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ABSTRACT: Using light and water vapor to reduce CO2 into various carbon-based products,
such as methane, is a promising strategy to achieve the conversion of CO2 into useful products.
Copper (Cu) is a well-studied photocatalyst due to its high affinity for carbon intermediates,
favoring the CO2 evolution reaction (CER) over the hydrogen evolution reaction (HER).
Recently, we have shown that adding CuO nanoparticles to light-sensitive materials such as
BaTiO3 (BTO) and TiO2 enhances the photocatalytic performance of the materials. Therefore,
to elucidate the interaction between CuO nanoparticles and support materials, we combined
the results of standard (scanning electron microscopy, X-ray photoemission spectroscopy) and
advanced characterization techniques, namely, operando ambient-pressure near-edge X-ray
absorption fine structure (NEXAFS) and in situ Fourier transform infrared (FTIR)
spectroscopies, for investigating the photocatalytic reaction mechanism of CuO−BTO and
CuO−TiO2 photocatalysts in operando CO2 photoreduction conditions. Our results confirmed
enhanced methanation on the CuO−BTO system over a TiO2-based catalyst: NEXAFS
analysis allowed to establish that the activity of both catalysts is linked to the formation of a reversible redox couple Cu+/Cu2+ and
that the CuO−BTO interface can promote a more efficient charge separation; the electron trapping on Ti centers was directly
observed on Ti NEXAFS spectra, evidencing a strong charge recombination suppression, which can favor CO2 reduction. IR
revealed that CO2 is strongly activated on the CuO−BTO surface, forming carbonates that are converted to CH4 through the
formation of formates as intermediates.
KEYWORDS: photocatalysis, CO2 evolution reaction, operando spectroscopy, photofuels, perovskites

■ INTRODUCTION
As carbon dioxide (CO2) levels rise�being among the major
contributors to the average temperature increase globally�so
does the need to modulate its concentration in the atmosphere
to alleviate the global-warming-related impact.1 Among the
various available strategies, the development of technologies
for the efficient capture and conversion of CO2 is particularly
promising, as they allow both for its removal and trans-
formation into useful products, thus closing the carbon cycle.
Despite being appealing, carbon capture and storage (CCS)
technologies are still energy-intensive and can require up to
40% of the energy relative to the entire process.2 On the other
hand, coupling capture technologies with consequent CO2
utilization (CCU) can improve the uptake efficiency by
considerably reducing the overall CO2 emissions.3 In this
context, by achieving the conversion of CO2 into various C-
based products by using light as the energy source and water
vapor as the proton source, photocatalysis emerged as an
appealing strategy to further abate the energy requirements of
the overall process.4

Copper (Cu) has been extensively studied as both photo-
and photoelectrocatalysts, for its high affinity with C-
intermediates, thus more easily leading to CO2 over the H2O

evolution reaction.5 The coupling of copper oxide nano-
particles (CuO NPs) to other photocatalysts showed enhanced
performance in CO2 photoreduction.6 On the other hand,
perovskite materials are progressively emerging as promising
photocatalysts for light-driven reduction of CO2. In fact, the
unique and tunable crystal structure of perovskites makes them
adaptable to various applications, enabling the modulation of
properties like light absorption, charge separation, and catalytic
activity.7 Among other perovskites, barium titanate (BaTiO3),
a nontoxic material based on abundant elements, has been
applied to various photocatalytic processes such as the
degradation of pollutants, water depuration, hydrogen
production, and, only recently, CO2 photoreduction.7−9 A
previous study has shown that the addition of CuO to BaTiO3
greatly increases the selectivity toward CH4 and the perform-
ance of BaTiO3 as a catalyst.10 However, the origin of this

Received: June 20, 2025
Revised: April 1, 2026
Accepted: April 2, 2026

Research Articlepubs.acs.org/journal/ascecg

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acssuschemeng.5c06087

ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

C
A

' F
O

SC
A

R
I 

U
N

IV
 O

F 
V

E
N

IC
E

 o
n 

A
pr

il 
17

, 2
02

6 
at

 0
7:

33
:4

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Forghieri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Mauri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Stolfi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Ghedini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elizaveta+Kozyr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Mino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piero+Torelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michela+Signoretto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michela+Signoretto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.5c06087&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c06087?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c06087?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c06087?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c06087?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c06087?fig=tgr1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c06087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://creativecommons.org/licenses/by/4.0/


effect and the underlying mechanisms of CO2 conversion into
methane at the semiconductor interface remain to be
elucidated. In fact, various studies revealed that CuO can act
both as a catalyst and as a reactant during the photocatalytic
process.11,12 Besides morphology and dimension, it was
observed that the Cu oxidation state can considerably influence
the catalyst’s stability and performance.13 Although it was
observed that both Cu0 and Cu1+ can act as active sites for
CO2 reduction,

