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Abstract: Several studies have shown that combining TiO, and Cu,O enhances the photocatalytic
activity of the material by generating a heterojunction capable of extending the light absorption in
the visible and reducing the electron-hole recombination rate. Ball milling has been chosen as an
alternative methodology for photocatalyst preparation, among the several techniques documented in
the literature review. The results of a previously reported investigation enabled the identification of
the most effective photocatalyst that can be prepared for hydrogen generation by combining Cu,O
and TiO; (i.e., 1%wt. Cuy0 in TiO, photocatalyst prepared by ball-milling method at 200 rpm and
1 min milling time). To optimize photocatalytic hydrogen generation in the presence of the greatest
photocatalyst, the effects of (i) sacrificial species and their concentration, (ii) temperature, and (iii) pH
of the system are taken into account, resulting in a light-to-chemical energy efficiency of 8% under the
best-tested conditions. Last but not least, the possibility of using the present photocatalytic system
under direct solar light irradiation is evaluated: the results indicate that nearly 60% of the hydrogen
production recorded under sunlight can be attributed to the visible component of the solar spectrum,
while the remaining 40% can be attributed to the UV component.

Keywords: green hydrogen; photoreforming; ball milling; cuprous oxide; solar photocatalysis

1. Introduction

Due to global environmental difficulties and the depletion of fossil resources, sustain-
able energy generation is one of the most important tasks of this century [1]. Hydrogen
is a viable alternative energy carrier because of its stability, abundance on Earth’s surface,
and lack of greenhouse gas emissions [2-7]. Due to its renewability, the use of solar energy
to make hydrogen is an appropriate technique for meeting the energy demand [4,8-13].
Photo reforming of organics in the aqueous phase [14-16] is an emerging technique able
to combine wastewater treatment and energy production. The creation of visible—light
active and stable photocatalytic/photo electrocatalytic materials is now the greatest ob-
stacle for many researchers, despite a large number of photocatalysts suggested for hy-
drogen production [17]. Despite TiO, still representing the most used material, due to
its advantages (chemical stability, photo corrosion resistance, non-toxicity, widespread
availability, etc.), it presents various problems such as a high electron-hole recombination
rate (3.0 x 101 M~1 s~ [18]) and poor absorption in the visible light range, due to its wide
band gap (about 3.2 eV) [19]. To overcome these disadvantages, many researchers have
directed their efforts to improve the efficiency of bare TiO, through the combination of the
semiconductor with other materials capable to extend the light absorption to the visible
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range and/or to reduce the recombination rate [8,20]; on the other hand, many studies
present in the literature are focused on the utilization of different semiconductors able to
replace TiO, [21-23].

With reference to the first approach, noble metals (Ag, Pt, Au, Pd) have been found
to be excellent co—catalysts for hydrogen production [24,25], despite the fact that they
have high costs; impregnation, co-precipitation or photodeposition methods are only some
examples of the preparation methods proposed for metal-doped photocatalyst by several
authors [26,27].

