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Surface Defect Engineered Nano-Cu/TiO2 Photocatalysts for
Hydrogen Production

Letizia Liccardo, Paolo Moras, Polina M. Sheverdyaeva, Alberto Vomiero,
Alfonso Caballero, Gerardo Colón,* and Elisa Moretti*

Surface defects engineered nano-Cu/TiO2 photocatalysts are synthesized
through an easy and cost-effective microwave-assisted hydrothermal
synthesis, mixing commercial P25 titania (TiO2) and oxalic acid (Ox), followed
by 2.0 wt% Cu co-catalyst (labeled as Cu2.0) loading through in situ
photodeposition during reaction. The hydrothermal treatment does not affect
the catalyst crystalline structure, morphology, nor the surface area. However,
depending on the Ox/TiO2 molar ratio used an influence on the optical
properties and on the reactivity of the system is detected. The presence of
surface defects leads to intraband states formation between valence band and
conduction band of bare titania, inducing an important enhancement in the
photoactivity. Thus, Cu2.0/gOx/P25 200 (where g is the weight of Ox and 200
the temperature in Celsius degrees used during the synthesis) have been
successfully tested as efficient photocatalysts for hydrogen production
through methanol (MeOH) reforming under UV light in a MeOH/ H2O
solution (10% v/v) by fluxing the system with N2, showing an increased
reactivity compared to the bare Cu2.0/P25 system.
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1. Introduction

The global energy crisis caused by the lat-
est events is having far-reaching impli-
cations and natural gas is center stage.
The average cost of electricity is greatly
increasing and high prices for both fos-
sil fuels and natural gas are the main
cause.[1] In a possible scenario, energy
demand will rise dramatically, thus peo-
ple may not be able to afford modern elec-
tricity, reverting to the use of traditional
biomass and by soaring greenhouse gas
emissions into atmosphere. Oil and coal
are only a poor and short-term option,
and the crisis may be seen as a boost for
low-emission alternatives.[2]

As a result, the clean-energy econ-
omy is emerging and hydrogen, thanks
to its potential as a clean and energy
vector, is considered an ideal candidate,
playing a crucial role within this transi-
tion process. Furthermore, hydrogen can

be produced from a variety of processes and feedstocks, includ-
ing renewable resources such as biomass or water by using re-
newable energy sources such as solar light.[3] Sunlight is the
most abundant renewable source, and it can provide energy to
our earth, which is significantly larger than the daily total global
energy consumption. Researchers have been focused on H2 pro-
duction through solar water splitting methods.[4] However, the
efficiency values for their practical use are still too low.[5] In this
frame, H2 production from alcohol photocatalytic reforming re-
action is one of the most suitable alternatives in the field of het-
erogenous photocatalysis.[5] In general, well-designed semicon-
ductor photocatalysts with tailored properties are needed. The
main drawbacks that hamper the development at a large-scale
concern indeed the catalyst performance. As a matter of fact,
back-reactions, the fast photogenerated charge-carriers recombi-
nation or the deactivation of the catalyst due to poor stability, are
the main issues to overcome their practical exploitation.[6,7]

Thanks to its unique properties and versatility, titania has al-
ways been considered an ideal candidate for photocatalytic ap-
plication such as H2 production from alcohol photo reforming.
However, its wide bandgap (3.0–3.2 eV) that hinders the use of
full solar light spectrum, combined with all the aforementioned
deficiencies are limiting its practical use.[3,8] Furthermore, large
specific surface area, high crystallinity and anatase phase are
known to increase photocatalytic activity. Intense investigations
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Figure 1. a) Synthesis scheme. TEM images of b) bare P25 and c) 2.5Ox/P25 200.

are still ongoing on different aspects of photocatalytic activity
of TiO2, which can be exploited to improve its performances,
including doping and co-doping,[9] nanostructuring,[10] defect
engineering,[11,12] reactor configuration,[13] heterostructuring,[14]

among the others.
According to the reported literature, among several types of

photocatalysts, commercial titania P25 from Evonik is often taken
as target material since it shows excellent performance.[3] In fact,
P25 is composed of a phase combination ratio between anatase
and rutile and an average crystallite size of ≈20 nm, having all
the features required to show good photoactivity, that can be fur-
ther enhanced.[15,16] In general, a good strategy to increase TiO2
efficiency is the tuning of its optical and electronic properties, by
metal co-catalyst loading and simultaneously working on chemi-
cal surface composition.[8,15,17]

