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A B S T R A C T

The Cu-ZnO-Al2O3 is a proven catalyst for thermally-driven RWGS reaction. In this work, its ability to function as 
photo-catalyst in the light-assisted RWGS reaction was analyzed. By utilizing the synergy of visible light and 
thermal energy, CO formation was accelerated almost 6-times compared to reaction in dark. Wavelength- 
dependent and kinetic analysis confirmed that blue photons are most efficient for accelerating the CO rate. 
Differences in the reaction mechanism under dark and illuminated conditions are postulated, based on the drop 
in apparent activation energy from 83 to 44 kJ/mol and strongly changing reaction orders of H2 during kinetic 
analysis. CO formation through the redox reaction mechanism occurs both under dark and illuminated condi
tions, yet represents only 10 % of the overall CO yield. Transient in-situ DRIFTS data showed the decomposition 
rate of the most abundant surface species (carbonates and formates) is not accelerated by light despite higher 
catalytic activity, indicating that these abundant surface species are minimally involved in CO formation under 
illumination. The RWGS reaction under light-assisted conditions proceeds via several contributory routes, with 
the carboxylate mechanism as the main pathway. Light-induced hydrogen dissociation, increased H coverage and 
its reaction with surface hydroxyls accelerates water formation and desorption after carboxylate decomposition, 
resulting in accelerated CO rates.

1. Introduction

The CO2 hydrogenation to CO, also known as the Reverse Water Gas 
Shift (RWGS) reaction is of particular interest due to the direct use of CO 
as a feedstock in many important industrial reactions, such as methanol 
synthesis and the Fischer–Tropsch process, which produces synthetic 
liquid fuels [1]. RWGS is an endothermic equilibrium reaction (CO2 +

H2 ↔ CO + H2O, ΔHr = 50 kJ/mol), where high CO2 conversion is 
enabled at high temperatures. Direct catalytic dissociation of CO2 is 
sluggish and energetically demanding, whereas the reaction is greatly 
accelerated in substantial H2 excess [2]. Thus, innovative pathways for 
accelerating the RWGS rate at low temperatures (below 200 ◦C) and 
stoichiometric reactant feed are highly desired.

Light-assisted catalysis can be used to influence reaction rates and 
break the low-temperature equilibrium limitations of the thermally 
driven catalytic reactions as a result of several phenomena: (i) non- 
thermal energy input in the form of photons, (ii) modification of 

binding strength of reactants, intermediates and products, which is 
induced by altered potential energy landscape of the catalyst in the 
excited state, and (iii) direct oxidation and reduction of surface species 
with participation of hot electrons and holes [3]. Light-assisted catalysis 
can be performed using plasmonic metals (Cu, Au or Ag) which exhibit a 
strong Localized Surface Plasmon Resonance (LSPR) effect, semi
conductors with an appropriate bandgap energy, or preferably both 
[4,5]. The semiconductor and metal used for the light-assisted catalysis 
should exhibit intrinsic activity for the catalytic reaction also in the 
absence of illumination, as reactant adsorption and stabilization of 
reactive intermediates that lead to the desired product are crucial for 
catalytic turnover.

Most extensively researched RWGS catalysts are based on Cu, Pt, Pd 
or Fe nanoparticles, dispersed over different supports, such as Al2O3, 
TiO2, CeO2, ZnO, etc. [1,6–8]. Platinum based catalysts are very active, 
but economically unsuitable due to high price of the noble metal. Also, 
strong CO binding to the metallic Pt sites overpopulates them, making 
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them inaccessible for H2 activation at low temperatures [9]. Iron based 
catalysts exhibit good activity and stability at temperatures above 
350 ◦C, whereas copper-based catalysts are widely praised for their good 
activity in the medium temperature range (200–300 ◦C) [10].

Yang et al. [11] report that RWGS activity of the 5 % Cu/CeO2 
catalyst increased by 30 % at a catalyst temperature of 250 ◦C upon 
visible light illumination. A combination of in-situ DRIFTS, EPR, and XPS 
characterization revealed that under illumination, the LSPR produced 
by Cu nanoparticles stimulates hot electron transfer to ceria, causing 
destabilization and desorption of bidentate formate and linearly adsor
bed CO. Moreover, the spillover of H2 from Cu to CeO2 is also affected by 
light, leading to regeneration of oxygen vacancies on the CeO2 surface, 
which positively influences the CO yield.

Xie and colleagues [12] report that simultaneous excitation of ZnO 
band-gap (with UV photons) and Cu LSPR (with visible photons) coop
eratively promotes methanol-production over the copper/zinc oxide/ 
alumina catalyst. On the other hand, excitation of individual compo
nents (Cu or ZnO) leads to the acceleration of the CO rate. The authors 
report that visible illumination (420–800 nm) causes a change in surface 
copper oxidation state (enrichment of Cu1+ at the expense of Cu0) and 
alteration of local electronic structure of ZnO via interphase electron 
migration. At 225 ◦C and 600 mW/cm2 irradiance, the CO formation 
rate was accelerated by about 40 % compared to the reaction in dark.

Zhu and colleagues [13] synthesized a Cu-CeO2-SrTiO3-δ hetero
junction catalyst. The CO productivity of this catalyst was about 25 % 
higher under photo-thermal conditions compared to reaction in dark at 
the same catalyst temperature of 350 ◦C. The enhanced activity was 
attributed to the synergistic effect between three catalytic phases: Cu 
nanoparticles, CeO2, and SrTiO3-δ, as well as their interfaces. The in
crease in oxygen vacancy abundance in the CeO2-x phase enhances the 
adsorption of CO2, whereas presence of Cu broadens the light absorption 
range. A significant role is played by the LSPR effect of Cu nanoparticles 
in promoting the catalytic performance of RWGS.

The Cu-ZnO-Al2O3 (CZA) catalyst is an established catalyst for the 
low-temperature WGS reaction and has been through decades of 
research optimized in terms of catalytic performance through chemical 
composition, structural properties, active site abundance and cost of 
manufacture. In addition to catalytic performance under thermally 
driven conditions, it contains a substantial fraction of copper, which 
exhibits inter and intra band absorbance, as well as LSPR absorption 
maximum in the visible range of light spectrum (550–600 nm). As such, 
it efficiently absorbs visible light which is a prerequisite for light- 
assisted catalytic performance. Taking a highly performing off-the- 
shelf catalyst and analyzing its light-assisted catalytic RWGS perfor
mance was the aim of this work, instead of de novo design and synthesis 
of photocatalytic material. This work is focused on investigating the 
effects of visible light, wavelength and irradiance on the light-driven 
rate of CO formation using a CZA catalyst. In-situ spectroscopy, tran
sient isothermal experiments and kinetic analysis were applied to reveal 
mechanistic differences between the RWGS reaction under dark and 
illuminated conditions and identify the reasons for accelerated CO for
mation rate under illumination.

