-
tion (26 and 57kImol™" for 3Cu-CeTi and 30Cu-CeTi,

respectively) and suggests that the reactivity of formates is in-
fluenced by their position (residing on bulk-like copper or ceria)
and is accelerated by oxidation with hot holes, generated on the
photoexcited ceria [33]. As a result, the beneficial effect of light
on the formate reactivity is achieved on samples with high
copper dispersion and the absence of bulk copper. Despite the
formates showing higher stability upon illumination, the cata-
lyst 30Cu-CeTi exhibited substantial CO rate acceleration
during illumination, which proves there is another kinetically
relevant reaction channel that produces CO. Since the redox
reaction mechanism does not contribute to CO formation under
the reaction conditions of this work (no CO generation was
detected after pulsing CO, over the reduced catalyst), the
remaining species must be carbonates. The light-induced
reactivity of bidentate and polydentate carbonates ranges from
3.2 to 4.2, which is about twice the value of formates. The full
benefit of light in the RWGS reaction activity is achieved when
both copper and substoichiometric ceria catalytic components
are photoexcited simultaneously.

Upon illumination of Cu moieties, the Cu LSPR is triggered.
With electromagnetic nearfield enhancement around copper,
rotational and vibrational energy is transferred into the ad-
sorbed species residing on the Cu and its intimate proximity (up
to a couple of nm), thus weakening their bonds and increasing
reactivity [21, 54]. As a result, a lower energy barrier must be
overcome by thermal effects (heating), and the activation bar-
rier for reaction steps at the Cu—-CeTiO, interface is expected to
decrease. This correlates with the macroscopically observed
decrease in the E, values under illumination.

The bandgap excitation of ceria triggers photoexcited hot elec-
trons and hot holes. Hot electrons facilitate the CO, activation
process, which occurs via electron injection into the CO, mol-
ecule, forming a bent CO,™ anion [55]. The electron transfer
process is the rate-limiting step for CO, dissociation over ceria-
based materials [56] and is likely also related to the linear
scaling between the irradiance and reaction rate. However, CO,
dissociation does not proceed without the involvement of H
species.

Hot holes can participate in the reaction with surface oxide
species (0*7) originating from hydroxyl species decomposition
(Figure S11 and Supporting Information), and fill the oxygen
vacancy sites, causing ceria reoxidation. The oxidized ceria
surface is crucial for hosting formate and carbonate species,
which are bound to the surface via “surface lattice” oxygen
atoms [57].

This way, the carbonate species, which populate the ceria sur-
face, can react more swiftly with the abundant hydrogen species
originating from photoexcited copper, thus facilitating both
accelerated carbonate conversion to formate, and further for-
mate decomposition to CO (HCOO* - CO, + OH*, followed by
*OH + H* - H,O0 + 2*¥). Upon catalyst illumination with blue
light (1 =400-450 nm), the AQY value reached 1.6%. This is
substantially more compared to the AQY value of 1.1%, which
was achieved with selective photo excitation of only copper
LSPR. The reaction channels contributing to CO formation
include cooperative participation of both copper and ceria
phases, as well as H, and CO,-based reaction intermediates.
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4 | Conclusions

This study demonstrates the positive impact of visible light on
the activity of copper/ceria catalysts in the RWGS reaction.
Small copper loading (i.e., 3wt.%) produces the most active
photocatalyst, which contains nanometer-sized copper particles
dispersed on the partly reduced ceria support, resulting in the
abundant Cu-O"-Ce** reactive interfacial sites. The reaction
orders, E,, and wavelength-dependent CO rate suggest that the
improved catalyst reactivity under illumination has a light-
induced origin. Simultaneous photoexcitation of copper and
ceria phases activates the spatially segregated reaction inter-
mediates (HCOO* and CO;* on ceria support, H* on copper),
which enables efficient photon utilization to drive the photo-
catalytic CO, hydrogenation under mild conditions, unattainable
with thermal catalyst excitation. Hydrogen dissociation is greatly
improved upon illumination, which enables the use of equimolar
H,/CO, or CO,rich feed streams for maximal CO rates. The
cumulative effect of simultaneous Cu and CeTiO,_, phase pho-
toexcitation results in a drastic acceleration of the RWGS rate
and a strong decrease of the E, values. Considering the CO,
reaction order under illumination increases notably (0.36 — 0.75),
while that for H, assumes a negative value, the RDS under the
light-assisted conditions is likely related to abundance of surface
adsorbed CO, and CO, reactivity, either through the formate
generation step (CO,+ H - HCOO), carbonate decomposition
step (COs* + H¥ > HCOO* + O*), or carboxylate species forma-
tion through altered hydroxyl reactivity.