It is well known that the use of a metal co-catalyst can hinder
the fast charge-carriers recombination but, in addition to this tra-
ditional strategy, surface defects engineering has been suggested
as a novel approach to improve the overall photocatalytic effi-
ciency. In fact, surface defects can induce modifications on the
charge distribution around Ti and O, enhancing the separation
of the photocarriers, promoting the sacrificial agent adsorption,
and extending the light absorption range.[18]

In the present work, surface defect engineered nano-Cu/TiO2
(Cu2.0/gOx/P25 200) photocatalysts have been synthesized
through an easy and cost-effective microwave (mw)-assisted
hydrothermal synthesis, mixing commercial P25 and oxalic
acid (Ox), followed by nominal 2.0 wt% metal co-catalyst (Cu)
loading through chemical reduction deposition procedure (see
Figure 1a). In detail, it is possible to obtain surface defects en-
gineered commercial P25 nanoparticles combined with the use
of Cu co-catalyst to improve the electron-hole separation and
broaden the absorbance ability, thanks to the presence of mid-gap
states below the TiO2 conduction band, and the photocatalytic ac-
tivity, thanks to high surface-to-volume ratio, stability of the crys-
talline structure and finally, enhancement of charge-carriers sep-
aration.

2. Results and Discussion

Surface defects engineered nano-TiO2 photocatalysts were syn-
thesized through an easy mw-assisted hydrothermal synthesis,
mixing commercial P25 titania and Ox in different molar ra-
tios (Ox/P25). Samples were labeled as gOx/P25 200, where g
is the weight of oxalic acid and 200 the temperature (in Cel-
sius degrees) used during the synthesis (Figure 1a step 1 and
2). Subsequently, nominal 2 wt% of Cu (labeled as Cu2.0) co-
catalyst was loaded through an in situ photodeposition when the
photocatalytic tests under UV light irradiation (using a 365 nm
UV LED array equipped in the photoreactor) were performed
(Figure 1a step 3). In this first section, we report and deeply in-
vestigate gOx/P25200 samples, to better understand how the mw-
treatment in combination with the oxalic acid can induce surface
modifications.

2.1. Morphological and Structural Characterization

The crystal structure of the prepared materials was characterized
by X-ray diffraction (XRD) and micro-Raman analysis. Figure 2
shows the XRD patterns for gOx/P25200 samples, compared
with commercial P25, taken as a reference, and the JCPDS cards
21–1276 (rutile) and 21–172 (anatase). As it can be noticed, all the
gOx/P25200 samples displayed the typical pattern of commer-
cial P25, including both rutile and anatase phases, which is more
evident from the intense peaks located at 2𝜃 25.3°, 37.7°, 48.0°,
53.9°, and 55.02° corresponding to the (101), (004), (200), (105),
and (211) reflections. The addition of oxalic acid during the hy-
drothermal treatment at 200 °C does not affect the overall crystal
structure of commercial P25 which remains stable, as confirmed
also by Raman analysis. In fact, as widely reported in literature,
the six main Raman active modes for anatase TiO2 (A1g + 2B1g
+ 3Eg symmetries) are commonly detected at 143, 196, 398, 519
(superimposed with 515 cm−1 band), 639 cm−1, corresponding to
Eg, Eg, B1g, A1g, B1g, and Eg vibrational modes.[15,19] Moreover, as
expected, rutile TiO2 Raman active modes can only be foreseen
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Figure 2. a) XRD patterns; b) Raman spectra; c) N2 adsorption-desorption isotherms for P25 200 and gOx/P25 200 samples; d) BET surface area values
for all the samples including the Evonik P25 reference. All the curves in (a–c) follow the color palette reported in (d).

