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ARTICLE INFO ABSTRACT

Keywords:

Cu0/TiO5 composites
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Copper oxide reduction
Simulated solar light

Using noble metal-free catalysts is highly promising for sunlight-driven photocatalytic Hy production. Copper
compounds have gained considerable interest in this regard. CuzO/semiconductor composites exhibit superior
photocatalytic activity compared to individual compounds. This study focuses on different CuxO/TiO2 com-
posites synthesized via chemical reduction, using Cuz0 weight ratios ranging from 1 to 0.05 concerning the TiOy
source. Characterization techniques were employed, including XRD, SEM, XPS, UV-Vis DRS, PL, and TRMC.

Surface modification of TiOy with Gu species (GuO, Cuy0, and Cu®) was observed during the photocatalytic
reforming of methanol under simulated solar light. By loading small amounts of CuxO (0.05-0.1%) on TiOy, the
highest Hy production and methanol mineralization were achieved, along with the formation of metallic copper.
The coexistence of the Cu species and TiOs facilitated the effective separation of photogenerated electrons and
holes, promoting the photoreduction of protons and photooxidation of methanol, respectively.

1. Introduction

The increasing population and energy demand on our planet have
resulted in excessive consumption of fossil fuels, leading to higher
greenhouse gas emissions and global warming. To address this issue,
transitioning to carbon-free energy sources like hydrogen (Hp) is
considered a viable alternative. Hydrogen possesses excellent proper-
ties, including high energy content, non-toxicity, and clean combustion,
producing only water as a byproduct [1]. Solar energy conversion to
hydrogen through photo-assisted processes appears to be a promising
method [2].

There are two photocatalytic approaches for hydrogen generation:
water splitting and reforming of organic compounds [3,4]. Water
splitting involves using semiconductors to enable the reduction and
oxidation of water molecules, generating hydrogen and oxygen. Pho-
toreforming organic compounds like methanol, ethanol, or glycerol in
the presence of semiconductors is an attractive option as it combines
oxidation of the organic compound and reduction of protons to produce

hydrogen. This approach prevents the unwanted reaction between
hydrogen and oxygen [5].

Titanium dioxide (TiO) is the most extensively studied catalyst for
photoreforming organic compounds. It offers advantages such as high
oxidative power, chemical stability, affordability, and environmental
friendliness. However, TiO5 has limitations, including a high band gap
that requires UV light for activation and fast recombination of electron-
hole pairs. Therefore, researchers have explored various methods to
enhance the photocatalytic activity of TiO, under visible light, such as
surface modification, band gap modification, metal doping, and semi-
conductor coupling [6,7].

One effective strategy is to create a heterojunction by combining
TiO45 with other semiconductors like copper oxides (CuO, Cuz0). This
heterojunction facilitates the separation of photoinduced electrons and
holes, improving photocatalytic performance. CupO, with its suitable
band gap and wide absorption coefficient in the visible spectrum, has
been extensively studied for its potential applications in solar cells, gas
sensors, and water splitting. Furthermore, due to their staggered gap,
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Cu0/TiO5 heterojunctions have shown promising results in various
reactions, enabling charge separation between the two semiconductors
[8-10]. Muscetta et al. [11] coupled Cup0 and TiO5 (P25) systems from
commercial sources using a ball-milling process and analyzing the Cu,0
load. This composite was tested for hydrogen production using methanol
as a sacrificial agent, where it was concluded that 1 wt% of CuO is the
optimal load to reach the high Hy production. On the other hand, a
comparable approach was explored in glycerol photoreforming, as
outlined in [12]. Here, different Cu,O loads and CuO (3%) on TiO, were
combined through the ball-milling method, demonstrating the hetero-
junction formation by photoelectrochemical characterizations and being
3% of Cuy0 the optimal copper oxide load toward H; production. Other
parameters have been explored, such as the exposed facets-defects en-
gineering [13] and CupO morphology control [14] for the same Cu0/
TiO; system.

In this study, CuaO-CuO particles were combined with P25 TiO; in
different weight ratios to explore their synergistic effect on the photo-
catalytic performance of methanol photoreforming. Surprisingly, the
irradiation with a solar simulator resulted in simultaneous methanol
photo-reforming and self-reduction of copper oxides to metallic copper
(Cuo). Furthermore, this self-reduction process created a highly reduc-
tive environment, positively affecting hydrogen generation. The reasons
behind this self-reduction process were attributed to several combined
factors involving the CuxO-TiO; system and reaction conditions.

2. Materials and methods
2.1. Materials

Copper (II) chloride (CuCly; 97%), sodium hydroxide (NaOH;
98.2%), L-ascorbic acid (99.5%), polivinilpilorridone (PVP; My
40,000), titanium dioxide P25 Degussa (P25 TiOy; 99.5%) were pur-
chased from Aldrich and used without further purification. Aqueous
solutions were prepared using deionized water (Milli-Q with 18.6 MQ),
ethanol reagent grade (denatured), and methanol reagent grade.