Generally, noble metals have gained great attention due to their physicochemical
characteristics, which effectively enhance the photocatalytic activity; in particular, the
deposition of metals with a large work function, such as Ag, Au as well as Pt and Pd
can reduce the recombination rate because of the formation of Schottky barriers at the
metal/TiO, interface: being the work function of the metal higher than that of the titanium
dioxide there is the formation of an electrons flow from TiO, to the metal to align the Fermi
energy levels (EF), with a shift of the Fermi levels of the metal to the conduction band
of TiO; [28]. The metal, with more negative energy levels, leads to a thermodynamically
favourable proton ion reduction and favours the proton reduction also from a kinetic
point of view. Hence, metal nanoparticles (a) act as antennas, producing a higher light
absorption and (b) promote the transfer of free excited electrons into the conduction band
of the semiconductor [29]. Despite the improvement in the photocatalytic activity of the
metal-doped photocatalysts, these materials do not demonstrate a significant activation
under visible light radiation. Hence, to extend the light adsorption to a wavelength higher
than 400 nm, a different approach was proposed by some authors: among the techniques to
improve the photocatalytic activity of the photocatalysts, many researchers have proposed
the combination of semiconductors, such as TiO,, with other materials capable of extend-
ing the visible light absorption to the visible range [8,20,30,31]. The association of two
(or more) different semiconductors (semiconductor-semiconductor heterojunction) was
discussed in several articles [32-37]. Generally, two different categories of semiconductor—
semiconductor photocatalytic materials are reported: p—n semiconductor heterojunction
and non—p-n heterojunction systems. Focusing the attention on the first case, when two
semiconductors (a p—type semiconductor with a n—type semiconductor) are in contact,
the diffusion of electrons and holes leads to the formation of a space—charge region at the
interfaces. When irradiated, the photogenerated electrons are transferred from the CB of
one photocatalyst (generally the p—type) to the CB of the other photocatalyst forming the
heterojunction (generally the n—type), while the holes can migrate between the valence
bands of the semiconductors, depending on the relative redox potentials; the phenomenon
leads to more efficient charge separation and a lower electron-holes recombination rate. The
heterojunction formation by combining TiO; (n—type semiconductor) and CuyO (p-type
semiconductor) is a viable route to improve solar light utilization [38—41]. Among the
different techniques reported in the literature to prepare Cu,O/TiO, composite material, a
simple and industrially practicable ball milling procedure to dryness was selected as an
alternate strategy for preparing photocatalysts in our recent study [42]. The results of the
previous study allowed the selection of the best photocatalyst for hydrogen generation pre-
pared by mixing CuyO and TiO; (i.e., 1%wt. CuyO in TiO; photocatalyst material prepared
through ball milling method at a rotation rate of 200 rpm and milling time of 1 min). In
the present work, we have chosen to use the best photocatalyst identified previously, to
evaluate the possibility to use real solar conditions to produce hydrogen. Firstly, to optimize
the photocatalytic hydrogen production in presence of the best-performing photocatalyst,
the effect of the following variables on the hydrogen production is herein investigated:

The concentration of the sacrificial species;

Type of sacrificial species used;

Temperature and pH of the system;

Then, the photoefficiency under direct sunlight irradiation was evaluated.



Appl. Sci. 2023,13, 2337

30f15

The quantum yield and the light-to-chemical energy are estimated under the optimal
conditions seen based on the data.

2. Materials and Methods
2.1. Materials

TiO; nanopowder (commercial grade, Aeroxide TiOp-P25, average particle size 21 nm,
specific surface area 50 + 15 m?. g’l, 80/20 anatase/rutile), ethanol (absolute, >99.8%),
glycerol (ACS reagent, >99.5%), formic acid (puriss. p.a., ACS reagent, >98%), lactic acid
(85%, FCC), ethylene glycol (anhydrous, 99.8%) were purchased from Sigma Aldrich (Pty
Ltd.), while cuprous oxide (Cu,O, powder) and methanol (99.9%) are purchased from Carlo
Erba Reagents (Cornaredo, MI). All reagents are used as received. Doubly glass—distilled
water is used.

2.2. Preparation of the Photocatalyst

The synthesis of the photocatalyst is performed by following the procedure reported
by Muscetta et al. [42], in which the catalyst is characterized in detail. In particular, a fixed
amount of TiO, (1500 mg) is mixed in the agate milling tank (PM100, RETSCH), with agate
balls and a fixed amount of Cu,O (150 mg), fixing the rotation rate to 200 rpm and the
milling time to 1 min. In the following sections, the photocatalytic material used, with a
surface area of 57.5 m?/ g, will be named (1%wt.) Cup,O/TiOs,.