Figure 3. HRTEM images for a) Cu2.0/3.0Ox/P25 200 and b) Cu2.0/P25 200. In both the panels, the white arrows indicate Cu clusters.

at 140 (B1g), 235 (multiphoton process), 445 (Eg), 609 (A1g), and
825 cm−1 (B2g) (Figure 2b).[20] gOx/P25200 samples showed the
typical P25 Raman peaks, confirming no apparent changes in the
crystal structure. From TEM micrographs (Figure 1b,c) and BET
analysis (Figure 2c,d), we can observe that neither the shape nor
the morphology and the textural properties of commercial P25
are influenced by the addition of Ox and subsequent hydrother-
mal treatment, suggesting only the presence of surface modifi-
cations. As evidenced in the table of Figure 2d, no relevant dif-
ferences on the surface areas calculated from the N2 adsorption-
desorption isotherms are detected. In fact, Evonik P25 shows a

measured surface area of 52 m2·g−1 in the range between 35 and
65 m2·g−1 (values reported in the data sheet file, as expected),
which is similar to that of 4Ox/P25 sample (59 m2·g−1), treated
with the highest amount of Ox during the mw-assisted synthesis.

In Figure 3 we show the HRTEM images for Cu2.0/P25 200 and
Cu2.0/3.0Ox/P25 200 catalysts. The first important issue we can
highlight refers to the surface rugosity observed for oxalic acid
treated sample (Figure 3a). It is evident that hydrothermal acid
treatment leads to the formation of a well-defined amorphous
shell of about 2–3 nm. This shell indicates the loss of crystallinity
at surface level. Indeed, it is possible to see that anatase planes are
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Figure 4. a) DRUV-vis-NIR spectra; b) Kubelka–Munk functions with inset-graphs focusing on the band changes in UV and NIR region; c) Tauc plots
and d) Bandgap energies comparison for all the samples, including Evonik P25 reference.

lost at the surface. This fact is not observed for TiO2 hydrother-
mally treated with water, for which particles show flat borders
(Figure 3b). Secondly, it is possible to see the effectiveness of cop-
per photodeposition over both TiO2 support (white arrows in the
two panels of Figure 3). However, Cu clusters are more difficult
to distinguish on Cu2.0/3.0Ox/P25 200 since the cluster size is
much smaller (1–2 nm vs 5–6 nm for Cu2.0/3.0Ox/P25 200 and
Cu2.0/P25 200, respectively).

2.2. Optical Properties

All the diffuse reflectance UV–visible–near-infrared (DRUV-vis-
NIR) spectra in Figure 4a are characterized by the main absorp-
tion feature related to the typical optical bandgap of the titania
(≈3.1 eV), which induces a strong absorption edge ≈370 nm and
is associated to the O2- (2p) → Ti4+ (3d) transition. As previously
reported, the structure and the morphology of gOx/P25 200 sam-
ples are not influenced by the addition of Ox, suggesting only the
presence of surface modifications. In the DRUV-vis-NIR analy-
sis, a very small but evident red-shift of the main band toward
higher wavelength compared to the bare P25 reference has been
detected. The introduction of Ox in combination with the hy-
drothermal treatment at 200 °C enables an increasing absorbance
ability in the region between 350 and 400 nm compared to the
bare P25 reference (Figure 4b). This may be ascribed to the pres-
ence of surface defects such as Ti3+ sites or oxygen vacancies,
which result in the introduction of a continuous energy band di-
rectly below the conduction band (CB) edge of TiO2.[18] This is
also confirmed by a slight lowering of the bandgap energy values
(≈0.1 eV), calculated through the Tauc plot by using the intercept

method (Figure 4c,d).[21] Light absorption in the vis–NIR region
can be improved by the presence of disordered surface layer or
surface defects (i.e., oxygen vacancies).[22–24] Thus, NIR region
has also been investigated (Figure 4a,b). Evident changes in all
spectra compared to bare P25 can be detected. A wide band cen-
tered at 1450 nm and an increase in absorbance capacity from
850 nm occurred for some samples. The onset of the absorp-
tion feature at 1450 nm can be attributed to adsorption of wa-
ter molecules onto the surface of the treated samples P25 200
and gOx/P25 200 with respect to the reference sample P25. In
this case, both Ox and the treatment temperature seem to induce
some surface modifications by changing the composition of func-
tional groups exposed on the photocatalysts surface. In addition,
a higher water adsorption may be ascribed to higher surface con-
tent of oxygen vacancies which tend to bind water.[8] This is also
confirmed by XPS analysis (see section below).