2. Experimental section

2.1. Characterization methods

A Cu-ZnO-Al2O3 catalyst, noted as CZA in the manuscript was pur
chased from Alfa Aesar (product number 045468, LOT: E06T063; Cu: 
35.8 wt% (44.8 wt% CuO); Zn: 21 wt% (26.2 wt% ZnO); Al: 7.5 wt% 
(14.2 wt% Al2O3); 15 wt% graphite as binder). BET specific surface area, 
BJH total pore volume, pore size distribution and the average pore size 
were determined from the N2 adsorption/desorption isotherm measured 
at − 196 ◦C (Micromeritics, model TriStar II 3020). The sample was 
degassed prior to analysis (SmartPrep degasser, Micromeritics) in N2 
flow for 16 h at 300 ◦C.

FE-SEM SUPRA 35VP (Carl Zeiss) field-emission scanning electron 
microscope was used to visualize the surface morphology and spatially 
analyze the elemental distribution using EDXS.

The in-situ Vis DR spectroscopy was performed on a Lambda 650 
spectrometer (Perkin Elmer) using the reaction chamber from Harrick 
(model HVC-VUV-5). Finely powdered sample (10 mg) was analyzed 
after in-situ activation in a 5 % H2/N2 flow at 320 ◦C for 30 min, followed 
by cooling to 230 ◦C. Spectralon® was used to record the background.

X-ray diffraction analysis was performed to identify the crystalline 
phases in the activated CZA catalyst. Prior to analysis, the sample was 
ex-situ activated in 5 % H2/Ar flow at 320 ◦C for 30 min. After cooling to 
room temperature in 5 % H2/Ar flow, the sample was carefully trans
ferred to the apparatus and analyzed.

In-situ X-ray diffraction analysis was performed to quantify and 
compare the crystalline phases present in the CZA catalyst after acti
vation and during the dark and light-assisted RWGS conditions. Exper
iments were performed using Malvern Empyrean diffractometer (2θ 
range between 20 and 80◦, step of 0.039◦) under dark and illuminated 
RWGS conditions after sample activation (30 min at 320 ◦C in 10 % H2/ 
N2 flow, followed by cooling to 230 ◦C) and exposure to equimolar H2/ 
CO2 flow (20 ml/min) inside the Harrick reaction chamber. Reaction 
chamber was covered with a Kapton® foil and illuminated by Schott 
KL2500 LED source (9 mm I.D. optic fiber, white light, 550 mW/cm2). 
Quantitative phase analysis was performed from Le Bail fit using Topas 
Academic v.6 software package. The crystallite sizes of Cu and ZnO were 
determined using Scherrer equation, based on profile fitting of the most 
intense diffraction peaks corresponding to the (111) reflection for Cu 
and the (011) reflection for ZnO.

The H2 pulse chemisorption and H2-TPD experiments were per
formed using 22 mg of CZA sample which was positioned inside the 
Harrick reaction chamber and activated in 10 % H2/Ar flow (20 ml/min) 
for 30 min at 320 ◦C. Afterwards, the flow was switched to argon (20 ml/ 
min) and the sample was flushed for about 80 min; until the m/z = 2 
fragment (followed by mass spectrometer, model DSMS from Hiden 
analytical) dropped to a constant value. The sample temperature was 
lowered to 170 ◦C and ten pulses of 10 % H2/Ar (pulse volume was 250 
μl, introduced by a manually operated 6-port valve by Vici) were 
injected over the sample. After chemisorption, H2-TPD was initiated by 
heating the sample to 350 ◦C. After desorption, the sample was illumi
nated by 790 mW/cm2 of white light (LED source Schott KL2500) and 
the sample temperature was lowered to 170 ◦C. Ten pulses of 10 % H2/ 
Ar were injected over the sample, followed by H2-TPD. The H2 signal 
areas during pulse chemisorption and desorption were quantified using 
an external standard and integrated in Origin8 software.

Temperature programmed reduction (TPR) was performed on a 
Micromeritics AutoChem II 2920 apparatus. 74 mg of a catalyst sample 
was pretreated at 350 ◦C in 10 % O2/N2 for 30 min. Flow was changed to 
argon and the sample was cooled to − 10 ◦C. H2-TPR analysis was per
formed in a 50 ml/min 5 % H2/Ar flow. The samples were heated from 
− 10 to 320 ◦C with a 5 ◦C/min ramp. A liquid nitrogen–isopropyl 
alcohol cold trap was used to remove water vapor before entering the 
TCD detector.

The N2O chemisorption was used for the calculation of copper 
dispersion and Cu average size. After reduction (5 % H2/N2 flow at 
320 ◦C for 30 min), the sample was degassed in argon flow at 330 ◦C and 
cooled to 35 ◦C for N2O chemisorption. To selectively probe only 
metallic copper surface sites and avoid titration of oxygen vacancies of 
CeO2, N2O pulsing (0.5312 ml pulses containing 10 % N2O in helium) 
was performed at 35 ◦C. Decomposition of N2O and formation of N2 
were monitored using a mass spectrometer (model DSMS from Hiden 
analytical, ion fragments m/z = 28, 32 and 44 were monitored for N2, O2 
and N2O, respectively).

The in-situ DRIFTS analysis was performed using a Frontier spec
trometer (Perkin Elmer) equipped with a MCT detector. Spectra were 
collected between 800 and 4000 cm− 1, averaged over 16 accumulations 
with spectral resolution of 4 cm− 1. The powdered sample was activated 
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in-situ (5 % H2/N2 flow for 30 min at 320 ◦C) and cooled to 230 ◦C. At 
this point, background spectrum was recorded and flow was changed to 
50 % H2 and 50 % CO2 (40 ml/min total flow). After achieving steady 
state (no further spectral changes), a manually operated 4-way valve by 
Vici was used to exchange the CO2 flow (20 ml/min) with argon (20 ml/ 
min). Spectra were collected continuously using the Timebase© soft
ware with a time resolution of 17 s. The light-assisted experiment was 
performed exactly as described above for the thermocatalytic one, 
except that the sample was irradiated by 250 mW/cm2 of white light 
using the Schott KL2500 LED source and the optic fiber.