2.3. Photocatalytic Tests and Analytical Determination

Photocatalytic tests are performed as in [42] (see Figure 1A,B for the schematic illustra-
tion of the experimental setup). A UV cutoff solution (NaNO, 0.5 M) is pumped through
the quartz sleeve to allow the investigation of the photocatalytic activity under visible light
conditions (A > 400 nm), as reported by others [43]. To perform a typical experimental
run, 210 mg of CuyO-TiO; catalyst are suspended in a doubly distilled aqueous solution
(V =0.3 L), at fixed pH and concentration of the sacrificial species. In particular, to evaluate
the effect of the sacrificial species on the photocatalytic activity, a fixed concentration (2.5 M)
of each scavenger (i.e., methanol, ethanol, ethylene glycol, formic acid, glycerol, lactic acid)
was used. The effect of the organic concentration was assessed by fixing methanol con-
centration between 0 and 2.5 M. A N stream is bubbled into the solution starting 40 min
before inserting the photocatalyst to prevent the interaction between dissolved oxygen and
copper species or photogenerated electrons. The effect of the temperature was assessed by
increasing the temperature of the system up to 80 °C (at this temperature a condenser was
located on the reactor to prevent the evaporation of the organic species). To test the effect
of pH, in some runs the solution pH is corrected to selected values by adding a diluted
solution of KOH or HCIOy.

The suspension, containing a fixed concentration of the sacrificial agent (2.5 M) and
a fixed amount of the photocatalytic material (700 ppm), was exposed to solar radiation
(See the Figure 1B for the schematic illustration of the experimental set—up) to evaluate
the photoefficiency of the system under solar light irradiation in selected runs. These runs
were carried out in early September 2021 in Naples (40°50'0” N, 14°15 0" E), between the
hours 11.00 and 13.00 under clear sky conditions. To evaluate the separate contribution of
the UV and visible radiation ranges in hydrogen production, some photocatalytic runs are
carried out by employing a cut-off filter to eliminate radiations with wavelengths less than
400 nm. In some cases, the recovery of the material was performed following the procedure
reported previously [42].

Hydrogen estimation is carried out as reported elsewhere [42,44]. The pH of the
solution is measured using an Orion 420 p pH-meter (Thermo). Shimadzu UV-2600
UV /vis spectrophotometer was used for UV-vis diffusive reflectance analysis, with an
integrating sphere attachment and BaSO; as the reflectance standard. A Quantachrome
Autosorb 1-C instrument analyzer was employed to evaluate the textural properties of
catalysts [42].
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Figure 1. Schematic illustration of the annular batch reactor experimental set-up for the experiments
conducted (A) under artificial UV and/or Visible light source and (B) under solar irradiation.

3. Results and Discussion
3.1. Effect of Organic Concentration

The effect of the different parameters affecting the preparation stage of the photocata-
lyst in the presence of methanol was previously discussed [42]. The influence of methanol
concentration on the photocatalytic generation of hydrogen is herein explored. The main
results are reported in Figure 2. The reaction rate observed during the photocatalytic runs at
varying organic concentrations is properly described by a Langmuir-Hinshelwood model.
The adsorbed species concentration may be thus calculated through the equilibrium reac-
tion (1) and the Equation (1), in which K,45 M1y is the adsorption equilibrium constant
and 0. is the concentration of free active sites on the catalyst surface:

K
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Figure 2. Hydrogen evolution rate at different organic concentrations (methanol). Experimental
conditions: V=030 L; T =35 °C; P = 1 atm; pH =~ 8.5; C(19wt.)cu,0/Ti0, = 700 ppm.
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To obtain a value of the adsorption constant (K,4s) for methanol over the Cu,O/TiO,
composite photocatalyst, the following Langmuir-Hinshelwood-type model describing
hydrogen generation rate is adopted (2):

r 1! Kads[CH3OH]
7% 14 Kqs[CH;0H]

@

where k" = k'-6; (K’ being the kinetic constant) and K45 are the apparent kinetic constant
of substrate oxidation and the organic adsorption constant, respectively. 6; (M) is the
concentration of the total active site on the catalyst surface for a fixed catalyst load q(g/L).
The term 6 is calculated through the following Equation (3):

0 = N-q 3)

where N is the total moles of active sites per unit mass of catalyst (mol/g).