14 the presence of mixed Cu1+ and Cu2+ states
is usually observed during the reaction.15 Therefore, the final
photocatalytic performance also depends on the ability of the
support to reduce Cu2+ and stabilize the active form of the Cu
catalyst. Consequently, it is possible that different materials
used as both CuO NPs supports and cocatalysts can differently
affect the oxidation state of Cu and thus the resulting
photocatalytic performance.
Near-edge X-ray absorption fine structure (NEXAFS)

spectroscopy is a powerful tool to elucidate the electronic
structure of various materials. It is particularly useful when
employed in the soft X-ray regime for the study of first-row
transition metals, since the related NEXAFS L edges are
particularly sensitive to the local geometry and the oxidation
state of the absorbing atom.16 In this study, the soft X-ray
NEXAFS technique has been applied in operando conditions,
i.e., the spectra have been acquired at the real operating
conditions of the photocatalyst. In this way, the electronic
structure and local chemical environment modifications of the
chemical species of the catalysts have been monitored in real
time during the photocatalytic reaction, with a simultaneous
collection of the reaction products.17,18

The aim of this study was to elucidate the redox behavior of
CuO NPs in the prepared Cu-based materials and therefore to
reveal the role of the catalysts in the presence of reagents and
UV light, as to mimic the standard reaction conditions during
CO2 photoreduction. To this end, previously prepared CuO−
BaTiO3 and CuO−TiO2 photocatalysts10 were studied via
operando ambient-pressure NEXAFS19 to gain insights into the
redox behavior and thus identify the active phases involved in
the reaction. Understanding the interaction between CuO
nanoparticles and perovskite materials is key to optimizing
these photocatalytic systems and potentially increasing the
efficiency of the photocatalytic conversion of CO2. Results
gave clues on the role of the different semiconductor species
and revealed that the presence of a support-dependent effect
can influence the redox state of Cu NPs and therefore the
resulting catalytic performance.

■ RESULTS AND DISCUSSION
The Ba-based sample analyzed in this work was prepared by
hydrothermal synthesis, while commercial P25 was used as the
TiO2 benchmark, as described in the Experimental Methods
section. Physisorption analysis of the synthesized catalysts
revealed a mesoporous structure, with a higher BET surface
area of BaTiO3 (149 m2 g−1) compared to that of TiO2 (50 m2

g−1). The addition of CuO NPs did not considerably affect the
surface area of the samples, as reported in Table 1. Despite
having different surface areas, SEM analysis of TiO2 and
BaTiO3 samples showed irregularly shaped particles of similar
average dimensions (Figure 1a,b), showing particle size
average distributions of 21.4 ± 4.1 nm and 29.9 ± 8.6 nm,
respectively (Figure 1c,d). The BaTiO3-based samples showed
a higher average pore size compared to the TiO2 samples
(Table 1). For both samples, the addition of CuO NPs

increased the average pore size while slightly decreasing the
BET surface area to 137 m2 g−1 and 49 m2 g−1 for CuO−
BaTiO3 and CuO−TiO2, respectively. SEM and SEM-EDS
analyses combined with HRTEM and SAED characterization
on the Cu−BaTiO3 and Cu−TiO2 materials had been
previously conducted,10 confirming the nanostructured mor-
phology of CuO NPs, appearing as aggregates of roughly 200
nm constituted by smaller spherical nanoparticles (d < 10 nm),
homogeneously distributed on the surface of both BaTiO3 and
TiO2 samples.
XPS analysis was performed on the pristine samples,

showing the expected elemental composition without a trace
of significant contaminants. The 2p core level of Cu and Ti
XPS spectra of BaTiO3, CuO−BaTiO3, and CuO−TiO2 are
reported in Figure 2a,b. Although the predominant oxidation
state detected in all three samples was Ti4+, a small presence of
Ti3+ and Ti2+ states was also observed in both BaTiO3 and
CuO−BaTiO3 (Figure 2a). The presence of oxidation states
different from +4 can be attributed to the amorphous portions
detected within the BaTiO3 materials, as well as to the possible
presence of surface defects such as oxygen vacancies and
under-coordinated surface atoms, as also suggested by previous
XRD and TEM analysis showing structural irregularities
potentially influencing the titanium oxidation state.10 At the
same time, important differences in the Cu oxidation state
were detected in TiO2 and BaTiO3 composite materials. In
fact, while Cu atoms are almost totally in the Cu1+ state in the
CuO−BaTiO3 sample, CuO−TiO2 showed a mix of Cu1+ and
Cu2+ species (Figure 2b). This observation is of relevance
because the reactivity (and hence the catalytic activity) of the
Cu1+ and Cu2+ species can be very different.11