5 | Materials and Methods

Catalyst synthesis—Bare CeO, nanorods and CeO, nanorods
modified with titanium were synthesized by dissolving 58.8 g of
NaOH (Merck, purity 99%) in 140 mL ultrapure water. For Ti
modification, 73 uL of Ti[OCH(CH,),], (Aldrich, purity 97%)
was added and dissolved in this solution, respectively. Then, a
separate 84 mL aqueous solution containing 4.9g of
Ce(NO3);-6H,0 (Sigma Aldrich, purity 99%) was added under
vigorous stirring in both cases. The suspensions were stirred for
30min and transferred into Teflon-lined stainless-steel auto-
claves (35 mL volume). The autoclaves were heated to 100°C for
24 h. After cooling to room temperature, the suspension was
centrifuged at 7500 rpm for 3min and washed several times
using ultrapure water and absolute ethanol until all sodium was
removed from the precipitate. The obtained solids were freeze-
dried and then calcined in static air at 500°C (5°C min™" heat-
ing ramp) for 4 h.

The deposition precipitation method was used to disperse 1, 3,
and 8wt.% of copper. First, 154, 47, or 123mg of
Cu(NO3);-3H,0 was dissolved in 40 mL of ultrapure water, and
then 400 mg of the ceria support was added and stirred for
20 min. Afterward, 25wt.% ammonia solution was added
dropwise until the pH of the solution reached 9. In the span of
3 h under stirring, 150 mL of ultrapure water was added drop-
wise, followed by centrifugation at 9000 rpm for 2 min. Because
the deposition precipitation method is poorly suited for higher
metal loadings, the incipient wetness impregnation method was
used to deposit 30 wt.% of copper; 652 mg of Cu(NO3);-3H,0
(Fluka, purity 99%) was dissolved in 0.4 mL of ultrapure water.

The solution was poured over 400 mg of ceria support and
mixed until fully homogenized. All containing Cu samples were
dried at 80°C (5°C min™") for 5 h, followed by calcination in air
at 350°C (2°C min™") for 3 h.

The synthesized catalysts are denoted as xCu-Ce and xCu-CeTi
for pure and titanium-modified CeO, nanorods, respectively.
Letter x represents the nominal copper content.

XRD analysis was performed on Panalytical XP PRO MPD
apparatus using Cu,; irradiation (4 =1.5406 A) in the 26 range
between 20°and 80°, step size of 0.034°, and fully opened 100
channel X’ Celerator detector. Rietveld refinement was applied
to calculate the lattice parameters of CeO,.

N, physisorption analysis (Tristar II apparatus from Micro-
meritics) was used to calculate specific surface area, total pore
volume, and average pore size (BJH method) of the synthesized
materials. Specific surface area was determined using the BET
method in the relative pressure range up to 0.3 p/p,, and the
total pore volume was determined from the N, adsorption iso-
therm at p/py=0.95, assuming complete pore filling. Before
analysis, samples were degassed for 1 h at 90°C, followed by 4 h
at 300°C in N, flow (purity 6.0, Linde) using a SmartPrep
accessory (Micromeritics).

Microscopy—Morphology of the prepared catalysts was studied
using a field-emission scanning electron microscope (Carl Zeiss,
FE-SEM SUPRA 35VP), equipped with energy-dispersive X-ray
spectroscopy hardware (Oxford Instruments, model INCA 400).
TEM visualization was performed by a scanning transmission
electron microscope, JEOL ARM 200 CF.