Since emission processes in semiconductors are strictly re-
lated to photogenerated charge carriers recombination,[25] pho-
toluminescence (PL) emission spectra for all gOX/P25 200 sam-
ples (including P25 reference) were collected in the range 380–
600 nm by using an excitation wavelength of 350 nm (Figure 5).
One of the most significant drawbacks of TiO2 is its fast charge
carriers recombination. The higher the recombination of free car-
riers, the higher the PL intensity and, as expected, the highest
emission intensity was recorded for bare P25 (dashed black line
in Figure 4). It is worth recalling that non-radiative recombina-
tion pathways may also occur lowering the overall PL intensity.
However, considering similar non-radiative recombination chan-
nels for all the samples, the presence of surface defects or ad-
sorbed water molecules seems to decrease the radiative recom-
bination rate resulting in lower emission intensities for all the
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Figure 5. Photoluminescence spectra for all gOX/P25 200 samples, in-
cluding Evonik P25 reference.

treated samples. Surface defects such as oxygen vacancies or Ti3+

act as trapping centers for the photo-excited electrons,[26] pro-
viding active sites for the electron transfer processes. Further-
more, the presence of OH groups or water molecules onto the
metal oxide surface promotes the trapping phenomena by de-
creasing electron-hole pairs radiative recombination as well.[27]

Consequently, the overall charge-carriers separation efficiency of
the photocatalyst is enhanced.

2.3. XPS Analysis

Core level XPS data were acquired for the P25, P25 200 and
gOx/P25 200 samples at h𝜈 = 750 eV (Figure 6). The O1s spec-
tra were fitted with four components. From the low to the high
binding energy side these components correspond to O2− of sto-
ichiometric TiO2 (530.20 –530.40 eV), OH groups adsorbed on
TiO2 (531.60 –532.20 eV), O (532.65 –532.95 eV), and OH (534.05
–534.3 eV) groups bound to C,[28] which is a surface contami-
nant. The last component is also associated with the presence
of H2O [29] and displays the most notable increase along the se-
quence of spectra. This trend could be the fingerprint of an in-
creasing density of surface oxygen vacancies, which tend to bind
efficiently H2O. The Ti2p spectra could be fitted with one dou-
blet attributed to Ti4+, while there is no evidence of defective Ti3+.
The O/Ti atomic ratio for the different materials can be derived
from the area of the O2− peak and the Ti4+ doublet normalized to
the respective photoemission cross sections at h𝜈 = 750 eV (0.24
and 0.7[30]). It is evaluated to be 2.09 ± 0.09 for all samples, i.e.,
very close to the expected ratio 2. Table 1 reports the Ti/O atomic
ratios for all the samples. Moreover, as amount of oxalic acid in-
creased the deconvoluted contributions at energies above 531 eV
increases, denoting a higher hydroxylation of the surface leading
to a progressively higher O/Ti.

The valence band spectra acquired at h𝜈 = 468 eV do not dis-
play sizable differences in the O2p-derived states (4 –9 eV binding
energy). Within the gap region (zoom), O vacancy-related feature
at 1.25 eV is observed to increase in intensity along the sequence
of the P25, P25 200 and 2.0Ox/P25 200 samples. For the other
three samples this feature broadens significantly and gives rise

Table 1. O/Ti ratio in the P25, P25 200 and gOx/P25 200 samples.

Sample O/Ti ratio

P25 2.10

P25 200 2.05

2.0Ox/P25 200 2.02

2.5Ox/P25 200 2.12

3.0Ox/P25 200 2.17

4.0Ox/P25 200 2.12

to two peaks centered at 1.45 and 0.30 eV. This behavior can be
associated with surface modifications induced by the treatments
with oxalic acid, which give rise to the shell observed in Figure 3a.
Although the present dataset does not allow to describe the mi-
croscopic origin of the new in-gap states, we observe that their
location is compatible with defect states close to the bottom of
the conduction band of TiO2.

The XPS data were also acquired for the Cu2.0/P25 and
Cu2.0/3.0Ox/P25 200 samples (Figure 7). In both cases, the
binding energy of the Cu3p peaks (Cu3p3/2 at 75.40 eV) and
the absence of correlation features on the high binding energy
side, which characterize CuO,[31] indicate the formation of Cu2O
on the surface of the Cu co-catalyst.[32] The O1s spectra differ
from the corresponding O1s spectra before the addition of Cu
(Figure 6) mainly in the relative weight of the peak at 530.40 eV,
which derives from the overlapping O2− components of TiO2 and
Cu2O. The Ti2p spectra are very similar to those observed in
Figure 6. The broad valence band feature at ≈4.00 eV is ascribed
to the Cu3d states of the Cu2O surface oxide. The photoemission
signal from Cu4sp states, which overlaps to the bandgap region
of the P25 and 3.0Ox/P25 200 substrates, does not allow to iden-
tify the presence of defect states in the proximity of the Fermi
level.