Transient step change experiments were performed to analyze the 
effect of water vapor on the RWGS behavior under dark and illuminated 
conditions was evaluated. The CZA sample (22 mg) was first reduced in 
10 % H2/Ar flow at 320 ◦C for 30 min, followed by cooling to 230 ◦C and 
switching to a 3 % H2/3 % CO2/Ar flow (30 ml/min). After reaching a 
steady output (the following fragments were monitored: m/z = 2 (H2), 
m/z = 18 (H2O), m/z = 28 (CO) and m/z = 44 (CO2) by MS, model DSMS 
by Hiden analytical), a manually operated 4-way valve by DK-Lok was 
used to substitute the dry 10 ml/min argon flow with a wet (3 % water 
vapor/Ar flow of 10 ml/min. Water vapor saturation was achieved by 
argon passing through a water bubbler that was kept isothermal at 
23 ◦C. After about 45 min exposure to wet RWGS conditions, the switch 
back to dry argon was made. In all light-assisted experiments, the 
catalyst was illuminated by 790 mW/cm2 of white light.

2.2. Catalytic experiments

Catalytic tests were performed in a reaction chamber (Harrick, HVC- 
MRA-5) which is described in S1 and our previous work [14]. Prior to 
experiments, absence of mass transfer limitations was verified, see ESI. 
For all tests, 22 mg of powdered catalyst was used, which formed a 
round layer with 4.5 mm diameter and 0.5 mm thickness. The catalyst 
was positioned on a 1 mm thick layer of powdered SiC (SiCat, 30–150 
μm) to improve heat transfer from the heating element to the sample and 
minimize the radial temperature gradient inside the catalyst layer. The 

catalyst temperature was measured with a 0.25 mm K-type thermo
couple which was located 0.3 mm below the surface of the catalytic 
layer. Before the reaction, sample was activated in-situ in a 10 ml/min 
flow of 5 % H2/N2 at 320 ◦C for 30 min. Catalytic experiments were 
performed between 200 and 320 ◦C using a 30 ml/min flow containing 
50 % H2 and 50 % CO2. During the light-assisted RWGS tests, the catalyst 
was illuminated by a Schott KL2500 LED source (400 nm < λ < 700 nm, 
Fig. S1C), equipped with optic fiber with a 9 mm active diameter. 
Constant irradiance of 790 mW/cm2 was used, measured by Thorlabs 
PM100D photometer. For the wavelength-dependent experiments, Fia
nium SuperK supercontinuum laser was used to illuminate the samples 
with 12.7 W/cm2 irradiance. Gas analysis was performed by GC (model 
490 by Agilent, MS5A and PPU columns).

3. Results and discussion

3.1. Structural and chemical analysis

XRD phase analysis of the activated CZA catalyst confirmed the 
presence of metallic copper crystals, which on average measured 11 nm, 
Fig. 1A. Metallic copper phase coexists with ZnO, which has an average 
crystal size of 8 nm. Graphite was also identified in the catalyst, 
consistent with its role as a lubricant and binder which improves the 
mechanical strength of the technical catalyst pellet [15]. Alumina could 
not be identified using diffraction due to its poor crystallinity, however, 
aluminum presence was confirmed with ICP-OES elemental analysis, see 
experimental section.

The N2 adsorption/desorption isotherm of the CZA sample is Type III 
according to IUPAC classification, characteristic for mesoporous mate
rials containing interparticle porosity, Fig. 1B. The calculated BET spe
cific area was 67 m2/g, total pore volume equaled 0.25 cm3/g and the 
average pore size measured 17 nm.

During the H2-TPR analysis (Fig. 1C), reduction of the sample 
occurred between 100 and 280 ◦C as a single reduction peak with a 
strong shoulder on the low-temperature side. By taking into 

Fig. 1. A) X-ray diffraction pattern of the activated CZA catalyst, B) N2 sorption isotherm (inset shows pore size distribution), C) H2-TPR profile of the CZA catalyst 
and D) Vis-DR spectrum of the activated CZA catalyst, recorded at 230 ◦C in 5 % H2/N2 flow.
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consideration the 129.5 cm3 H2/gcat consumed during the analysis, 
sample mass (74 mg) and copper content of 35.8 wt%, we calculated 
that all copper was reduced to metallic state (CuO + H2 → Cu + H2O) 
and 5 % of ZnO was transformed to metallic Zn, where it readily forms 
the CuZn brass phase [16,17]. The small amount of the formed CuZn 
phase and overlap of Cu and CuZn diffraction lines prevents its reliable 
identification from the XRD data. This is consistent with previous ana
lyses that applied in-situ XAS for copper and zinc oxidation state quan
tification during reduction [16,17].

The Vis DR spectrum of the activated CZA sample (Fig. 1D) shows 
absorption from 400 to 520 nm, originating from inter (d-s) and intra (d- 
d) band transitions of metallic copper [18]. Brass phase (bimetallic CuZn 
alloy which is formed during CZA activation) [16,17] has broad inter
band absorption also in the 400–500 nm region and has no other sharp 
diagnostic bands. Cu LSPR shows maximum absorption at 559 nm [19]. 
The LSPR band is weak, which is a collective consequence of small size 
of copper (11 nm, not optimal for LSPR generation). Also, CuZn alloying, 
damping from interband transitions or direct contact of individual Cu 
crystals will diminish the LSPR peak intensity. For nanoparticles below 
10 nm, quantum confinement and surface damping strongly quench the 
LSPR. Strongest and most distinct LSPR typically occurs in this size range 
of Cu nanoparticles measuring between 30 and 60 nm and shows a well- 
defined LSPR peak around 560–580 nm [20,21]. Alumina is featureless 

in the 400–800 nm range and contributes to scattering. ZnO band-edge 
absorption is expected between ~365–390 nm. Since excitation with UV 
wavelengths, which could excite ZnO was not possible during light- 
assisted catalytic experiments (Fig. S1C), this part of the spectrum is 
not shown in Fig. 1D.