Dynamic electronic structure evolution of the catalyst
surface during the photocatalytic reaction has been further
investigated via operando NEXAFS spectroscopy. Due to the
perturbation of the TEY signal during the introduction of CO2
and H2O, the spectra shown below were recorded in a He
atmosphere at 1 bar pressure after exposure to the different
reaction conditions. Moreover, NEXAFS spectra in He with
and without laser illumination suggest that the laser did not
impact the spectra acquisition. Prior to thermal activation, the
abundance of the reduced Cu1+ species is higher in CuO−
BaTiO3 than in CuO−TiO2, consistent with what is observed
by the XPS analysis (Figure 3a−c, black spectra). However,
after heating, Cu2+ is strongly reduced to Cu1+ in both samples
(Figure 3a−c, red spectra). At the same time, the Ti L2,3 edge
spectra of Cu−TiO2 show the typical features of the anatase
structure, indicating an almost pure Ti4+ population.20 Upon
thermal treatment, we observe a small Ti4+/Ti3+ reduction in
both samples, as evidenced by the increase of the valley
between the features located at ≈462.5 eV and ≈465 eV,21 as
shown in the spectra of Figure 3b−d. Moreover, the Ti L edge
spectra of CuO−BaTiO3 after the thermal treatment show an

Table 1. BET Surface Area, Average Pore Sizes, and Pore
Volumes Calculated for all Samples after N2 Physisorption
Analysis

sample
BET

(m2 g−1)
average pore size

(nm)
pore volume
(cm3/g)

BaTiO3 149 8.4 0.03
TiO2 50 6.5 0.08
CuO−BaTiO3 137 13.6 0.4
CuO−TiO2 49 8 0.1
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interesting splitting of the eg-related feature (which was not
observed in the pristine sample), which has been previously
attributed to a tetragonal distortion of the BaTiO3 structure as
a consequence of Ti reduction.22

After thermal activation, the samples’ reactivity toward CO2
and H2O in different ratios and in the presence/absence of 375
nm light illumination has been tested, and the results are
shown in Figure 4. In both samples, major spectral
modifications have been detected in Cu L edge spectra
(Figure 4a−c), while Ti atoms have shown a relatively stable
electronic structure under all the reaction conditions (Figure
4b−d). In detail, Cu absorption spectra evidenced substantial
reactivity: copper was indeed totally (in CuO−TiO2) or almost
totally (in CuO−BaTiO3) oxidized from Cu+ to Cu2+ as a
consequence of the interaction with the mixture of reactants.
After removing CO2 and H2O from the sample environment

and keeping a constant He (100%) flow, the initial electronic
structure of Cu was gradually recovered in both samples after
approximately 1 h, as shown in the light purple spectra of
Figure 4a−c. This dynamic reversible behavior reveals that
relatively weak bonds are formed between CuO sites and
reactants/reaction intermediates, preventing surface irrever-
sible oxidation. Changing the CO2:H2O ratio from 35 to 10
did not produce any spectroscopic difference on the CuO−
TiO2 sample, as evidenced by the bottom spectrum of Figure
4a, where it can be seen that Cu was again totally oxidized to
Cu2+ after the 10:1 CO2:H2O exposure. Interestingly, in the
case of CuO−BaTiO3, increasing the water concentration led
to the stabilization of Cu+ sites. Figure 3c shows that a
consistent amount of Cu+ was still present on the sample
surface after exposure to a 10:1 CO2:H2O environment.

Figure 1. SEM images taken at 250k magnification showing (a) TiO2 and (b) BaTiO3 nanoparticles, with their respective size distributions (c, d).

Figure 2. XPS spectra showing (a) Ti 2p core levels of CuO−BaTiO3 and CuO−TiO2 and (b) Cu 2p core levels collected for CuO−BaTiO3 and
CuO−TiO2.
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It was not possible to detect variations in the electronic
structure at the Cu L2,3 edges resulting from light irradiation in
the presence of CO2 and H2O in both samples. Also, the Ti
edge of the CuO−TiO2 sample was not apparently affected by
the presence of light illumination. On the other hand, a clear
light-induced effect has been observed at the Ti L2,3 edge for
the CuO−BaTiO3 sample. Figure 4d clearly shows that despite
the Ti L3 spectral shape being preserved under different
reaction conditions, when the light is switched on, a detectable
decrease in the intensity of the structure located at 462.4 eV is
observed. When the light is switched off, the initial electronic
structure is recovered (Figure 4d). In XAS spectroscopy, the
intensity of a feature is directly proportional to the related
electronic transition probability.16 In the case of a transition
metal L edge, the transition probability can be related to the
occupancy of 3d orbitals; Ti4+ has a 3d0 electronic
configuration nominally; thus, observing an intensity decrease
of a 2p → 3d-related feature could be addressed in first
approximation to an increase of the 3d occupancy. In the
literature, this peak is attributed to 2p → 3dt2g transitions.