2.4. Photocatalytic H2 Production

The photocatalytic activity of gOx/P25200 samples was evaluated
for the H2 production through methanol reforming under UV
light, at room temperature and Patm by using a continuous flow
reactor (Apria Systems). The H2 production rates and the yield
evolution over time referred to methanol photoreforming reac-
tion are reported in Figure 8. Furthermore, in Figure 8d the band
scheme for electron-hole separation of Cu2.0/gOx/P25 200 cat-
alysts has been proposed according to literature[26,27,33] and our
deep investigation. As already mentioned, the nominal loading
of 2.0 wt% (see Experimental Section for further details) of Cu as
co-catalyst has been obtained through the in situ photoreduction
at the beginning of the photocatalytic test. Thus, copper nanopar-
ticles (Cu NPs) were formed after exciton creation by means of
UV light irradiation, giving rise to oxidation and reduction reac-
tions. During the photocatalytic reaction, it is expected that sur-
face defects would play a crucial role. Thus, we may infer that
they could act as trapping states for electrons enhancing the sep-
aration of photogenerated charge carriers and consequently, the
reduction reactions rates, useful not only for the formation of Cu
NPs on the surface of gOx/P25 200 catalysts, but also for the H2
production. Hence, the first step occurring during the photocat-
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Figure 6. O1s, Ti2p and valence band spectra of the P25, P25 200 and gOx/P25 200 samples. The zoomed valence band spectra indicate the presence
of defect states (arrows) in the gap of all samples. Dotted lines are guides to the eye for the identification of the defect-related peaks.

Figure 7. O1s, Ti2p, Cu3p (h𝜈 = 750 eV) and valence band (h𝜈 = 469 eV) spectra of the Cu2.0/P25 (top) and Cu2.0/3.0Ox/P25 200 (bottom) samples.

alytic H2 production is the Cu NPs deposition, also confirmed
by a 15-min delay on the H2 production (see H2 production rate
curves in Figure 8a). The mw-treatment leads to a significant in-
crease in photoreactivity when the loading of Ox during the syn-
thesis is>2.0 g and<4.0 g. In fact, after 6 h of light irradiation, the

optimized Cu2.0/3Ox/P25200 sample exhibited outstanding pho-
tocatalytic H2 production rates of 6.8 mmol·h−1·g−1, which is two
times higher than that of pristine Cu2.0/P25 system. Moreover,
long-time reaction time for this catalyst shows a rather stable be-
havior (Figure 9). When the Ox loading is below 2.5 g or>3.0 g the

Adv. Sustainable Syst. 2024, 8, 2300418 2300418 (6 of 10) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 8. a) H2 production rates; b) H2 rates; c) calculated AQYs for Cu2.0/P25 Cu2.0/P25 200 and Cu2.0/gOx/P25 200 photocatalysts; d) Scheme diagram
of Cu2.0/gOx/P25 200 system.

Figure 9. H2 production rate and yield for Cu2.0/3Ox/P25 200 photocata-
lysts system.

efficiency of the system decreases. This behavior is also marked
by the H2 yields at 6 h of experiment expressed in mmol∙g−1

and the calculated AQY (Figure 8b,c). Cu2.0/3Ox/P25200 is the
best performing sample reaching an H2 yield and an AQY of
29.5 mmol∙g−1 and 0.47%, respectively, far exceeding Cu2.0/P25.
Furthermore, after 6 h of experiment the H2 production reaction
reached a steady-state (see the dwell in Figure 8a). Hence, the ab-

sence of deactivation during this studied reaction time pointed
out the stability of catalyst surface defects.

It is worth mentioning that there are several studies in litera-
ture regarding the use of alcohol photoreforming to produce H2
and each of them is reporting different conditions to optimize
the production with their own catalyst/co-catalyst system. For in-
stance, irradiation source, solution composition (water/alcohol
ratio) and carrier gas flow are crucial parameters to tune H2
production rates.[6,7] However, we tried to select some TiO2/co-
catalyst systems to provide a comparison with our samples to
highlight their performances by choosing examples tested under
similar conditions. Thus, a comparative table is reported (Table 2)
listing the synthetic method used, the H2 production rates and
apparent quantum yield (AQY) of selected systems concerning
the use of TiO2 in combination with several co-catalysts for the
H2 production through methanol reforming.