2.2. Synthesis of CuxO (X = 1, 2) polyhedral microparticles

CuxO polyhedral particles were synthesized at room temperature
under a chemical reduction route with slight modifications [15]. First,
sodium hydroxide solution (1 M, 40 mL) was prepared and stirred
vigorously. Copper chloride solution (0.15 M, 40 mL) was added drop-
wise to the sodium hydroxide solution and stirred for 15 min. After that,
60 mL of PVP and L-ascorbic acid solution (1.42 wt ratio) was suddenly
added to the last solution and stirred for 30 min. The obtained CuxO
polyhedral particles were washed three times with a 1:1 water: ethanol
solution and dried under air for storage.

2.3. Synthesis of CuxO/TiOz composites

CuxO polyhedral particles and P25 TiO, nanoparticles were
dispersed separately in two ethanol: water 0.6:1 v:v solutions. Next, P25
TiO; solution was added dropwise to the CuxO solution under vigorous
stirring until to obtain a homogeneous solution. Then, it was dried in the
air, and the final powder was stored. Under this procedure, four com-
posites were synthesized with the nominal CuxO/TiO, weight ratio
indicated and labeled as follows: 0.05-Cu/Ti, 0.1-Cu/Ti, 0.5-Cu/Ti, and
1-Cu/Ti.

2.4. Characterization techniques

The characterization of the composites and single oxides was
accomplished through several techniques. First, X-ray diffraction (XRD)
was recorded from 15 to 80°, with a scan rate of 2° min~!, using a
Rigaku ULTIMA 1V diffractometer in Bragg—Brentano geometry (Cu-Ky
radiation, . = 1.540562 A) and nickel filter. Then, the morphology and
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particle size were determined by scanning electron microscopy (SEM),
carried out on a JEOL 7800F microscope without any previous treat-
ment. Furthermore, the samples were analyzed by energy dispersive
spectroscopy (EDS) to identify the relative abundance of Cu, Ti, and O.
These measurements were performed on four sample areas, calculating
the average %wt of each element. Next, X-ray photoelectron spectros-
copy (XPS) measurements were performed using a K-Alpha from
Thermo Fisher Scientific X-ray photoelectron spectrometer with a
monochromatic Al Ka X-ray source (1486.6 eV) and a base pressure of
1x107° Torr in the analytical chamber. The binding energy values were
calibrated by contaminant carbon using the C 1s position at 285 eV.
UV-vis diffuse reflectance spectroscopy (DRS) was measured on a GBC
Cintra 20 spectrometer in the 200-800 nm range.

The samples were also analyzed by photoluminescence (PL) spec-
troscopy by using an FLS1000 spectrophotometer (Edinburg In-
struments). The employed excitation wavelength was 325 nm, and the
emission of the samples was captured from 420 to 800 nm at room
temperature. Each spectrum was acquired using a spectral resolution of
0.5 nm and five accumulations of 0.1 s at each point. Finally, charge-
carrier dynamic experiments were carried out through Time Resolved
Microwave Conductivity (TRMC) using an incident microwave gener-
ated by a Gunn diode of the Ko band at 30 GHz. As a pulse light source, a
laser (EKSPLA, NT342B) tunable between 220 and 2000 nm, equipped
with an optical parametric oscillator (OPO) was used, delivering 8-ns
FWMH pulses with a frequency of 10 Hz. Three excitation wave-
lengths were selected: 360, 470, and 520 nm, with a light energy density

of 2.6 mJ cm™2.

2.5. Photocatalytic evaluation

The photocatalytic evaluation proceeded as follows. The P25 TiO3
Degussa, CuxO particles, and CuxO/TiO, composites were tested in a
batch reaction system using a methanol-water mixture (MeOH: H5O,
1:10; v:v) as the reaction medium. The photocatalyst concentration was
fixed at 1 g L'! in the reaction volume. Previously, the oxygen inside the
reactor was eliminated by purging with N gas for 15 min. Subsequently,
the mixture was stirred in the dark for 30 min to establish an adsorp-
tion—desorption equilibrium between the catalyst and the methanol--
water solution. The reactor was then exposed to light from a Hg-Xe lamp
with a power of 150 W for 8 h at room temperature. The Hy production
was monitored hourly using a gas chromatograph (Perkin Elmer Clarus
480) equipped with a TCD detector. Each evaluation was repeated three
times. Following a similar procedure, the water-splitting reaction and
the impact of photocatalyst concentration were investigated using the
composite with the highest photoactivity. Additionally, cyclic experi-
ments were conducted to assess the stability of this composite. In these
cycles, the photocatalyst was recovered through centrifugation after the
initial evaluation, redissolved in a fresh methanol-water solution
(MeOH: H,0, 1:10), and continued with subsequent cycles.

3. Results
3.1. XRD characterization

The diffraction patterns of the synthesized materials are displayed in
Fig. 1. The diffraction peaks in the copper particles at 29.6, 36.5, 42.4,
52.6, 61.6, 73.7, and 77.5° of 26 correspond to the cuprite structure of
Cu0 phase, according to JCPDS No. 01-073-6371, as expected.
Furthermore, small peaks located at 35.7 and 38.3° were also detected,
which can be attributed to the CuO phase (JCPDS No. 00-005-0667).
Hence, the copper particles are composed of both Cuz0 and CuO, the last
in less proportion concerning the CuyO. For the CuyO particles, the
crystallite size (D) was determined using the XRD peak located at 36.5°
through the Scherrer equation (Eq. (1), where 1 = 1.5406 x101%m, Bis
the peak width, and 6 represents the Bragg angle of the peak used. Thus,
the crystallite size of the CuyO particles was calculated as 19 nm.
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Fig. 1. X-ray diffraction patterns of CuxO particles, CuxO/TiO, composites, and
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As Cuy0 and CuO are presented in the copper particles, they were
labeled as CuxO. In the CuxO/TiO2 composites, moreover, the peaks
attributed to the CuxO particles showed the typical patterns corre-
sponding to the anatase (A) and rutile (R) phases from P25 TiOo, ac-
cording to the JCPDS No. 00-021-1272 and No. 01-070-7347 cards,
respectively, which it was confirmed with the XRD pattern of commer-
cial P25 TiO,. The significant decrease in the highest CuyO diffraction
peak intensity (36.5°) is worth noting, in agreement with the reduction
of the composites’ Cu/Ti weight ratio.