23

Since we observed a decrease in intensity when switching on
the light, it is reasonable to deduce that a photogenerated
electron is filling the conduction band of Ti with electrons of d
character and, in particular, of the T2g orbital. Moreover, it is
important to underline that this process has a lifetime long
enough to be observed in the Ti L NEXAFS spectra acquired
in static mode, thus indicating a strong stabilization of the
photoexcited carriers in the BaTiO3/CuO heterojunction. This

effect has been widely reported in literature for BaTiO3/Cu2O
and TiO2/Cu2O p−n heterojunctions:24−30 solar light
illumination causes d−d photoexcitation of both Cu and Ti
atoms, with a consequent carrier’s redistribution, as depicted in
Figure 5. In these types of heterojunctions, the carrier
recombination process is slowed down, i.e., the lifetime of
the photoexcited states is longer, with a beneficial effect on the
catalytic activity.24 In the proposed mechanism, photoexcited
electrons move from the Cu to Ti conduction band, while
holes move from the Ti to Cu valence bands. In order to
confirm the proposed mechanism, we had to exclude that eg
filling upon light illumination could be originated by electrons
photoexcited directly from Ti atoms. To this aim, we repeated
the operando NEXAFS experiment on the bare BaTiO3 sample:
no Ti L edge spectra modifications upon light illumination
have been observed in this case (see Figure S2): this means
that in this case, the photoexcitation process is not present or
the consequent charge recombination has a too short lifetime
to be observed in the NEXAFS spectra.
We performed a control experiment on Ti L3 edge spectra,

switching on the light in a He(100%) flow, in order to exclude
a spectroscopic modification contribution given by the
reactants. Figure S3 shows that the observed spectroscopic
effect persists, confirming that it is correlated with light
exposure. Our experimental observation on the Ti L3 edge of
the CuO−BaTiO3 material allowed us not only to directly
observe the charge transfer process occurring during photo-
excitation but also to identify the molecular orbitals involved in

Figure 3. AP-NEXAFS spectra of the Cu L2,3 edges for (a) CuO−TiO2 and (c) CuO−BaTiO3 and of the Ti L2,3 edges for (b) CuO−TiO2 and (d)
CuO−BaTiO3.
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the charge separation process, i.e., t2g orbitals of Ti. This effect
was not observed in the CuO−TiO2 sample, as shown in
Figure 4b; in this case, we only detected a weak oxidation of Ti
during the reaction with CO2 + H2O, as evidenced by the
intensity decrease of the valley located at 463.22 eV.21 This
suggests that in the CuO−TiO2 sample, either the excitation
mechanism is different or the carrier recombination process is
too fast to be observed in NEXAFS spectra.

During the whole operando NEXAFS experiment, we
collected reaction products by micro gas chromatography, as
shown in Table 2; the main observed products were CH4 and

H2, confirming the occurrence of CO2 and H2O reduction
reactions. From Table 2, it can be observed that (1) CH4 is
produced only by BaTiO3-related samples, with CuO−BaTiO3
showing a 10-fold increase in CH4 production with respect to
bare BaTiO3; (2) methane is produced only when a high
CO2:H2O ratio is used; and (3) hydrogen is produced only in
CuO-containing samples.
As well reported in the literature for CO2 photoreduction by

TiO2, H2 production is often favored with respect to CH4 as a
side competitive reaction, due to the affinity of Ti3+ for the
H2O molecule.31 Hence, while excess H2O enhances proton
availability and promotes H2 evolution, a higher CO2:H2O

Figure 4. AP-NEXAFS of the (a−c) Cu L2,3 edges and (b−d) Ti L3 edge for CuO−TiO2 and CuO−BaTiO3, respectively, under different reaction
conditions.

Figure 5. Proposed photoexcitation process for CuO−BaTiO, with
consequent electron/hole pair redistribution. Band gap values are
reported as previously observed.10,30

Table 2. Gas Phase Photocatalytic Products Detected in
Different Conditions after 1 h during AP-NEXAFS Analysis

sample main reagents (ratio) CH4 (ppm) H2 (ppm)

BaTiO3 CO2 + H2O (35:1) 0.026 0
CO2 + H2O (10:1) 0 0

CuO−BaTiO3 CO2 + H2O (35:1) 0.26 17
CO2 + H2O (10:1) 0 19

CuO−TiO2 CO2 + H2O (35:1) 0 19
CO2 + H2O (10:1) 0 2
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ratio can increase the surface concentration of CO2
•− and

HCOO− intermediates, facilitating successive proton−electron
transfer steps that culminate in CH4 formation.

31,32

Indeed, the CO2 reduction process usually relies on the
consequential transfer of 8 electrons to form CH4, requiring
electron-rich active sites able to activate the CO2 molecule and
to subsequently reduce it33 (eq 1).