Pulse N2O chemisorption was used to derive the 8.2 % copper 
dispersion, which equals an average spherical copper particle diameter 
of 13.4 nm (see Supporting information). This value is in particularly 
good agreement with the average copper crystal size (11 nm) estimated 
from XRD.

SEM visualization showed that CZA catalyst is comprised of flake- 
like nanoparticles, Fig. 2A. The smaller magnification image was used 
for EDX mapping (Fig. 2B), which showed that copper, zinc (and oxy
gen) are homogeneously dispersed, resulting in abundant contact points 
and interphase between Cu and ZnO. Aluminum distribution was less 
homogeneous, with clearly distinguishable Al-rich zones.

3.2. Catalytic performance

The activity of the CZA catalyst was initially evaluated under H2-rich 
(H2:CO2 = 2.4:1), CO2-rich (H2:CO2 = 1:1.5) and equimolar H₂/CO₂ feed 
ratios (Fig. S2). The highest CO rates were observed with equimolar H₂/ 
CO₂ feed, both under dark (thermocatalytic) and light-assisted reaction. 

Fig. 2. A) SEM micrograph and B) smaller magnification image with elemental mapping of the CZA catalyst.

Fig. 3. A) CO rate during thermo-catalytic and light-assisted RWGS reaction at different catalyst temperatures. Inset shows Arrhenius plots for CO formation and 
corresponding Ea values, B) Relative and absolute CO gains at different catalyst temperatures. C) CO2 reaction orders during thermocatalytic and light-assisted 
reaction. D) H2 reaction orders during thermocatalytic and light-assisted reaction. For kinetic analysis (Fig. 3C and D), the catalyst temperature was maintained 
constant at 230 ◦C and a constant white light irradiance of 790 mW/cm2 was used.
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Consequently, all subsequent catalytic experiments were conducted 
using equimolar H₂/CO₂ ratio. Next, the temperature dependence on CO 
rate was investigated. In dark, the CO formation rate increased expo
nentially with rising temperature (Fig. 3A) and reached 1.4 mmolCO/ 
(gcat min) at 315 ◦C. The lowest reaction temperature where CO formed 
was 208 ◦C. No methanol was identified under experimental conditions, 
which is in line with thermodynamic predictions, Fig. S3. The Arrhenius 
plot analysis (black symbols, inset Fig. 3A) revealed the apparent acti
vation energy (Ea) for CO formation is 83 k/mol, which is in very good 
agreement with previously reported value (87 k/mol) [22].

The light-assisted RWGS experiment (purple symbols in Fig. 3A) was 
performed by constantly illuminating the catalyst with 790 mW/cm2 of 
visible light and changing the power output of the electric heater to 
control the catalyst temperature. Catalyst temperature, measured inside 
the catalytic layer with a miniature thermocouple was used to scale the 
temperature (Fig. S1). Before the light-assisted experiments, the catalyst 
was maintained at 320 ◦C under illumination and kept at this temper
ature until it reached steady-state activity (Fig. S4A), to ensure catalytic 
stability.

Similarly to the experiment in dark, CO was the only reaction 
product. The photocatalytic RWGS reaction was initiated 50 ◦C earlier 
compared to experiment in dark: 0.078 mmolCO/(gcat min) was pro
duced already at 159 ◦C. Under these conditions, no external electric 
heating was applied and CO formation was driven solely by light irra
diation and light-induced sample heating. The Ea in the light-assisted 
RWGS reaction was 44 kJ/mol (inset Fig. 3A), which is almost halved 
compared to the value in dark. Such a notably lower Ea value suggests an 
important, light-induced modification of the reaction mechanism, which 
enables the CO formation to proceed with a much lower energy barrier.

Next, we compared the absolute and relative CO rate gains between 
the light-assisted and thermally-driven reactions at identical catalyst 
temperatures to better quantify the effect of light, Fig. 3B. We defined 
the absolute rate gain as CO rate difference between the light-assisted 
rate and the thermally driven rate at identical catalyst temperatures: r 
(CO) light - r(CO) dark. The absolute CO gain of 0.73 mmolCO/(gcat min) 
slowly decreased to 0.23 mmolCO/(gcat min) as the catalyst temperature 
decreased from 315 to 208 ◦C. The relative CO rate gain is defined as: r 
(CO) light/r(CO) dark, again, compared at identical catalyst tempera
ture. The light-assisted CO rate was more than five times higher 
compared to the CO rate under dark conditions at 208 ◦C. With 
increasing catalyst temperature, the relative CO gain decreased expo
nentially, but never dropped below one, revealing the light-assisted 
RWGS always outperforms the reaction in dark at identical catalyst 
temperatures. The origin of the decaying photocatalytic contribution 
with increasing temperature can have multiple origins: The thermally 

driven reaction channel exhibits exponential (Arrhenius-type) temper
ature dependence whereas the light-driven reaction channel depends on 
the number of photons, which was in this experiment constant. Also, 
inter and intraband electronic transitions quench faster at higher tem
peratures and intensity of Cu localized surface plasmon resonance 
(LSPR) decreases with increasing temperature. This behavior is due to 
several factors: i) At higher temperatures, the density of phonons 
(vibrational energy in the lattice) increases, leading to greater electron- 
phonon scattering. This reduces the coherence of the oscillating con
duction electrons responsible for the LSPR and broadens the resonance 
peak, thereby reducing its intensity. ii) Higher temperatures increase 
energy dissipation mechanisms (such as phonon and defect scattering), 
further dampening the LSPR. The stability of the CZA catalyst was 
evaluated at 230 ◦C under both dark and light-assisted conditions 
(Fig. S4B). In both cases, the catalytic activity minimally decreased in 
the first few hours and then reached steady-state, suggesting the light 
does not affect the long-term stability of the catalyst.