3.2. SEM characterization

After the structural characterization, microstructural properties were
determined via SEM, as shown in Fig. 2. According to the first image
(Fig. 2A), the CuxO particles present a polyhedral morphology, as was
expected, with some agglomeration regions. The average size of these
particles was calculated, measuring 100 particles, and determined as
196 nm. For the Cu/Ti composites, P25 TiO, nanoparticles randomly
surround the CuxO particles. The micrograph of the 1-Cu/Ti composite
(Fig. 2B), containing the highest CuxO content, enables the
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Fig. 2. SEM images of CuxO particles A) and the 1-Cu/Ti B), 0.5-Cu/Ti C), 0.1-Cu/Ti D), and 0.05-Cu/Ti E) composites.
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identification of CuxO particles and P25 TiO3, whose primary particle
size has been reported as 21 nm. Fig. 2C shows the 0.5-Cu/Ti particles,
where the CuxO particles remain visible, although their concentration is
lower compared to the previous case. On the contrary, 0.1-Cu/Ti and
0.05-Cu/Ti composites shown in Fig. 2D and 2E, respectively, CuxO
polyhedral particles were not identified due to their low proportion to
the P25 TiO,. However, the same configuration is expected, as was noted
in the 0.1-Cu/Ti and 0.05-Cu/Ti composites, where P25 TiO, nano-
particles surround CuxO particles.

In addition, the composites’ relative abundance of Cu, O, and Ti was
determined through EDS measurements and compared to the expected
weight percentage (Table 1). It is important to note that EDS is a
semiquantitative technique, meaning the data obtained represents
approximate values. The expected weight percentages were calculated
based on the theoretical mass of each element in their respective initial
oxides during the mixing process: Cu from Cu2O (since CuO could not be
precisely determined) and Ti from TiO,. The calculated amounts of Cu
and Ti were divided by the total quantity used by each oxide in the
mixture. The expected oxygen amount was derived by subtracting the
sum of the other elements (Cu and Ti) from 100%. While there were
noticeable discrepancies between the desired and experimental results
in some cases, a general trend emerged.

For copper, the experimental measurements generally followed the
expected trend, with higher experimental values when the composite
had a higher nominal Cu content. Regarding oxygen, the experimental
results consistently showed higher values than the expected amounts
across all composites, possibly due to the presence of CuO, which was
detected by XRD (Fig. 1). However, like copper, the trend in experi-
mental data aligned with the expected nominal values. In contrast, ti-
tanium exhibited lower observed weight percentages than the calculated
nominal values. This discrepancy might be attributed to the loss of TiO2
P25 particles during composite preparation, likely due to their small size
and affinity for the glass material used in the mixing process. Never-
theless, the experimental trend followed the expected pattern, with
lower experimental results corresponding to lower nominal Ti amounts
and vice versa.

3.3. XPS characterization

The surface chemical composition and the chemical state of Cu
within the 0.1-Cu/TiO3 and 0.05-Cu/ TiOy composites were analyzed
through XPS measurements. The survey spectra, as depicted in Fig. 3A,
show four predominant elements: C, Ti, O, and Cu. The observed carbon
signal is likely attributable to hydrocarbon contamination inherent to
the XPS instrument or to adsorbed hydrocarbons from the ambient at-
mosphere, thereby serving as a reference signal. Peaks discerned at
binding energies of 458.2 eV and 464.0 eV were assigned to the Ti 2p3/
and Ti 2p; - transitions, respectively, as illustrated in Fig. 3B. The sep-
aration of 5.8 eV between these peaks is indicative of the stoichiometric
nature of TiO, [16]. Fig. 3C presents the signals corresponding to the O
1s high-resolution spectrum. A deconvolution of this region showed two
distinct peaks at 529.6 eV and 530.9 eV in both composites. The first
signal is attributable to the oxygen integrated within the crystalline
lattice of TiO,. At the same time, the latter at 530.9 eV is ascribed to the
oxygen atoms on the material’s surface, most likely due to hydroxyl
groups on the TiO surface [17]. It is worth noting that the spectra did

Table 1
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not exhibit discernible signals corresponding to CuxO species, likely due
to their low concentration within the samples.