+ + ++CO 8H 8e CH 2H O2 4 2 (1)

For this reason, BaTiO3 was indeed proposed as the material
to further improve the interaction with CO2 to favor its
activation and evolution reaction, due to its natural alkalinity.34

To validate this claim and to better understand the molecular-
level interaction of CO2 with the photocatalysts, we performed
an in situ IR spectroscopy study on Cu−TiO2 and Cu−BaTiO3
samples. First, we investigated CO2 adsorption in dark
conditions, as shown in Figure 6. By analyzing Figure 6, at
lower CO2 pressures, we can observe the formation of bands in
the spectral region between 1800 and 1200 cm−1, ascribed to
surface carbonates and bicarbonates. In particular, on the
CuO−TiO2 sample, we can highlight the presence of a band at
1575 cm−1, assigned to monodentate carbonates, and another
at 1562 cm−1, attributed to bidentate bicarbonates.35 Both
spectral features are accompanied by their corresponding

modes in the 1450−1300 cm−1 spectral region, which arise
from the splitting of the doubly degenerate asymmetric
stretching mode of the free carbonate, which occurs upon
adsorption.36 In the spectra of the CuO−BaTiO3 sample, we
can also note the presence of intense signals in the spectral
region of 1700−1600 cm−1, which can be attributed to the
presence of both monodentate and bidentate bicarbonates.37

Then, as the pressure increases, both samples show the growth
of a band centered at 2343 cm−1 (see the insets in Figure 6).
This signal is characteristic of linear CO2, weakly physisorbed
on the surface.35 Finally, by also analyzing the band intensities,
it is interesting to observe that the signal intensity is
approximately five times higher in the CuO−BaTiO3 sample
compared to CuO−TiO2, supporting the idea that the greater
surface basicity of the titanate likely promoted a more effective
adsorption of CO2.
Therefore, as previously observed and as suggested by IR

analysis, CO2 interacting with the BaTiO3 surface can result in
the formation of BaCO3 at the material’s surface upon
interaction with CO2.

38 Hence, water can protonate BaCO3
to form a Ba(HCO3)2 intermediate, according to eq 1,
potentially favoring the consequent direct C hydrogenation.

+ + +BaTiO CO BaCO H O CO Ba(HCO )3 2 3 2 2 3 2

(2)

Figure 6. IR spectra of CO2 adsorption at increasing pressures (up to 30 mbar) for the CuO−TiO2 (a) and CuO−BaTiO3 (b) samples, previously
outgassed at 120 °C for 1 h. A magnification of the νas(CO2) spectral region is reported as the inset. The spectrum of the activated material has
been subtracted from all spectra.

Figure 7. IR spectra at increasing time under UV irradiation of the CuO−TiO2 (a, b) and CuO−BaTiO3 (c, d) samples in the presence of CO2
(CO2:H2O ratio ca. 35:1). The spectrum of the sample after the dark adsorption of CO2 was subtracted from the entire spectral sequence.
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Besides, the CuO−BTO interface can promote efficient
charge separation and electron trapping on Ti centers,
suppressing recombination and directing electrons toward
CO2 reduction, as previously proposed31 and as discussed
below. To gain deeper insights into the surface processes
occurring during the photocatalytic reaction, we performed an
in situ IR study using a high CO2:H2O ratio (ca. 35:1). Figure
7 shows the measured spectra at progressively increasing UV
irradiation times, following the subtraction of the last dark
spectrum collected in the presence of CO2 (see Figure 6). This
procedure was applied to clearly highlight the spectral changes.
Focusing on the 1800−1200 cm−1 spectral region (Figure
7a,c), it can be observed that the intensity of the bands formed
upon irradiation is significantly higher for the CuO−BaTiO3
sample. This result can be correlated with the operando
NEXAFS measurement and online micro-GC analysis: in the
same reaction conditions, we observe the photoinduced
electron charge enrichment in the Ti NEXAFS spectrum of
the Cu−BTO sample (Figure 4), not detected in the Cu−TiO2
one. Moreover, micro-GC data shown in Table 2 suggest that
Cu−BTO is able to produce more CH4 than Cu−TiO2.
Combining IR, NEXAFS, and micro-GC analyses, it was
possible to support the superior photoactivity of Cu−BTO.
Going deeper in the reaction mechanism, among the formed
reaction intermediates, we can highlight, in the CuO−TiO2
photocatalysts, the presence of formates, which are linked to
the signals around 1565 and 1360 cm−1.39 The situation is less
predictable for the CuO−BaTiO3 sample, in which different
reaction pathways seem to coexist in parallel. Nevertheless, the
formate vibrations in the 1650−1600 cm−1 and 1400−1300
cm−1 ranges are still observed, as already reported in the
literature on basic oxides such as MgO.40 Moving to the
2150−2050 cm−1 spectral region (Figure 7b,d), which is
characteristic of the CO stretching mode, we can observe the
formation of this species mainly in the CuO−TiO2 sample.
The band centered at 2110 cm−1 suggests that the formed CO
remains adsorbed on Cu+ sites.41 In this regard, it was
previously observed that the presence of Cux can improve CO
adsorption14 also potentially resulting in partial poisoning of
the catalyst, thereby limiting the evolution of the reaction
intermediates in the case of inefficient charge mobility and
slow reaction kinetics.42 In contrast, the adsorbed CO signal in
CuO−BaTiO3 is approximately an order of magnitude less
intense, appearing as a broader signal shifted to lower
wavenumbers, suggesting a more heterogeneous distribution
of adsorption sites for the CuO particles supported on the
titanate and the greater presence of Cu sites with a more
metallic character.
In this case, the presence of CuO with the consequent

formation of a p−n junction in CuO−BaTiO3 likely resulted in
the stabilization of charge carriers on the surface, enabling the
regeneration and thus a higher resistance to oxidation of the