3.3. Kinetic analysis

The identification of CO2 and H2 reaction orders was aimed at 
gaining insight into how visible light irradiation affects the reaction 
mechanism. The CO synthesis rate r(CO) is expressed by Eq. (1), where k 
represents the reaction rate constant, c represents the concentration of 
gas, a and b represent the reaction orders of CO2 and H2, respectively. 

r(CO) = k*c(CO2)
a*(H2)

b (1) 

The Langmuir-Hinshelwood type reaction mechanism is realistically 
proposed (both reactants chemisorbed on the catalyst surface), since our 
control experiments identified a minor role of the redox reaction 
mechanism (Mars-van Krevelen type) both under dark and light-assisted 
conditions, Fig. S5. Fig. 3C illustrates the relationship between the CO 
rate and CO2 concentration (pressure) under dark and light-assisted 
conditions, while maintaining a constant H2 concentration. The reac
tion order with respect to CO2 remains almost unchanged: 0.89 and 
0.81, respectively. The values close to unity suggest that the rate of the 
RWGS reaction is restricted by dissociation of CO2 to a similar extent, 
both under dark and light-assisted conditions [23]. However, upon 
white light illumination, the H2 order changes drastically, from +0.7 to 
− 2.6 (Fig. 3D). The strongly negative H2 reaction order reveals 
increased surface hydrogen coverage and overcrowding, which is a 
consequence of the LSPR excitation of Cu, which accelerates H2 disso
ciation through hot-carrier injection into H₂ antibonding orbitals and 
altered surface charge distribution [24].

Using H2 pulse chemisorption, followed by H2-TPD under dark and 

Fig. 4. A) CO rate dependence on irradiance. Black symbol shows CO rate in dark. B) CO rate under illumination with different wavelength ranges at a constant 
irradiance of 12.7 W/cm2 (full circles). Empty circles represent apparent quantum yield values. Purple trace shows optical absorption of the activated CZA sample. In 
both experiments the catalyst temperature was maintained at 230 ◦C.
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illuminated conditions (Fig. S6) we quantified and compared the 
amounts of chemisorbed hydrogen. The illuminated CZA catalyst 
chemisorbed 1.5⋅10− 4 mol H2/gcat, whereas for the CZA catalyst in dark, 
the amount was about 5 times lower: 2.9⋅10− 5 mol H2/gcat. The H2-TPD 
data directly confirms increased hydrogen coverage under illumination, 
which is in line with the H2 reaction orders changing during light- 
assisted CO2 methanation over Rh/TiO2 catalysts [25].

3.4. Irradiance and wavelength effects

The effect of irradiance on the CO rate was investigated at the con
stant catalyst temperature of 230 ◦C, Fig. 4A. To maintain the catalyst 
temperature constant during increasing white light illumination, the 
output of the electric heater was decreased simultaneously.

The CO rate scaled linearly with increasing irradiance, Fig. 4A. This 
provides compelling evidence that photon-induced chemical trans
formations on the catalyst surface, and not thermal effects (i.e. local 
heating of the nanoparticles because of illumination) are responsible for 
the CO rate acceleration. The linear dependence of photocatalytic rate 
on irradiance is characteristic of electron-driven chemical trans
formations on metal surfaces, whereas exponential dependence 
(Arrhenius type) is characteristic for thermally driven reactions [26,27]. 
Illumination of the catalyst (at 230 ◦C) by 790 mW/cm2 accelerated the 
CO rate by 346 % compared to the experiment in dark at identical 
catalyst temperature (0.52 and 0.15 mmolCO/(gcat min), respectively).

To identify the most efficient wavelength for accelerating the RWGS 
reaction, a range of wavelengths between 400 and 840 nm was tested, 
Fig. 4B. Only minor CO rate acceleration was achieved by irradiation 
with NIR photons (between 750 and 840 nm). By progressively tran
sitioning to higher energy photons, the CO rate increased steadily. The 
most pronounced CO rate acceleration was observed during illumination 
with wavelengths between 400 and 500 nm, which correlates with the 

highest light absorption of the catalyst and specifically, the range of 
inter and intra-band excitations of copper and CuZn alloy [18]. In line 
with progressively higher CO rates, the calculated apparent quantum 
yield values (AQY, empty circles in Fig. 4B, Table S1) steadily increased 
from 4.7 to 47 %. The outstandingly high AQY values compared to other 
catalyst formulations reported in the literature (Table S2) indicate that 
the CZA catalyst is very efficient in utilizing blue photons to drive the 
RWGS reaction. This is related to the optimized chemical composition 
and structure of the catalyst, resulting in a large abundance of catalyt
ically active sites that also perform the light absorbing function where 
the hot carriers have a high probability to induce a catalytic turnover.

3.5. Analysis of reaction channels

The RWGS reaction under thermocatalytic conditions was previously 
suggested to proceed through redox, carboxylate or formate pathways, 
which are still debated. Lately, however, both theoretical and experi
mental evidence suggests the carboxylate as the dominant reaction 
pathway [28–32]. The ongoing differences in opinion can be traced to 
diverse reaction conditions (temperature and feed composition) and a 
multitude of chemically active and inert supports, as well as active 
metals. On the other hand, very scarce information on RWGS reaction 
mechanisms under light-assisted conditions with copper-based catalysts 
exists [12,21].

We first probed the existence of the redox mechanism under ther
mocatalytic and light-assisted conditions, which was proposed initially 
as the main route to CO over copper-based catalysts [23,33]. During the 
redox mechanism, metallic copper switches its oxidation state to Cu2+, 
which is caused by oxidation with CO2 and formation of CO molecule 
(Cu + CO2 → CuO + CO). The catalytic cycle is closed by reduction of the 
CuO phase with H2, which regenerates the metallic Cu site and produces 
a water molecule (CuO + H2 → Cu + H2O).

Fig. 5. A) In-situ DRIFT spectra during steady-state thermocatalytic and light-assisted RWGS reaction and B) Difference spectrum between thermocatalytic and light- 
assisted RWGS conditions. Time-resolved DRIFT spectra of the CZA catalyst after the CO2 + H2 → H2 + Ar switch under C) thermocatalytic and D) light-assisted 
reaction conditions where sample was irradiated by 250 mW/cm2 of white light. Both experiments were performed at a constant catalyst temperature of 230 ◦C.
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CO produced through the redox mechanism in dark (CO2 pulsing 
over the reduced and degassed CZA catalyst in helium flow at 230 ◦C) 
represented 10 % of all CO when compared to CO formed during CO2 
pulsing over the CZA catalyst in 5 % H2/Ar flow (RWGS reaction 
occurring through all active reaction channels, Fig. S5 and Supporting 
information). The relative contribution of the redox mechanism to CO 
formation during the light-assisted experiment was also 10 %, yet the 
total amount of CO formed was 35 % higher under illumination, 
revealing a notable effect of light on this reaction channel.