Fig. 3D and 3E show the Cu 2p high-resolution spectra of the 0.1-Cu/
TiO4 and 0.05-Cu/TiO, composites, respectively. The deconvolution of
these spectra revealed the coexistence of CuyO and CuO phases in both
composites. The presence of CuO was corroborated by the signals at
934.2 eV and 953.7 eV, corresponding to the cu?t 2ps,2 and cu*t 2p1/2
transitions, respectively [18]. The curves observed at 941.1 eV and
943.7 eV also correspond to the satellite peaks associated with the cu?t
2ps3/2 transition. The CuyO phase was corroborated by the peaks at
932.4 eV and 952.4 eV of the Cu™ 2ps/» and 2p; /5 transitions, respec-
tively [18].

3.4. UV-vis diffuse reflectance spectroscopy characterization

Fig. 4 illustrates the UV-vis absorption spectra of CuxO particles,
commercial P25 TiO9, and CuxO/TiO5 composites. The CuxO particles
exhibited an absorption edge in the visible range (477-650 nm), while
P25 TiO, displayed a distinct UV absorption band (325-410 nm). The
CuxO/TiOy composites showed two bands, one in the UV region and
another in the visible region, indicating absorption of photons across
both spectra. The first band appeared between 325 and 330 nm for all
composites, with the endpoint from 366 to 396 nm, aligning with the
copper oxide content. The composite with the highest copper content (1-
Cu/Ti) had the lowest endpoint value. The second band was observed
around 477 nm in all composites, with the endpoint varying depending
on the copper oxide content, ranging from 641 nm in the 1-Cu/Ti
composite to 606 nm in the 0.05-Cu/Ti composite.

Moreover, the intensity of this band decreased as the weight ratio of
CuxO particles increased. Higher copper oxide content resulted in a
more intense absorption band. Thus, the copper oxide content influ-
enced the absorption edge of both UV and visible bands. The UV band
red-shifted with increased copper oxide content, while the visible band
blue-shifted with decreased copper species, with the intensity being
copper content-dependent. The band gap energy (Eg) of CuxO particles
and commercial P25 TiO; was determined using the Kubelka-Munk and
Tauc methods. The Kubelka-Munk function, Eq. (2), F(R), relates to the
absorption coefficient a and scattering coefficient S based on experi-
mental diffuse reflectance (R) [19,20]. As S is nearly constant at any
wavelength, F(R) can be proportional to @ [21]. The Tauc model
established a relationship between the absorption coefficient and Eg, Eq.
(3) [22], where h is the Planck’s constant, v is the frequency of the
wavelength of the photon, A is a constant, and n is related to the band
gap transition in the material. By combining these models, the experi-
mental reflectance function could be associated with Eg4 Eq. (4). Plotting
(F(R)*h)V/™ against the incident photon energy (hv) yielded the Tauc
graph.

Because CuyO is the primary copper oxide phase in CuxO, a direct
allowed transition (n = 1/2) was selected to calculate Eg [19]. Both
direct allowed and forbidden transitions were compared, and the Eg
value was determined as 2.34 eV, which closely matched the bulk CuyO
value (2.17 eV) [23,24]. The blue shift in Eg can be attributed to the
polyhedral morphology of CuxO particles, where the crystal facet
structure influences their physical and optical properties. This behavior
aligns with previous observations of similar Cu,O particles [19,25,26].
For commercial P25 TiO,, an indirect allowed transition (n = 2) was

Relative abundance (%wt) of the elements in the composites determined by EDS and compared against nominal %wt.

Composite Cu o

Ti

Nominal (%wt) Experimental (%wt)

Nominal (%wt)

Experimental (%wt) Nominal (%wt) Experimental (%wt)

1-Cu/Ti 45.67 44.17 25.24
0.5-Cu/Ti 30.49 26.39 30.16
0.1-Cu/Ti 8.51 8.91 37.30

0.05-Cu/Ti 4.46 5.45 38.62

28.86 29.09 26.97
32.77 39.34 40.85
41.18 54.19 49.91
45.33 56.92 49.22
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chosen to calculate Eg, and the Y-axis was assigned as (FR)*hv)'/2. At F
(R) = 0, the calculated E; was 3.31 eV, consistent with previous litera-
ture [26]. Notably, the E; of Cu/Ti composites (3.1-3.2 eV) was slightly
lower than that of P25 TiOo, as shown in Fig. 4
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3.5. Photoluminescence and Time-Resolved microwave Conductivity
analyses

The steady-state photoluminescence study was conducted to analyze
the effect of copper oxide particles’ addition to TiO5 on charge (electron-
hole) separation efficiency and the degree of their recombination. In the
supporting information (Figure S1, Supporting Information), photo-
luminescence spectra of CuxO particles show three emission peaks be-
tween 500 and 700 nm, with the most intense at around 620 nm.
Besides, as shown in Fig. 5, the P25 TiO; spectrum exhibits nine peaks in
the 420-600 nm range that can be related to band edge-free excitons
[27]. Note that when the copper oxide is added, a drastic decrease in the
light emission signals of the spectrum is observed, although a similar
profile is kept in all the cases. Furthermore, the peaks’ intensity is

—— 1-CU/Ti
——0.5-CWTi
——0.1-CWTi
——0.05-CWTi
——P25 TiO,

Emission (a. u.)