As can be observed, the performances of our photocatalytic
system are good compared to the listed examples. Furthermore,
there is a good compromise between the obtained H2 production
rates, and the synthetic method used in this work. In fact, mw-
assisted hydrothermal method followed by the in situ photode-
position can be an innovative way to design a novel and efficient
photocatalyst for a future large-scale production.

3. Conclusion

In this work, we have reported an innovative synthesis to
obtain a highly active photocatalyst based on the use of surface-
defects engineering of TiO2 in combination with Cu co-catalyst

Adv. Sustainable Syst. 2024, 8, 2300418 2300418 (7 of 10) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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loaded through in situ photodeposition method. The obtained
Cu2.0/gOx/P25 200 photocatalysts have shown significant
improvement in the photocatalytic H2 production through
methanol reforming reaction with the best-performing sample
(Cu2.0/3Ox/P25 200) exhibiting outstanding photocatalytic H2
production rates under UV irradiation of 6.8 mmol·h−1·g−1, two
times higher than that of pristine Cu2.0/P25 system, as con-
firmed also by the calculated AQY. Thanks to the use of XPS and
optical characterizations, we stated that such a marked increase
in the performances of this system is related both to the presence
of surface defects, in detail oxygen vacancies, and the use of Cu
co-catalyst. In fact, surface defects engineered commercial P25
nanoparticles combined with Cu co-catalyst enable to improve
electron-hole separation, broaden the absorbance ability, thanks
to the presence of mid-gap states below the TiO2 conduction
band and consequently, increase the overall photocatalytic activ-
ity. In conclusion, tailoring the surface properties of commercial
P25 might be a good strategy to overcome the fast charge carriers
recombination limit of TiO2 -based photocatalyst leading way
for the development of new technologies in the field of energy
applications at a large scale.

4. Experimental Section
Materials: The following commercial reagents, without any further

purification, were used in all the experimental phases: deionized wa-
ter (H2O); commercial TiO2 (Evonik AEROXIDE TiO2 P25); oxalic
acid (Ox, H2C2O4, Sigma–Aldrich 99.0%); copper (II)-nitrate trihydrate
(Cu(NO3)2·3H2O, Merck ≥ 99.0%); methanol (MeOH, Merck ≥ 99.5%).

Photocatalyst Preparation: Surface defects P25 photocatalysts were
synthesized by microwave-assisted hydrothermal reaction, mixing com-
mercial P25 and oxalic acid. In a typical synthesis procedure, an aqueous
dispersion of P25 was prepared under magnetic stirring. Oxalic acid was
added with fixed mole ratios (n/n) between Ox and P25 of 3.7, 4.5, 5.4,
and 7.2, respectively. After 30 min stirring, the dispersion was transferred
into a 100 mL Teflon-lined microwave reactor and heated at 200 °C and
600 W for 1 h. After cooling to room temperature, the precipitate was sep-
arated from the reaction mixture by filtration and washed several times
with distilled water. Finally, the obtained specimen was dried in oven at 80
°C overnight. Samples were labeled as gOx/P25200 where g refers to the
grams of oxalic acid and 200 to the temperature used (i.e., 2Ox/P25 200).
To better understand the role of oxalic acid, and the influence of the tem-
perature on bare P25, the same procedure without the addition of Ox was
followed, thus obtaining sample for comparison labeled as P25 200. The
co-catalyst was loaded on gOx/P25200 surface samples through in situ
photoreduction during the first step of the photocatalytic reaction. By this
procedure, Cu was well dispersed over the TiO2 surface showing a particle
size of ca. 2–4 nm.[44] In detail, 2 wt% of Cu2+ with respect to the cata-
lyst (using a solution of Cu(NO3)2·3H2O 0.01 m) was directly added to the
MeOH/H2O solution used for the photocatalytic H2 production under UV
irradiation. Samples were labeled as Cu2.0/gOx/P25 200. The deposited Cu
loading was determined through the use of a Microwave Plasma-Atomic
Emission Spectrometer (Agilent MP-AES 4210) for Cu2.0/P25, Cu2.0/P25
200, and Cu2.0/3Ox/P25 200. Data were acquired after five readings and
the mean value was 1.8 wt% for all the samples.