We further analyzed the reactivity of most abundant surface species 
under dark and light-assisted RWGS using in-situ DRIFT spectroscopy at 
230 ◦C. During steady-state conditions (Fig. 5A), characteristic bands of 
gas phase CO2 (bands between 2200 and 2400 and combination bands 
between 3500 and 3750 cm− 1) and gas phase CO (2112 cm− 1 and 2175 
cm− 1) were observed. The latter support the occurrence of the RWGS 
reaction. In addition, bidentate formate (bHCOO 1595 cm− 1 and 1372 
cm− 1), bidentate and polydentate carbonates (bCO3 1534 cm− 1 and 
pCO3 1390 cm− 1) and methoxy species (CH3O 1058 cm− 1) were 
observed [28,34–36]. Negligible signal in the C–H vibrational range of 
2800–3000 cm− 1, expected from formate and methoxy species was 
observed. The C–H signal is much weaker compared to C––O signal due 
to a combination of factors like bond polarity and the change in dipole 
moment during vibration: the C––O bond’s significant change in dipole 
moment during stretching leads to a much stronger IR absorption and 
intensity [37].

The steady-state difference spectrum (dark DRIFT spectrum minus 
the light-assisted DRIFT spectrum, Fig. 5B) revealed that bridging 
formate species (bHCOO) are more abundant in dark, together with less 
gaseous CO produced, revealing lower RWGS activity in dark which is 
consistent with catalytic data in Figs. 3A and 4A.

After achieving steady-state surface population, a step-change switch 
was introduced where carbon dioxide was replaced by argon (CO2 + H2 
→ H2 + Ar), Fig. 5C and D. After the switch, the intensity of all surface 
species progressively decreased. This indicates that all surface species on 
the catalyst are either reacting with hydrogen or desorbing, resulting in 
progressive cleaning of the catalysts’ surface. After 2663 s in 5 % H2/Ar 
flow at 230 ◦C, only weak signals at 1595, 1390 and 1372 cm− 1, 
belonging to bidentate formate and polydentate carbonate could be 
observed on the dark CZA, Fig. 5C. The extent of surface cleaning was 
more extensive on the illuminated CZA as only a weak band at 1595 
cm− 1, attributed to bidentate formate was remaining 2663 s after the 
switch, Fig. 5D.

The initial signal decay rates of the most abundant surface species 
were further compared to analyze which species are most influenced by 
light, Table 1 and Fig. S7A. Since reactivity of surface species depends 
also on their coverage, [38] the signal decay rates in the initial 140 s 
after the switch were compared, as they best mimic the quasi steady- 
state behavior.

The band at 1372 cm− 1 is jointly contributed by bidentate formate 
(bHCOO) and polydentate carbonate (pCO3), the band at 1534 cm− 1 is 
attributed to bidentate carbonate (bCO3) and the band at 1595 cm− 1 

belongs to bidentate formate (bHCOO), Table 1. Other bands were too 
small to enable reliable analysis and were thus omitted.

Under thermocatalytic conditions, the signal of bHCOO at 1595 cm− 1 

decays about two-fold faster compared to bCO3 at 1534 cm− 1 (decay 
rates of 4.1 and 1.8, respectively). The decay rate of the combined 

bHCOO+ pCO3, band at 1372 cm− 1 is slower compared to bHCOO band 
at 1595 cm− 1 (3.4 compared to 4.1, respectively). This can be ratio
nalized with the fact that polydentate carbonate (pCO3) was previously 
identified by Lorber as considerably more stable compared to bidentate 
carbonate and formate species [34,36].

Under the light-assisted conditions, the decay rates of bHCOO at 
1595 cm− 1 and bCO3 at 1534 cm− 1 were very similar to the ones in dark. 
This is manifested also through the L/T ratios: 1 and 1.2, respectively. 
However, the combined bHCOO + pCO3 band decayed notably slower 
under illumination, compared to dark (L/T = 0.6). The combined 1372 
cm− 1 band under illumination is contributed mainly by pCO3, since the 
steady-state difference spectra showed lesser formate coverage, Fig. 5B. 
As demonstrated by time-resolved DRIFTS, the reactivity of carbonates 
and formates was not promoted by illumination, meaning their contri
bution to enhanced photocatalytic CO rate is not significant. Zhang and 
colleagues [39] used DFT to analyze the reactivity of formates on Cu 
[111] and Cu-Cu2O interface in dark. Rather than decomposition, 
accumulation of formate spectators was predicted, preventing any cat
alytic activity at temperatures below 200 ◦C. Microkinetic analysis of 
surface species coverage revealed that bidentate formate and atomic H 
are the most abundant surface intermediates on copper (111) with 
fractional coverage in the range between 0.1 and 0.4. Coverage of all 
other species is at least two orders of magnitude lower [40]. These 
microkinetic and DFT predictions are in line with our in-situ DRIFTS 
results (Fig. 5) where formates dominated the IR spectra of the working 
catalyst, and our H2-TPD results as illumination increased hydrogen 
coverage fivefold on the CZA surface, Fig. S6 [41].

Gas phase CO2 signal decays quickly (in about 75 s, Fig. S7A) below 
detection limit and its transient response is independent of illumination 
(decay rates are comparable within the margin of measurement error).

The decay rate of the gas phase CO signal is initially three-fold faster 
upon illumination compared to the experiment in dark. After about 80s 
after the switch, the CO decay rate abruptly changes and becomes equal 
to the one of the experiment in the dark. This overlap of the gaseous CO2 
presence and the accelerated formation of CO suggests that light- 
induced CO rate is connected to a reaction channel that does not 
occur through the formate or carbonate intermediates. The gaseous CO 
is observed much longer after gas phase CO2 is removed, suggesting the 
slow decomposition of most abundant surface species into CO, as well as 
desorption of CO from the metallic Cu sites, as evidenced through the 
attenuation of the characteristic carbonyl bands on metallic copper, 
located at 2060 cm− 1, Fig. 5C and D [42]. We analyzed the effect of light 
on the CO desorption dynamics from the CZA catalyst, which could, be 
due to different CO adsorption strength under illumination, (Fig. S7B). 
The transient response curves of CO decay in the presence of the CZA 
under dark and illuminated conditions during the switch overlap 
entirely, which suggests equal interaction and holdup of CO on the CZA 
catalyst.