T T T T T T T T T

T T 1 I T 1 I T
420 440 460 480 500 520 540 560 580 600
Wavelength (nm)

Fig. 5. Photoluminescence (PL) spectra P25 TiO, and CuxO/TiO, composites.

according to the copper oxide amount on each composite. In the high-
copper oxide content samples (0.5-1 wt%), significant signal decay is
observed; meanwhile, when a small copper oxide load is added, the
intensity did not decrease as in the high-content samples, and the pro-
files are similar between them (0.05 and 0.1 wt% Cu samples). These
findings suggest that the degree of charge recombination reduction is
directly contingent on the number of copper species on the TiO, surface.

The TRMC signals were analyzed for CuxO, P25 TiO,, and the
coupled CuxO/TiO, (Figure S2). These signals correspond to the pro-
duction of charge carriers immediately after laser excitation, followed
by decay due to surface trapping, recombination, and surface reactions
[28]. CuxO particles showed an intense TRMC signal in both UV and
visible ranges, particularly in the visible spectrum. P25 TiOg produced
photogenerated electrons under UV irradiation, but the TRMC signal
was weaker in the visible range due to its higher band gap. The CuxO/
TiO5 composites exhibited an extended ability to produce charge car-
riers in the UV-visible range, with the signal intensity under visible
wavelengths related to the CuxO proportion. Higher CuxO weight ratios
resulted in more intense signals but faster decay. Lower CuxO ratios
showed decreased signal intensity but more stable decay stages. In the
composites, the generation of photoelectrons varied with the tested
wavelengths. The 0.1-Cu/Ti composite slightly reduced photoelectron
generation with wavelength. The 0.05-Cu/Ti composite showed the best
photoelectron generation at 470 nm, and the coupled effect between
copper oxides and titanium dioxide enhanced photoelectron generation
at this specific wavelength.

3.6. Photocatalytic activity

It is essential to mention that, after the initial 30 min of irradiation, a
notorious color change from slightly yellow to deep purple was observed
(Fig. 6A), which was kept throughout the subsequent irradiation time.
Surprisingly, when the irradiation was stopped, the reaction solution
returned to its original slight yellow color after around 10 h. This phe-
nomenon was observed in all the experiments and will be analyzed later.
The evolved Hy and CO gases were measured every hour and up to 8 h
of irradiation time. As shown in Fig. 6B, the CuxO polyhedral particles
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Fig. 6. Color change of the solution of reaction after 30 min of irradiation, and during the photocatalytic process A), Hy production B) and CO, evolution C) by
methanol photo-reforming under solar simulator at 150 W, with a concentration of 1 g L'? of the photocatalyst.

did not present photocatalytic activity throughout the evaluation period
due to the null H, production. For the commercial P25 TiOy low H, was
produced after 8 h under UV-vis irradiation. Conversely, the CuxO/TiO»
composites showed significant Hy generation compared to every single
oxide, the less-copper oxide composites, 0.1-Cu/Ti, and 0.05-Cu/Ti, the
most active materials. Furthermore, their Hy production rates increased
almost eight times in these composites compared to the Hy production
rate of commercial P25 TiOs.

On the other hand, the CO5 generation was measured to verify the
stoichiometry of the methanol-reforming reaction and corroborated that
both Hy and CO; could be consumed or produced in secondary reactions
as water-splitting reactions in the Hy production case. Fig. 6C revealed
that the composite materials, concerning the single oxides, made higher
CO; in the Hy generation case. Furthermore, the CO; generated in the
composites showed a similar tendency to the Hy production, where the
0.1-Cu/Ti and 0.05-Cu/Ti composites produced the highest CO,
amount. The CO5 production rates with the 0.1-Cu/Ti and 0.05-Cu/Ti
composites were fourteen times higher than the COy production rate
in commercial P25 TiOg. According to the results presented in Table 2,
the following set of reactions can occur to explain Hy and CO5 evolution:

hv+-peat.

CH;0H —’k HCOH + H, 5)

1

Table 2
H, and CO,, evolution after 8 h irradiation time of methanol photoreforming.
Photocatalyst ~ Ha H, evolution CO, CO, Molar
mmol rate mmol evolution ratio
g ! mmol g'h™! g ! rate H,/CO,

mmol gth~!

CuxO 0.05 0.007 0.04 0.01 1.25
1-Cu/Ti 6.21 0.69 2.59 0.29 2.39
0.5-Cu/Ti 14.29 1.79 5.34 0.67 2.67
0.1-Cu/Ti 22.72 2.84 8.32 1.04 2.73
0.05-Cu/Ti 22.94 2.86 7.91 0.99 2.90
P25 TiO, 1.48 0.37 0.27 0.07 5.48

hv+-peat.
HCOH + H,0 —’k HCO,H +H, (6)
2
hv+-peat.
HCO,H « CO, +H, 7)
3

With the overall reaction being:

hv+-peat

CH;0H + H,0 K CO, +3H, ®

Where hv is the photon energy, pcat is the photocatalyst, ky is the rate
constant of each reaction, and K is the global equilibrium constant.
Therefore, in agreement with Eq. (8), the Hy/CO, molar ratio must be 3.
However, the average molar ratio of the experimental data showed
different values for both single oxides and the composites (Table 2). The
Hy/CO2 molar ratio calculated in the CuxO particles was 1.25, but as the
evolution of both gases was almost negligible, the photocatalytic activity
is considered null. In contrast, the composites showed Hy/CO; molar
ratios between 2.39 and 2.9, indicating a variation of the H; production
or CO, generation concerning the theoretical values expected by a sec-
ondary reaction. This result also relates to each material’s copper oxide
weight ratio, where the 0.05-Cu/Ti composite has a lower difference.
This result can be explained by the process represented in the following
equation;

hv (A=UV)