Starting from Equation (3) and plotting the reciprocal of the hydrogen reaction rate
versus the reciprocal of the organic concentration (Figure 3), a linear trend is observed,
from which a suitable value for K, 4 is obtained. By following the optimization procedure
reported elsewhere [44], a value of 0.22 M~! is found in presence of the photocatalyst
tested when methanol is used as a scavenger. This value resulted in accordance with those
reported in the literature for similar systems in presence of the same organic compound [45].
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Figure 3. Reciprocal of the hydrogen production vs. the inversus of the organic concentration.
Experimental conditions: V =0.30 L; T =35 °C; P = 1 atm; pH = 8.5; C(194wt)cu,0/Ti0, = 700 ppm.

3.2. Effect of pH

Some authors have reported a considerable effect of the suspension pH on the photocat-
alytic hydrogen generation for different photocatalytic materials and scavengers [41,44,46—48].
To evaluate the effect of this variable on the photoactivity, several runs are carried out at
varying the solution pH. Figure 4 reports the mean hydrogen production rate collected
at different pH values. A higher reactivity may be recognized under alkaline conditions,
whereas negligible activity is recorded at acidic conditions (data not shown). Despite the
great number of studies in the literature survey focusing on the effect of pH, only a few
authors have attempted to explain the correlation between solution pH and photocatalytic
activity [44,49-51]. The surface properties of the photocatalyst, its stability in the aqueous
solution, the band gap shift, and the sacrificial agent’s molecular properties should be
considered to understand the phenomenon.
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Figure 4. Hydrogen evolution rate at varying the pH of the suspension. Experimental conditions:
V=030L; P=1atm; T = 35 °C; [Methanol] = 2.5 M; C(19wt.)cu,0/Ti0, = 700 ppm; visible range.

The following remarks should be considered to underpin the present photocatalytic
outcomes:

e  The stability of the copper species on the surface of TiO, particles is affected by
the pH. In particular, lower stability is recorded by several authors under acidic
conditions [49,52,53].

e  About Methanol (i.e., the sacrificial agent), has a pK; value of 15.0 [54]. Thus, methanol
is present in non-dissociated form for all the pH values tested (See Figure 5).

e The pHypc of TiO; is about 6.25 [55]. Thus, a high concentration of negative charges
is recorded on the catalyst surface under alkaline conditions (See Figure 5), able to
promote the interaction between substrate and catalyst surface.

e Negative charges on the catalyst surface (under alkaline conditions) reduce particle
agglomeration [56].

PH<pH,, pH=pH,, PH>pH,,
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H H H H H H H H H H H H
i i
no" Ho' HO' H, mot o0 mot o

TiO, Tio,

Figure 5. Schematic illustration of adsorption conditions of methanol on the photocatalytic Titania
surface at different pH values.

Based on the above considerations, the greater photocatalytic activity under alkaline
conditions may be attributed to (i) the presence of stable copper species involved in
visible light-induced hydrogen generation and (ii) the more efficient adsorption of the
organic compounds.

3.3. Effect of Temperature

Photocatalytic processes are generally reported to be poorly influenced by the tem-
perature, as the electron-hole generation mainly depends on the radiation intensity [57].
However, the temperature may improve the activity of the system, being able to (i) increase
the reaction rate of the hydrogen generation and (ii) improve the product desorption from
the catalyst [58]. As a result, according to different authors [59-61], temperature helps the
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hydrogen generation reaction compete more successfully with charge-carrying recombina-
tion. For this reason, some experimental runs are performed varying the temperature of
the suspension between 20 °C and 80 °C, in presence of methanol as a scavenger. The main
results are reported in Figure 6. As clearly sown by the diagram, when the temperature in-
creases from 20 °C to 80 °C, the hydrogen production rate achieves a value about 4.5 times
higher than that obtained at the lowest temperature, thus proving the beneficial effect of
temperature on the system behaviour.
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Figure 6. Hydrogen evolution rate at varying the temperature of the system. Experimental conditions:
V=0.30L; P =1atm; pH ~ 8.5; [Methanol] = 2.5 M; C(19,wt)cu,0,Ti0, = 700 ppm; visible range.