Cu+ state, as the possible consequence of the electron transfer
from the n-rich to the p-depleted zone. Indeed, the XPS
spectra in Figure 2 and the NEXAFS spectra in Figure 3
showed that the support-active site interaction in the Cu−
BTO sample leads to a strong stabilization of active Cu+ sites,
as also supported by the IR analysis (Figure 7). This synergy
with the support is also likely responsible for the slower charge
recombination rate observed under UV irradiation in the
NEXAFS spectra of Figure 4 for the Cu−BTO sample, which
likely led to superior CO2 evolution capabilities. Moreover, this
mechanism also suggests that CO2 activation would preferen-
tially occur over an n-type material (BaTiO3), as also
supported by IR analysis, and that the presence of a p−n
heterojunction can further increase the photocatalytic
efficiency, as evidenced in the micro-GC results of Table 2.
In bare BaTiO3, the CO2 reduction process still occurs, but
with less efficiency, since in this case, the photogenerated
electrons are not stabilized on t2g Ti orbitals. These
observations were further supported by the performed
spectroscopic analysis. The NEXAFS spectra of the Ti L2,3
edge indicated the formation of electron−hole pairs upon
illumination and their slow recombination in the CuO/Cu2O/
BaTiO3 system. This photoinduced electron transfer from
Cu2O/CuO to BaTiO3 with slow recombination modifies the
redox properties of BaTiO3’s catalytically active sites,
supporting a band alignment occurring at the heterojunction
level. As a result, these sites become more electron-rich and are
thus more capable of reducing CO2 according to eq 1, as also
previously reported.6 In addition, the different textural
properties of BaTiO3-based samples may also have played a
role in boosting the CH4 production: the higher surface area of
CuO−BaTiO3 (137 m2 g−1) compared to CuO−TiO2 (49 m2

g−1), along with higher average pore sizes of 13.6 and 8 nm,
respectively, further favored the interaction of the reactants at
the surface level, providing a higher number of active sites for
the reaction to occur. Hence, in the CuO−BTO system, CH4
formation proceeds more efficiently compared to the CuO−
TiO2 system due to the combination of the improved charge
mobility resulting in more efficient reaction kinetics, peculiar
textural properties, and the higher CO2 affinity, resulting in the
activation and stabilization of reaction intermediates on the
BaTiO3 surface. Based on the experimental evidence, the
proposed pathway would lead to CH4 starting from the
formation of bicarbonate species and passing through the
stabilization of formates as main reaction intermediates (Figure
8), as already observed for other catalysts.4,43 CO2 evolution is
further improved, since Cu sites can also interact with water,
participating in both water splitting and generation of protons
and hydroxyl radicals and further contributing to its reduction:
this proposed mechanism was supported by both the micro-
GC results and the Cu L edge NEXAFS spectra of both CuO−

Figure 8. Proposed mechanism for methane formation on the BaTiO3 surface is reported, starting from (1) the formation of bidentate carbonates
and (2) bicarbonate species in the presence of water, with the consequent formation of (3) formates as starting stable intermediates for the
occurrence of additional consequential reduction steps (dotted arrow), finally leading to (4) methane.
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BaTiO3 and CuO−TiO2, where Cu+ totally oxidizes to Cu2+
upon interaction with CO2 and H2O.
Finally, modulating the CO2:H2O ratio can play a role in the

competitive CO2 and H2O reduction processes: the higher the
ratio, the easier it is to produce CH4, as already observed in our
previous work.9 Furthermore, the presence of defects such as
oxygen vacancies, observed in the XPS spectra of Figure 2, can
further contribute to favor the photodriven CO2 reduction by
BaTiO3.

34 Therefore, the presence of defectivities in the
perovskite materials can also likely influence the redox
behavior of Cu. In this regard, the morphological features of
the catalyst, like surface area and particle size, can have a role
in modulating the availability of sites involved in the reaction.
For instance, the surface area of BTO-based systems was
almost 3 times higher than that of TiO2, potentially favoring
the interaction with reaction intermediates, although previous
investigations found no significant contribution of the
morphological properties of the catalyst to reactivity.10