CH;0H + 2Cu,0 + CuO CO, +2H,0 + 5Cu’ ()]

In this secondary process carried out under the irradiation time,
methanol is oxidized to carbon dioxide and water; meanwhile, both
copper oxides (CupO and CuO) are reduced to metallic copper (cu®
[29,30]. After the irradiation is stopped, the oxidation environment and
the presence of TiO5 promote the re-oxidation of the metallic copper.
This reaction can be an additional way for CO, generation, explaining
the theoretically expected value of the Ho/CO4 molar ratio lower than 3.
Additionally, there is a direct dependence on the copper oxide content
and the process, which should be why the Hy/CO4 molar ratio was lesser
in the composites with the higher CuxO content than in the composites
with lower CuxO content. Thus, the process proposed in Eq. (9) favors
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the composites with high copper oxide content, giving rise to a lower
Hy/CO, molar ratio. This reaction also explains the change of color of
the solution during the irradiation time. When the composites are irra-
diated, the process represented in Eq. (9) takes place, and the copper
oxides in the composites are reduced to metallic copper, changing the
color of the solution from the slightly yellow characteristic color of
copper oxides to deep purple.

On the other hand, in commercial P25 TiO,, the Hy/CO45 molar ratio
was almost double the theoretical value, around 5.48. In this case, the
increment of the molar ratio is due to the increment of the Hy production
to the expected stoichiometric amount from the methanol photo-
reforming. Therefore, the P25 TiO, can carry out a methanol photo-
reforming reaction [31,32], and the additional H, amount can be pro-
duced by water splitting, which has been reported for this material
previously [33].

For comparison purposes, the 0.1-Cu/Ti composite was evaluated in
the water-splitting reaction, and the results are displayed in Fig. 7A.
Notoriously, no Hy evolution was detected in this reaction (water +
composite + irradiation), which means that methanol photo-reforming
is the reaction carried out for Hy production. Methanol is a hole col-
lector and can inject electrons in the conduction band (CB) of the CuxO/
TiO5 composite [34]. The release of the hydrogen radicals follows this
dissociative adsorption of methanol. Thus, the hydrogen comes from the
released protons after methanol photooxidation, following Egs. (5)-(7).
Furthermore, it is essential to mention that no color change was
observed during the water-splitting evaluation, confirming the addi-
tional COy generation process depicted in Eq. (9), where methanol is
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involved.

The photocatalyst concentration effect was studied with the same
composite (0.1-Cu/Ti), using concentrations from 0.5 to 2 g L!
(Fig. 7B). Methanol photo-reforming is highly sensitive at the catalyst
concentration since the best photocatalytic performance was achieved
using a1 g L'! catalyst concentration. Indeed, at low catalyst concen-
trations (i.e., 0.5 g L1 ), insufficient proton conversion sites are available
to convert into molecular hydrogen. On the contrary, by increasing the
catalyst load (1.5-2 g L1 ), a significant decrease in the H, production
rate is observed, which is attributed to light scattering of the material
hindering the illumination in the reaction system, as well as
agglomeration-sedimentation of the photocatalyst, despite of the stir-
ring of the solution of reaction [35,36].

Finally, in Fig. 7C, the cyclic capacity results of the 0.1-Cu/Ti com-
posite are presented. The photoactivity of the material was kept after
three reaction cycles; the maximum Hy production on each cycle was
between 15 and 17 mmol of Hy per gram of photocatalyst. Despite an
aqueous environment and irradiation for at least 24 h, this significative
stability demonstrated that the CuxO/TiO, composites are good candi-
dates to reuse more than once for methanol photo-reforming without
losing their photocatalytic performance. Furthermore, it is essential to
point out that the slight yellow color of the composite changed to deep
purple on each reaction cycle. Then, after stopping the irradiation,
washing and drying it, its color came back to a slight yellow as at the
beginning of the reaction, before the irradiation. Thus, as a brief, the
photoactivity was strongly susceptible to the CuxO amount in the
composites, obtaining the best results at low CuxO concentrations (i.e.,
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Fig. 7. Methanol photoreforming vs. water splitting processes A), the effect of the photocatalyst concentration B), and the reaction cycles C) in H, evolution for the

0.1-Cu/Ti composite.
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0.1-Cu/Ti and 0.05-Cu/Ti composites). Then, an excess of the optimal
amount of CuxO can promote the recombination of the photo charge
carriers, decreasing the photoactivity [37]; moreover, the feasibility of
the secondary oxidation process of methanol, where CO; and H;0
instead of Hy are produced.

4. Discussion

The spatial distribution, composition, and electronic properties of
CuxO/TiO, composites significantly impacted the methanol photo-
reforming process; hence, the description of its initial configuration is
crucial to explain the composites’ behavior. XRD data and SEM micro-
graphs in Figs. 1 and 2 confirmed that CuxO and TiO; particles exist as
separate phases but have random close contact without a specific
configuration. This spatial distribution, represented in Fig. S3A, allows
direct contact between CuxO and TiO, particles and the aqueous
methanol solution. As a result, the photogenerated charge carriers from
both semiconductors can participate in surface redox reactions during
irradiation due to the high probability of charge transfer at the
semiconductor-liquid interface [38].