By considering that the photocatalytic hydrogen production follows a pseudo-first-
order law for all the temperatures tested, it is possible to plot the Arrhenius-type equation
from 293 K to 353 K (See Figure 7). A value of 21.51 KJ/mol is easily estimated for
the apparent activation energy E, from the slope of the Arrhenius plot. Such a value is
consistent with those reported in the literature survey for similar systems [61,62].
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Figure 7. Arrhenius plot for (1%wt.) CupO/TiO, photocatalyst.
3.4. Effect of the Sacrificial Agent

Many researchers proposed hydrogen production through photoreforming of organics
in the aqueous phase [14-16]. Organic species may derive from renewable sources or



Appl. Sci. 2023,13, 2337

8 of 15

organic-rich effluents [63-65]. Due to (i) the possibility of linking hydrogen generation
with water treatment and (ii) the cheap cost of the feedstock, the potential use of organic
contaminants found in wastewater is particularly appealing [63,66-68]. Evaluating the
effect of the scavenger used on photocatalytic hydrogen production is thus necessary. To
this aim, some experimental runs are carried out at varying the sacrificial species (i.e.,
alcohols or carboxylic acids). The main results collected during this investigation are
reported in Figure 8. Glycerol and 1,2-Ethandiol result in the greatest options for hydrogen
generation in presence of CuyO/TiO, photocatalyst, according to literature findings in
which Cu-based TiO; was used to generate hydrogen through photoreforming [52]. On the
contrary, no hydrogen production is herein detected in the case of pure water and seawater.
Both the nucleophilicity of the groups in the molecular structure of the sacrificial agents
and the capacity of the organics to adsorb on the catalyst surface affect the reactivity of
the organics with photogenerated holes and can be used to explain these findings. The
four species exhibiting the higher photoefficiency for hydrogen evolution (i.e., methanol,
ethanol, glycerol and 1,2-ethanediol) have similar nucleophilicity values, as reported in
Table 1. As regards the adsorption phenomenon, the development of the bidentate (and
tridentate) complexes can be proposed for glycerol and 1,2-ethanediol. On the other hand,
the creation of weaker monodentate complexes can be supposed for ethanol and methanol,
according to their structures.

140 -

120 A

100

80 A

60 -

-

H

40 A

Hydrogen production (umol/h)

20 A

0 T ¥ T T
Lactic acid Formic acid Ethanol Methanol Etylen glycol Glycerol

Figure 8. Hydrogen evolution in the presence of various organic species. Experimental conditions:
V=0.30L; P =1atm; T=35 °C; [Organic] = 2.5 M; C(19wt.)Cu,0/Ti0, = 700 ppm; visible light radiation.

Table 1. pKa values of several compounds used in the experiments.

. . Natural pH of the
Organic Species pKa Value Soltll,tion Reference
Ethanol 15.9 7.0 [69]
Methanol 15.3 8.5 [54]
1,2-ethanediol 15.1 6.0 [54]
Glycerol 144 6.5 [54]
Lactic acid 3.86 2.0 [70]
Formic acid 3.75 3.0 [69]

By contrast, the almost negligible photo efficiency for hydrogen evolution recorded
in the presence of formic acid and lactic acid can be related to the following phenomena:
(i) acidic conditions (See Table 1) reduce the stability of copper species, as previously
discussed; (ii) under acidic conditions, the photocatalyst surface is positively charged, thus
exhibiting a weak interaction with the organic compounds. Based on these considerations,
glycerol is the best sacrificial agent tested in this study. In addition, a beneficial effect of the
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temperature on hydrogen evolution is observed also in the case of glycerol. Indeed, when
glycerol is used as a scavenger and the system temperature of the system is set at 80 °C, the
hydrogen generation rate achieves a value of 260 pmol-h~!.