In summary, BaTiO3-based photocatalysts exhibited unique
properties that can affect the selectivity of the catalytic CO2
reduction reaction with H2O. Although not substantially
modified upon CuO addition, the higher BET surface area
and the average pore size of the BTO samples may have
favored the interaction with the reactants and hence the
catalytic efficiency, in comparison with the TiO2-based
samples. On the other hand, the enhanced CH4 over H2
production, the main reaction product related to the water
splitting reaction, was mainly attributed to both the higher
CO2 affinity of BaTiO3 and the electronic structure
modifications of both the Cu active sites and the BTO
support, induced by the formation of a p−n heterojunction
during the catalyst synthesis. AP-NEXAFS was exploited to
explain the photocatalytic results and to enable the elucidation
of the charge dynamics occurring at the heterojunction to
better understand the role of Cu in the reaction. The
interaction between BaTiO3 and Cu can indeed enhance the
stability of the most reactive Cu species and therefore the
overall reactivity. Under UV light illumination, photoexcited
electrons move from Cu sites to the t2g empty orbitals of Ti
sites, enabling a slow charge recombination that can boost the
CO2 reduction mechanism. This behavior is not observed
when a different support (CuO−TiO2) is used, revealing a
unique metal−support interaction of CuO−BTO. CH4
production in CuO−BTO proceeds through CO2 activation
and the consequent formation of carbonates. H2O, activated by
Cu sites, contributes in further reducing carbonates, eventually
leading to the desorption of methane through the intermediate
formation of formates.

■ CONCLUSIONS
In this work, we report the results of a combination of
complementary spectroscopic techniques (operando NEXAFS
at ambient pressure and in situ IR) to investigate the reactivity
of CuO NPs supported by two different Ti-based oxides,
namely, CuO−BTO and CuO−TiO2, during the CO2
photoreduction reaction with H2O. The measurements
enabled us to conclude that the methanation reaction is
enhanced in the CuO−BaTiO3 system with respect to the
CuO−TiO2 counterpart and that the activity and selectivity of
both catalysts are tuned by the presence of a reversible redox
couple Cu+/Cu2+ in the CuO NPs. The NEXAFS analysis
performed during UV light irradiation enabled for the first time
direct localization of the photoexcited electrons in the CuO−

BTO sample in the t2g 3d orbitals of Ti sites, thus
demonstrating the longer lifetime of the photoexcited state
in CuO−BTO with respect to the CuO−TiO2 sample. This
process is mainly responsible for the different redox behaviors
observed between the CuO−BTO and the CuO−TiO2
samples and for the enhanced methanation capabilities of the
Cu−BTO sample. In fact, BaTiO3 may enhance resistance to
Cu oxidation via n → p electron flow, thereby favoring the
regeneration of the active species for the photocatalytic
reaction. Moreover, the electron enrichment of Ti sites
under illumination caused by the photoexcitation process
favors the CO2 reduction reaction. Additionally, BaTiO3
properties such as the high BET surface area and high CO2
affinity further contributed to boosting CH4 production. The
combined spectroscopic and gas product analysis during the
reaction enabled the formulation of a possible reaction
mechanism, involving the activation of CO2 in the form of
carbonates and bicarbonates, and their further reduction to
CH4 molecules through the formation of formates as
intermediates, favored by the unique photoinduced electronic
properties of the Cu−BTO catalyst. This study shows how
perovskite-based supported catalysts can induce the formation
of heterojunctions that are extremely functional to the charge
recombination suppression in photoinduced catalytic pro-
cesses. The detailed experimental exploration of the photo-
excitation process in these types of materials, carried out
exploiting forefront operando spectroscopic techniques, can
pave the way for the design of more efficient photocatalysts for
valuable hydrocarbon production.

■ EXPERIMENTAL METHODS

Material Preparation
The photocatalysts were prepared via hydrothermal synthesis, as
previously described.11 Briefly, copper oxide nanoparticles (CuO
NPs) were synthesized by dissolving 2.0 g of CuSO4·5H2O into 50
mL of Milli-Q H2O in a beaker while stirring at 900 rpm for 30 min.
Therefore, the pH was set at 8.5 by adding 4 M NaOH (Sigma-
Aldrich, ≥ 98%) dropwise. The solution was left under stirring at
1000 rpm for 3 h. Therefore, the mixture was treated in an autoclave
at 180 °C for 18 h. After hydrothermal treatment, the obtained
precipitate was filtered, washed with Milli-Q water and ethanol, and
dried at 110 °C for 18 h. The sample was then calcinated at 300 °C
for 3 h in the presence of N2. Barium titanate (BaTiO3) was
synthesized by a modified solvothermal process, by pouring 50 mL of
a 0.1 M BaCl2 solution (Fluka Analytical) and titanium(IV)
isopropoxide (Sigma-Aldrich, 97%) in a beaker in a 1:1 molar ratio.
The pH was adjusted to 12 with 4 M NaOH (Sigma-Aldrich, ≥98%).
The solution was left under stirring for 1 h and then treated
hydrothermally at 180 °C for 8 h. The sample was filtered, washed,
and dried at 110 °C for 18 h. P25 (Evonik) was used as a benchmark
material for TiO2-based catalysts. Therefore, CuO−BaTiO3 and
CuO−TiO2 were obtained via incipient wetness impregnation, by
decorating either BaTiO3 or TiO2, respectively, with 2.5 wt % CuO
NPs previously synthesized. The defined corresponding amount of
CuO was dispersed in 1 mL of ethanol, sonicated for 30 min, and then
used to impregnate the support material. The materials were then
dried for 18 h at 110 °C
Structural Characterization
N2 physisorption was carried out with a Tristar II Plus Micrometrics
(Micromeritics), by treating 100 mg of each catalyst in vacuum for 2
h, at room temperature in the case of BaTiO3 and CuO−BaTiO3 and
at 200 °C in the case of CuO−TiO2, as Ba-based materials had not
been calcinated. Specific surface area was determined according to the
Brunauer−Emmet−Teller (BET) theory.36 Scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy (EDS) were
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performed with a Crossbeam 550 (Zeiss), as previously reported1111