Furthermore, it is essential to note the presence of four species (i.e.,
Cuz0, CuO, TiO, anatase, and rutile) in the composites and their
contribution to the electronic properties of the entire system. The first
specie is Cup0, identified as polyhedral particles through XRD, SEM, and
XPS techniques. Additionally, CuO was detected in the identical parti-
cles based on XRD patterns. XPS spectra of the 0.1-Cu/Ti and 0.05-Cu/Ti
samples confirmed the presence of CuO as part of the composites. As
reported elsewhere, CuO is likely formed as a thin layer over the surface
oxidation of CupO particles [39,40]. The third and fourth components
are the anatase and rutile crystalline phases in commercial P25 TiO,
with a standard proportion of 80:20 [38]. These phases were verified by
XRD patterns in all composites.

Considering the species in the composites, the type of interactions
between them is crucial. The most significant interaction arises from the
coexistence of Cup0 and TiOg, forming a p-n heterojunction due to the
nature of both semiconductors [41]. In the interface of the semi-
conductors, before irradiation, electrons from CuO, a p-type semi-
conductor, migrate toward TiOg, an n-type semiconductor, due to its
small work function, reaching a Fermi level equilibrium. Thus, the Cu,0
remains positively charged and TiO; negatively charged, which induces
an internal electric field [42], as reported by DFT results [43], shown in
Fig. S3B.

Thus, based on the spatial distribution of particles and the presence
of four species in the composites, a band alignment was proposed for the
photocatalysts based on their band edge and E, values (Fig. S3C). The
Cuz0 band gap was calculated as 2.34 eV, slightly higher than the
commonly reported values in the literature (around 2.2 eV) [44].
Despite this increase in Eg, the valence band (VB) and conduction band
(CB) positions of Cu0, reported at 1.07 and —1.13 V [45], respectively,
were considered in the proposed alignment. In the case of CuO, although
its band gap was not experimentally determined, its E; alignment was
considered (VB and CB positions as 1.5 and —0.2 V relative to NHE,
respectively) [46], as it is part of the Cuy0 particles and can contribute
to the electronic properties of the composites. As for commercial P25
TiO, the E; was estimated at 3.31 eV, composed of the E4 values of pure
anatase (3.2 eV) and pure rutile (3.02 eV) [38]. The VB and CB positions
of anatase were measured around 2.9 and —0.29 V relative to NHE [45],
while the E; position of rutile was identified close to anatase’s CB and VB
[42]. The proposed Eg positions for each component in the composite are
represented based on these assumptions and taking into account the
experimental determination reported previously [47].

Based on this initial state, a reaction pathway can be proposed upon
irradiation of the composites with simulated solar light. The UV wave-
length excites P25 TiO, particles, while visible light excites copper ox-
ides (Cuz0, CuO), generating electron-hole pairs in the semiconductors.
The photogenerated charge carriers can migrate directly to the
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solid-liquid interphase due to the spatial distribution of particles and the
CuxO-TiOy contact. In the latter case, as an internal electric field is
formed in the p-n heterojunction, electrons migrate from CuxO to the
TiO4 CB, first to the anatase phase and then to the rutile phase, where an
accumulation of charge carriers is possible [48]. Meanwhile, photo-
generated holes can remain in the Cuz0 and CuO VB, and holes gener-
ated in the VB of P25 TiO; migrate to the CuyO VB according to the
proposed band alignment, leading to spatial separation of charge car-
riers throughout the composite. This overall scheme of photo-redox re-
actions minimizes charge recombination, supported by semiconductor
thermodynamics [42,49]. Additionally, the aqueous methanol plays an
active role as a hole scavenger at this stage, preventing charge recom-
bination and providing the protons and electrons required for Hy pro-
duction [32]. The evaluation section describes the general reaction Eq.
(8), which can be rewritten as Eq. (10). According to this equation, the
theoretical oxidation potential required is 0.02 V [50].

CH;0H + H,0—CO, +6H" +6e~ E°=0.02V (10)

In addition, as a secondary reaction, copper species were reduced
due to methanol oxidation, resulting in a color change of the
photocatalyst-aqueous methanol solution. Initially, the suspension is
slightly yellow due to the CuxO-TiO, composites. However, after irra-
diation, the color gradually changes to a deep red—purple associated
with metallic copper (Cuo) [51,52]. Although clear evidence of cu®
presence was not found in the experimental analysis, the color change of
the system, increased CO evolution, and no color change during the
water splitting test support this assumption. The difference in oxidation
state is feasible based on the proposed band alignment. The reduction of
Cu,0 to Cu® requires a potential of —0.360 V [53], which falls within the
band gap of CuyO. Intense radiation can promote the self-reduction of
Cu,0 to Cu® (Fig. S4A) by the photogenerated electrons [54].

Moreover, the high flux of charge carriers in the p-n heterojunction
can increase the electron density in the P25 TiO5 conduction band [49],
which is close to the potential required for Cu® formation. The combined
effect of the secondary methanol oxidation and the presence of electrons
from CuyO or the p-n heterojunction can reduce copper species from
Cu*? and Cu™! to Cu®, as shown in Scheme 1A. The Cu®/P25 TiO, sys-
tem is proposed after irradiation, and the required reduction potential is
represented in the optical band alignment of the initial species (Scheme
1B).