Based on the transient response data during in-situ DRIFTS experi
ment shown in Figs. 5 and S7, redox mechanism analysis in Fig. S5 and 
accompanying Supplementary note, CO appears to be formed margin
ally through the redox mechanism (about 10 % overall), partly through 
hydrogenation and decomposition of surface formates and carbonates, 
and during illumination mainly through the spectroscopically elusive 
carboxylate mechanism, which will be indirectly probed below.

We further quantitatively analyzed the possibility of copper oxida
tion state variation with in-situ XRD (Fig. S8E and Table S3) after dark 
and illuminated CZA activation (in 5 % H2/Ar flow), as well as under 
RWGS conditions (in 50 % H2/50 % CO2 flow). This analysis was 
inspired by the possible transfer of radiative energy from the plasmon Cu 
states to the CuOx phase either via dipole-dipole interactions or direct 
LSPR-mediated transient electron injection, resulting in weakening of 
the Cu–O chemical bonds and leading to altered Cu and CuO ratios 
during dark and light-assisted RWGS reaction.

Only metallic copper and ZnO crystalline phases could be identified 
in the CZA catalyst after activation and during the RWGS reaction. The 

Table 1 
Decay rates for different surface species under thermocatalytic (T) and light- 
assisted (L) reaction conditions, together with the relative L/T ratio.

Peak assignation and position, 
cm− 1

Decay rate (T), 
s− 1

Decay rate (L), 
s− 1

L/T

bHCOO + pCO3, 1372 3.4 ± 0.2 1.9 ± 0.5 0.6 ± 0.3
bCO3, 1534 1.8 ± 0.5 2.2 ± 0.4 1.2 ± 0.5
bHCOO, 1595 4.1 ± 0.3 4 ± 0.3 1 ± 0.1

M. Okorn et al.                                                                                                                                                                                                                                  Chemical Engineering Journal 527 (2026) 171682 

7 



crystal size remained practically unchanged at about 10.3–11.9 and 
7.7–8.3 nm for Cu and ZnO, respectfully, Table S3. According to the 
chemical composition of the CZA catalyst (see experimental section), the 
theoretical Cu/ZnO weight ratio is 1.4. This value assumes that all 
copper is reduced and crystalline, and that all ZnO remains in oxide form 
and is crystalline. The Cu/ZnO ratio in the activated catalyst increased 
slightly from 2.9 to 3.3 when activation under illumination was per
formed, which is in line with the theoretical calculations and experi
mental observation of light-promoted copper reduction [41,43]. The 
Cu/ZnO weight ratios during the dark and light-assisted RWGS reaction 
(Table S3) were slightly higher (3.6) compared to the values after 
catalyst activation. This is likely a consequence of a higher H2 concen
tration during the reaction compared to activation (50 and 5 %, 
respectively). From the Cu/ZnO ratio of 3.6 we can calculate that around 
50 % of ZnO is present as metallic Zn phase closely interacting with 
copper and forming a CuZn brass phase [17,44–46]. It was not possible 
to distinguish between the CuZn and Cu diffractions since they overlap 
closely and the peak shape is broad. Based on the absence of light- 
induced structural (crystal size) and oxidation state changes (Cu/ZnO 
ratio) during the RWGS under dark and light assisted conditions, we 
postulate that the CO rate acceleration originates from an electronic 
effect of CZA photoexcitation.

Our experiments confirmed that CO forming via the redox pathway 
at 230 ◦C (Fig. S5) is increased during illumination by 35 %, yet con
tributes only about 10 % to the total CO amount. The improvement is 
likely related to higher degree of catalyst reduction, as quantified during 
in-situ XRD analysis (Fig. S8E and Table S3). As a result, more redox 
capable Cu or CuZn brass sites can contribute to direct CO2 reduction 
during illumination of the CZA. Also, there is no increase in formate and 
limited increase in carbonate reactivity at 230 ◦C (Table 1) that could 

contribute to the 346 % higher CO rate measured under illumination at 
230 ◦C (Fig. 4A). Since the redox and formate reaction channels together 
cannot explain the experimentally measured CO rate acceleration under 
illumination, we postulate that the elusive, third reaction channel that is 
determining the CO formation is likely related to minority species like 
carboxylate. The carboxyl intermediate, which is widely regarded as the 
main RWGS channel, has very low surface coverage, as estimated via 
microkinetic modelling, implying that COOH is a very reactive inter
mediate, making it very difficult to identify directly spectroscopically or 
experimentally [28,39,40]. Water plays a crucial role in enabling the 
carboxylate mechanism [47]. Mavrikakis and colleagues used DFT and 
analyzed two pathways for carboxylate formation on Cu [111]: CO2* +
H* → COOH* + *, (ΔE = 0.39 eV, Ea = 1.8 eV). The second pathway is 
energetically much more favorable and thus more likely to occur: CO2* 
+ H2O* → COOH* + OH* (ΔE = 0.4 eV, Ea = 0.82 eV).

Dissociation of carboxylate (COOH* + * → CO* + OH*) has an 
activation barrier of 0.59 eV and is thermo neutral, ΔE = − 0.02 eV [40]. 
Atomic hydrogen species are required to react with surface hydroxyls 
and form water, which will after desorption close the catalytic cycle and 
vacate the active site for the subsequent catalytic cycle. Atomic H can 
come from H2 dissociation which is exothermic by 0.5 eV and is asso
ciated with an energy barrier of 0.53 eV. Water dissociation (H2O* + * 
→ OH* + H*) has an energy barrier of 1.36 eV and is rate limiting in 
WGS reaction over copper (111) surface [40].

Based on the crucial role of water for enabling the energetically 
favorable carboxylate genesis and being involved in the cleaning the 
catalytic surface via water desorption after carboxylate dehydroxylation 
(H* + OH* → 2* + H2O), we analyzed its effect on the RWGS activity 
(and indirectly on the carboxylate pathway) by employing step-change 
experiments under dark and illuminated conditions, Fig. 6.