Raman spectroscopy was performed on a WiTec Alpha 300 RA
spectrometer using a 532nm laser and a 50X objective, 4s
integration time, and 20 accumulations per scan.

UV-Vis DR spectroscopy—In situ UV-Vis diffuse reflectance
(UV-Vis DR) analysis (Lambda 650 apparatus by Perkin Elmer)
was conducted using 10 mg of the powdered catalysts, loaded
into the Harrick reaction chamber. Spectra were recorded
between 850 and 200 nm with a scan speed of 90 nm min™".
Spectralon was used for background correction. Samples were
analyzed at room temperature (22°C + 1°C, RT) in air, and at
270°C in equimolar H,/CO, flow (30 mLmin™"). PL spectra
were recorded on the LS55 spectrometer by Perkin Elmer with a
300 nm excitation wavelength at ambient conditions.

DRIFTS analysis was performed with 10 mg of powdered catalyst,
which was loaded into the Harrick reaction chamber. Spectra
were recorded between 800 and 4000 cm™" with 32 accumula-
tions per scan and a spectral resolution of 4cm™. The samples
were initially reduced in H,/Ar flow (10 and 20 mL min™",
respectively) at 320°C for 30 min. At this point, the background
was recorded with the activated sample. For the steady-state
experiments, the temperature decreased to 300°C and the total
flow rate was maintained at 15mLmin™'. H,/CO, feed ratio
was varied stepwise: 3:1, 1:1, and 1:3. During the light-assisted
reaction, the sample was irradiated by visible light (1.58 W cm™2).
The high temperature and irradiance were used to maximize the
catalytic activity differences under different dark and illuminated
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conditions. The reaction products were analyzed by a micro-GC
(Agilent490), connected online to the reaction chamber.

For the transient step-change experiment, the sample pre-
treatment and spectral acquisition conditions were identical to
those above. The H,+ CO, - CO, switch was performed at
270°C and irradiance of 230 mW cm™2. The total flow rate of
30 mL min~! was used (H,/CO,=1), and the switch was made
by a manually actuated 4-way Vici valve. Lower reaction tem-
perature and irradiance were used to capture the peak decay
dynamics more accurately, since the spectral acquisition was
performed with a time resolution of about 17s.

Catalytic tests were conducted in a Harrick reaction chamber in
the temperature range of 210°C-320°C. During the light-
assisted experiments, the catalysts were illuminated with white
light, while the catalyst temperature was varied by adjusting the
power of the electric heater. The illumination of the catalysts
was constant and provided by a Schott KL2500 LED source
(visible light; 4 =400-700 nm), equipped with an optic fiber
having a 9 mm active diameter. The power of light, measured
by the Thorlabs PM100D photometer, was 770 mW cm™2. For
the reaction, 10 mg of finely powdered catalyst was placed in
the reaction chamber, forming a catalyst layer with a diameter
of 6.4 mm and a thickness of 0.5 mm. Under the catalyst layer,
25 mg of SiC powder was placed to improve heat transfer to and
from the catalyst layer. To ensure accurate monitoring of the
catalyst bed temperature, a thermocouple was positioned in the
center so that it contacted the underside of the illuminated
catalyst layer, Figure S12. For the preliminary assessment of
catalytic activity, different H,/CO, feed ratios (2.4/1 or 1/1)
were tested, with a total flow of 30 mLmin~'. During the
wavelength-dependent studies, different bandpass filters were
used (400-450 nm, 450-550 nm, 550-600 nm, and 600-700 nm,
and irradiance was maintained constant at 230 mW cm™2).
Kinetic analysis was performed at 270°C, the catalyst was
irradiated by 770 mW cm™?2 of white light, the total flow rate
was 40mLmin~', and the mass of the catalyst was 10 mg.
Outlet gas was analyzed by GC (model 490 by Agilent, equipped
with MS5A and PPU columns).
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