The presence of Cu® particles alters the charge transfer mechanism in
the composites (Scheme 1C). A Schottky barrier is formed between c
and P25 TiO,, leading to a decrease in the recombination rate of pho-
tocarriers. Electron transfer from P25 TiO; to Cu® particles is favored
due to the metal’s higher work function than the semiconductor. This
electron migration continues until equilibrium is reached, aligning the
Fermi levels of Cu® and P25 TiO, with the conduction band of P25 TiO».
As a result, P25 TiO, and Cu® particles acquire excess positive and
negative charges, respectively [38,55]. This efficient separation of
charge carriers promotes H" reduction, enhancing H, production ac-
cording to Eq. (10).

Additionally, to the previously described process, the CuyO/CuO
hybrid structure in the composites represents a double way to generate
electrons [49], and the homojunction between anatase-rutile improves
the charge separation [38,49,56]. Several hours after turning off the
irradiation, the composites returned to the initial slight yellow from the
red-purple color, indicating the oxidation state change from Cu® to
copper oxides again, as shown in Figure S4(B-E). The following reactions
show the likely path of the Cu® oxidation to the CuyO particles during
the photocatalytic test and after irradiation, where P25 TiO5 participates
[54]:

TiO, 2 TiO, +h* +e a1
2HY +2e —H, a12)
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Cu’+ht>Cut! +e” (13)

The remaining holes from P25 TiO, participate actively in the re-
oxidation of Cu® to CuxO, playing a critical role in the copper re-
oxidation process after irradiation [57,58]. To gain insight into the
copper species present in the spent photocatalyst after 8 h of irradiation,
we conducted XPS characterization of the 0.1-Cu/Ti composite (see
Figure S5). When examining the high-resolution O 1s spectrum of the
spent catalyst (Fig. S5A), we observed a subtle change in the signal
associated with oxygen bound to the TiO, surface. This alteration is
likely a result of the adsorption of additional oxygenated species,
possibly stemming from the methanol used in the reaction. An analysis
of the Cu 2p spectrum of the spent 0.1-Cu/Ti composite showed no
significant change in the copper species present (Fig. S5B). However,
there was a slight shift in their distribution, notably with a minor in-
crease in the signal associated with Cu?*.

Finally, a comparative table was performed between previous re-
ports and the obtained results in the current work (Table S1). The system
copper species-titanium dioxide has been widely studied due to the
significative performance of the combination of these species during
photocatalytic Hp production through alcohol reforming. Among the
strategies used, the modification of the copper oxide morphology, size,
and ratio concerning titanium dioxide has been reported. Commercial
P25 TiO, has been selected as a titanium source for the last one,
although several groups have synthesized it, modifying its morphology
and size. Also, different elements, such as silver, have been added to this
kind of system. Besides, various sacrificial agents have been used for
alcohol reforming, although, in most cases, methanol has shown the best
results. Concerning the source light, the works reported a power be-
tween 100 and 500 W, with high-energy wavelengths in the UV region.
Each case’s maximum Hj production rate is mainly linked to the alcohol
proportion in the reaction medium and the structural properties of the
oxides. The obtained values range from 0.009 to 286 mmol g'h™%;
however, most are between 2.048 and 4.5 mmol g"'h L. This work’s best
H, production rate is in this range, being 2.86 mmol g h™!. This result
could be considered exceptional, taking into account the easy synthesis
method selected, low copper oxide ratio to P25 TiO, (0.05 to 1.0),

10

methanol proportion used (1:10), and the lower power of the irradiation
source (150 W), due to that similar or slightly higher results have been
reported under complicated synthesis methods, higher alcohol propor-
tion and high power of irradiation source.

5. Conclusions

CuxO/TiO, composites with different weight ratios were successfully
synthesized using a simple, room-temperature wet-mixed method. These
composites exhibited a specific spatial distribution, allowing both Cu,0/
CuO particles and the reaction solution to come into contact, facilitating
their participation in redox reactions. In addition, the composites
demonstrated photoactivity across a broad range of wavelengths,
including the visible and UV regions, as confirmed by PL and TRMC
measurements. In the methanol photo-reforming reaction, the synthe-
sized composites also exhibited a CupO/CuO species self-reduction to
Cu®, which was evident from the change in color of the photocatalyst-
aqueous methanol solution. The self-reduction was attributed to the
secondary oxidation reaction of methanol, leading to a decrease in the
H,/CO, molar ratio during the evaluation.

The formation of a p-n heterojunction facilitated the efficient spatial
separation of electron-hole pairs, reducing copper oxides to metallic
copper due to the high electron density and creating a Schottky barrier
in the new Cu®/P25 TiO, composite, generating a high density of
negative charges and enhancing Hy production by increasing proton
availability in the reaction medium and improving stability. Further-
more, the photocatalytic content influenced the CuxO performance,
with the number of active sites and phenomena like light scattering and
sedimentation playing a critical role. In addition, the combination of
spatial distribution, the presence of methanol, the p-n heterojunction,
the CuxO/TiO, weight ratio, and the presence of four species, including
the P25 TiO, homojunction, contributed to the self-improvement of the
photocatalysts and enhanced photoactivity for Hy production via
methanol photoreforming.
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