A small quantity of specimens was collected into a vial and dispersed
in 1 mL of ethanol. The solution was sonicated for 30 min and then
loaded on a silicon wafer. The wafer was deposited on a steel stub and
anchored with a thin copper wire string, which also has the role of
enhancing the sample conductivity.

Spectroscopic Characterization
X-ray photoelectron spectroscopy (XPS) experiments were performed
at the laboratories of the Advanced Photoelectric Effect−High Energy
(APE-HE) beamline at Elettra Synchrotron in Trieste, Italy, exploiting
a conventional non-monochromatized X-ray source (Al Kα = 1486
eV) with a hemispherical electron energy analyzer.37 The powders
were glued on the sample holder using a conductive silver paste. The
samples have been positioned at 45° with respect to the incident
beam, probing an area of ∼1 mm2 and a depth of ∼1 nm. The Ti 2p
and Cu 2p XPS spectra were acquired using a pass energy of 50 and a
dwell time of 1000 ms; they were aligned using the Au VB spectra of a
reference Au foil positioned just above the sample. The data analysis
(including the energy alignment and fitting process) has been
performed using Origin (OriginLab Corporation, Northampton, MA,
USA) and CasaXPS software.38 For the fitting process, asymmetric
Lorentzian line shape functions have been employed.
Ambient-pressure near-edge X-ray absorption spectra (AP-NEX-

AFS) were measured at the APE-HE beamline of the Elettra Italian
Synchrotron radiation source. The catalysts to be investigated were
placed individually in a custom-designed reactor cell (Figure 1a,b),
which has been mounted on a dedicated UHV chamber.39 Exploiting
a Si3N4 membrane, the chemical reactor containing the sample stays
at 1 bar total pressure, while the synchrotron soft X-rays can interact
with the catalyst surface to give the absorption signal. The total
electron yield (TEY) mode was used to record the experimental
spectra, having a surface sensitivity of ≈5 nm. Cu L3 edge spectra
were collected from 880 to 950 eV, while Ti L2,3 edges were collected
from 450 to 480 eV. The catalysts were first subjected to a thermal
activation treatment at 120 °C for 1 h at atmospheric pressure of
helium. After the treatment, the catalysts were cooled to room
temperature, and afterward, they were exposed to the reagents (CO2
+ H2O) with two different ratios (10:1 and 35:1) exploiting an
external gas line (Figure S1, panel c) in either dark or irradiation for 1
h with UV light (365 nm), with the NEXAFS spectra being
continuously recorded. The gas reaction products were detected with
a combined micro-GC and mass spectrometry system (Figure S1,
panel d). As shown in Figure S1, the detection systems are directly
connected to the outlet of the gas line. To avoid the condensation of
the products in the line, the injector of the micro-GC is heated to 90
°C. Spectra were background-subtracted, and energy was aligned with
Origin software. The Cu+/Cu2+ spectral components were tracked in
the presence of different reagents, both in dark and UV-irradiated
conditions.
Fourier transform Infrared (FTIR) spectroscopic measurements

were performed in transmission mode at a resolution of 2 cm−1 by
using a Bruker INVENIO FTIR spectrometer equipped with an MCT
detector. Each spectrum was obtained by averaging 128 individual
scans. Samples were pressed into self-supporting pellets (optical
density of ca. 13 mg·cm−2) and placed in a customized quartz IR cell
equipped with KBr windows, allowing in situ experiments.
Before measurement, each material was heated under a dynamic

vacuum from room temperature up to 150 °C and maintained at this
temperature for 1 h, reaching a residual pressure of 5 × 10−4 mbar.
The sample was then cooled to room temperature, and after collecting
the IR spectrum of the activated sample, CO2 was introduced stepwise
into the cell up to a final pressure of 30 mbar. The system was kept in
the dark for 30 min at the final pressure, until no further spectral
changes were observed.
Subsequently, the photocatalysts were irradiated with UV light for

approximately 2 h using a Newport 500 W Hg (Xe) arc lamp. A water
filter was used to remove the IR component, and a large-core liquid
light guide was employed to focus the beam onto the pellet inside the
in situ cell. During irradiation, IR spectra were collected sequentially:

5 spectra with a 1 s interval, 5 spectra with a 5 min interval, and 10
spectra with a 10 min interval. The spectra were normalized to the
optical density of the pellets.
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