Fig. 6. Transient behavior of the CZA catalyst during step-change experiments between dry (3 %H2/3 %CO2/Ar) wet (3 %H2/3 %CO2/1 %H2O/Ar) and back to dry 
(3 %H2/3 %CO2/Ar) feed at 230 ◦C. A) CO signal, B) CO2 signal and C) H2 signal. Catalyst illumination with 790 mW/cm2 of white light was used during light- 
assisted experiment.
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Dark RWGS: After reaching steady-state RWGS activity in a dry 3 % 
H2/3 %CO2/Ar flow, a switch to wet 3 %H2/3 %CO2/1 %H2O/Ar flow (t 
≈ 33 min) was made, black trace in Fig. 6A. The CO signal dropped by 
16 %, revealing lower catalytic activity in the presence of co-fed water. 
Immediately after the switch, CO, CO2 and H2 signals rapidly increased 
in a pulse-like manner before returning to new steady-state values 
(Fig. 6A–C, t ≈ 33 min). Such response is likely related to water causing 
desorption of CO and carbonates, as well as formate decomposition via 
dehydrogenation and dehydroxylation channels: HCOO* + H* → CO2 +

H2 and HCOO* + H* → CO + H2O. Our previous work on Cu/Al2O3 
catalyst identified higher reactivity of formate under dark RWGS con
ditions and its preferential dehydrogenation into CO2 and H2, which is in 
line with the behavior observed here over CZA [21].

Also, if COOH formation was the RDS and COOH formation was 
accelerated by higher water concentration through an energetically 
most favorable pathway identified theoretically [47], the CO rate should 
increase. As this was not the case, we postulate that carboxylate 
decomposition (*COOH + * → CO* +OH*) and more importantly, water 
formation and desorption (OH* + H* → H2O + 2*) are the rate deter
mining steps in dark RWGS. Adding water apparently shifts the water 
forming reaction towards water dissociation into OH and H, thus 
negatively impacting the RDS. After the 3 %H2/3 %CO2/1 %H2O/Ar → 
3 %H2/3 %CO2/Ar switch back to dry RWGS conditions (t ≈ 73 min), 
the CO signal dip (t ≈ 73 min) reveals the establishment of a new steady- 
state surface population with CO, which is higher under the dry 
conditions.

Light-assisted RWGS: Switching from a dry 3 %H2/3 %CO2/Ar to a 
wet 3 %H2/3 %CO2/1 %H2O/Ar flow (t ≈ 33 min) caused the CO signal 
to drop by 41 %, revealing a much stronger and negative effect of water 
on the light-assisted reaction pathway compared to dark RWGS, Fig. 6A. 
With water co-feeding, we increase its surface population, thus nega
tively influence the COOH decomposition and associated water 
desorption. The step-wise drop of CO signal was accompanied by a step- 
wise increase of CO2 and H2 signals (Fig. 6B and C), resulting from their 
higher concentration (lower conversion) during water presence. Based 
on the absence of the pulse-like CO2 and H2 features at the time of the 
switch, there appears to be virtually no H2 or carbonate displacement by 
water taking place. This observation can be rationalized by considering 
stronger H binding, evaluated from H2-TPD experiment, and much more 
stable polydentate carbonate on the illuminated CZA (Table 1).

After the 3 %H2/3 %CO2/1 %H2O/Ar → 3 %H2/3 %CO2/Ar switch 
back to dry RWGS conditions (t ≈ 73 min), the initial RWGS activity 
under illuminated conditions was restored, revealing the reversible ef
fect of water. The CO signal dip during the switch is a consequence of 
establishment of steady-state surface population with CO, which is again 
higher under the dry conditions.

We must emphasize also that water influence on the redox and 
formate/carbonate reaction channels cannot be ignored, nor exactly 
quantified. However, the main influenced reaction channel by water is 
assumed to be the carboxylate pathway, based on the following ratio
nale. The extent of CZA activity loss in wet RWGS feed is 2.5 times 
higher during illumination (41 and 16 %, respectively), as calculated 
from the drop of the CO signal values in Fig. 6A. We further suggest that 
the light-induced CO rate increase (2.9-fold, again calculated based on 
the increase of the CO signal form Fig. 6A) occurs exclusively at the 
account of accelerated carboxylate pathway. This assumption is based 
on the evidence that light-assisted redox reaction contribution remains 
marginal at 10 % and the reactivity of surface bidentate carbonate and 
formate remain unchanged, L/T ratios in Table 1. Under light-assisted 
conditions, the contribution of the redox reaction pathway to the CO 
yield is 11 % (Fig. S5), yet the water induced activity drop was 41 %. In 
this case, the water effect extends far beyond that of full inhibition of the 
redox mechanism and other reaction channels are affected. We further 
postulate that the formate dehydration reaction that yields CO (HCOO* 
+ H* → H2O + CO) could be thermodynamically shifted to the left 
because of water presence. As a result, water induced inhibition of the 
formate dehydration reaction cannot be excluded.

Based on the results of kinetic analysis, H2-TPD, in-situ DRIFTS 
analysis, redox mechanism probing and transient isothermal water ef
fect probing, we propose the following interconnectivity of reaction 
pathways during the light-assisted RWGS reaction over CZA, Fig. 7.

4. Conclusion

The CO formation rate can be accelerated almost 6-times with 790 
mW/cm2 of visible-light illumination on the CZA catalyst. The benefit of 
light is maximized at temperatures below 230 ◦C, which makes the light- 
assisted RWGS reaction a powerful, low-temperature CO2 valorization 
opportunity. The observed acceleration of the CO rate upon illumination 
is accompanied by a notable decrease of Ea values from 83 to 44 kJ/mol 

Fig. 7. Proposed RWGS reaction pathways over the CZA catalyst.
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and a decrease of the H2 reaction order from 0.81 to − 2.6, while the CO2 
reaction order remains mostly unchanged. The most efficient light- 
driven activation of the catalyst is via excitation of the inter band 
transitions of copper with photons in the 400–500 nm range, which 
resulted in the AQY values of up to 47 %. Redox mechanism is opera
tional under both dark and illuminated conditions, but in both cases 
contributes only about 10 % to the CO productivity. Transient experi
ments using in-situ DRIFT spectroscopy revealed that reactivity of most 
abundant surface species (formates and carbonates) is not improved 
under illumination, meaning that they do not represent kinetically 
relevant reaction intermediates for CO generation under illuminated 
reaction conditions. CO is thus likely formed through the carboxylate 
intermediate. Under illumination, H2 dissociation and surface coverage 
with H* is enhanced about 5-fold compared to dark conditions. As a 
result, the dissociation of carboxylate (COOH* + * → CO* + HO*) is 
accelerated through high H* coverage helping with H* + OH* recom
bination and water desorption, which is the underlying mechanistic 
reason for light-assisted CO rate acceleration.
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