Characterization Techniques: The transmission electron microscopy
(TEM) images were obtained by using a FEI S/TEM Talos F200S in the
HRTEM mode. The samples were directly dropped on a gold grid.

X-ray diffraction (XRD) patterns were obtained using a Siemens D-501
diffractometer with a Ni filter and a graphite monochromator. The X-ray
source was Cu K𝛼 radiation.

For sample identification, diffraction patterns were matched to the
JCPDS database.

Micro-Raman spectra were collected using a LabRAM Jobin Yvon spec-
trometer equipped with a microscope. Laser radiation (𝜆 = 532 nm) was
used as an excitation source at 5 mW. All measurements were recorded
under the same conditions (2 s of integration time and 30 accumulations)
using a 100× magnification objective and a 125 mm pinhole.

Brauner–Emmett–Teller (BET) surface area studies were carried out by
N2 physisorption at −196 °C using a Micromeritics 2000 instrument.

UV–vis–NIR diffuse reflectance (DRUV–vis–NIR) spectra were col-
lected with a Perkin Elmer Lambda 1050+ UV–vis–NIR spectrophotome-
ter, equipped with an integrating sphere, for wavelengths ranging from 200
to 1200 nm. The bandgap (Eg) was determined using the Kubelka–Munk
approach (Equation (1)).[21]

F (R∞) =
(1 − R∞)2

2R∞
= K

S
(1)

Here, F(R∞) is the Kubelka–Munk function, R∞ is the diffuse re-
flectance, K is the absorption coefficient, and S is the scattering coefficient.
Then by exploiting the Tauc method,[45] the bandgap for TiO2 semiconduc-
tors can be expressed using the following equation Equation (2):

(F (R∞) h𝜈)
1
2 = B

(
h𝜈 − Eg

)
(2)

Here, h is the Planck’s constant, 𝜈 is the frequency of the light and B
is a constant. By plotting F(R∞) versus the energy expressed in eV, and by
finding the x-axis intersection point of the linear fit of the Tauc plot, it is
possible to estimate the bandgap of a material.

Photoluminescence (PL) measurements were performed in air at
room temperature using a FluoroLog 3–21 system (Horiba Jobin-Yvon)
equipped with a 450 W xenon arc lamp as excitation source, whose wave-
length was selected by a double Czerny–Turner monochromator and sig-
nal detection stage including an iHR300 single grating monochromator
coupled to a Hamamatsu photomultiplier tube (model R928P for visible
range; model R5509-73 N2-cooled for NIR range). Excitation wavelength
was set at 350 nm and PL spectra recorded over a range of 380–600 nm.
The XPS measurements were carried out at the VUV-Photoemission beam-
line of the synchrotron Elettra (Trieste, Italy) using photons of 750 and
469 eV for the core level and valence band analysis, respectively. The spec-
tra were acquired at room temperature with a Scienta R4000 electron spec-
trometer.

Photocatalytic H2 Production Tests: The photocatalytic activity of the
samples was evaluated for the H2 evolution reaction from methanol pho-
toreforming. Photocatalytic H2 production tests were carried out in a
liquid-phase flow reactor system supplied by Apria Systems. The photocat-
alyst was suspended in a MeOH/ H2O solution (10% v/v) by fluxing the
system with N2(g) at 50 mL·min−1 for 60 min before starting the reaction.
To start the test, the gas flow was adjusted to 6 mL·min−1 and the lamp
(365 nm UV LED array) switched on. Such low gas flow (6 mL·min−1) was
set just to reach very exigent conditions that allow us to see any small dif-
ferences between the studied catalyst. A gas chromatographer equipped
with a thermal conductivity detector (Agilent 7890B GC) was used to ana-
lyze the effluent gases and quantify the H2 production. Equation (3) was
used to estimate the apparent quantum yield (AQY) for the H2 evolution
reaction:[46]

AQY =
2 ⋅ nH2

np

[
mol ⋅ s−1

mol ⋅ s−1

]
⋅ 100 (3)

where nH2 is the H2 molecules number and np is the number of incident
photons reaching the photocatalyst. np was calculated from the ratio be-
tween the total incident energy and the energy of one photon. In the ex-
perimental setup, the total incident energy was calculated considering the
365 nm incident light used and the power density of the incident light
(2100 W·m−2).
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