3.5. Efficiency Calculation

To easily compare the present photocatalytic outcomes with previous findings in the
literature survey, the apparent quantum efficiency (AQE) and the light-to—chemical energy
efficiency (1) are determined from the best photocatalytic data obtained according to the
following Equations (4) and (5):

AQE (%) = 2 TH, 10 @)
moles of incident photons/time
. T'H, ( - AI_I(C)omb) 5)
n= IS

where:

rp, (mol's™?) is the hydrogen generation rate;

AH(C]omb is the standard change in enthalpy for the combustion of hydrogen and oxygen
(—282.0-103] - mol~1);

I (W - cm—2) is the light source’s specific irradiance;

S (cm?) is the illuminated area.

In Figure 9 the most significant outcomes are reported. When a high-pressure Hg
lamp is used, along with a (1% wt.) Cu,O/TiO, composite photocatalyst prepared through
the ball milling method (200 rpm, 1 min), at a system temperature of 80 °C, maximum
AQE values of 3.17% and 6.54% are calculated under visible light radiation in presence of
methanol and glycerol, respectively. Under identical circumstances, the maximum light-
to—chemical energy efficiencies values of 1.16% and 2.36% are obtained for methanol and
glycerol, respectively.

300 7
P 6
§ 250 -
£
=2 5
c 200 -

2 -
=1
3 L4 &
B z
g 150 o .§
e I3 8
g £
5 100 -
Z -2
c
3
S 50 4 | 4
0 0
T=35°C; T=35°C; T=80°C; T=80°C;
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Visible light UV+visible light visible light visible light
conditions conditions conditions conditions

Figure 9. Mean hydrogen generation rate (¥), AQE (M), and 1 (@) obtained under visible light
irradiation (A > 400 nm) and UV-A + Visible light conditions.

Additionally, the efficiency values obtained in the visible light spectrum (AQE = 1.56%,
1 = 0.56) are only slightly lower than those collected under identical circumstances (T = 35 °C,
methanol as a scavenger) by using UVA + Visible light radiation (AQE = 2.31%, n = 0.83). In
fact, as reported in the figure, despite the huge discrepancy in hydrogen generation in the
presence and absence of UVA radiation, the different light intensities induce comparable
activities in terms of quantum yield and light-to-chemical energy efficiency.
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3.6. Photocatalytic Activity under Solar Conditions

To conclude the experimental campaign of the present study, a set of experiments are
performed under direct solar irradiation by using the apparatus schematically represented
in the Material and methods section (Figure 1B). Figure 10 reports the main results from
the photocatalytic runs conducted under direct solar irradiation.

S g
=
<
o uv
IS
=
S %]
=]
(S}
=}
he]
o uv
o
e .1
[
[
o
B
>
T
0 T T T T
T=40°C T=40°C T=70°C T=70°C

Visible UV+Visible Visible UV+Visible

Figure 10. Hydrogen production rate during experimental runs conducted under direct sunlight irra-
diation. Experimental conditions: V = 0.30 L; P = 1 atm; pH ~ 8.5; [MeOH] = 2.5 M; C(q9wt.)Cu,0/TiO,
=700 ppm.

The hydrogen production rate is about 1 pmol-h~!-cm~2 at the temperature of 40 °C
and in the presence of visible light irradiation only. Hydrogen generation increases by
about 1.6 times when all wavelengths of the solar spectrum are used. The result indicates
that the contribution of the visible light portion of the solar spectrum supports about 60%
of hydrogen production under sunlight radiation, whereas the improvement in hydrogen
generation obtained without any UV cut-off filter may be ascribed to the UV component.
Furthermore, as the temperature rises to 70 °C, the hydrogen generation rate increases
to around 3 pmol-h~!.em™2, demonstrating the favourable influence of temperature on
photocatalytic activity. The efficiencies of the catalytic system adopted in the present investi-
gation for hydrogen generation are calculated by using the irradiance values data collected
during the experimental runs. The ranges of irradiation considered are 315400 nm and
380-550 nm, where the mean values of the specific irradiances are about 15.56 W-m ™2
and 95.75 W-m 2, respectively. Table 2 reports the values of the light to chemical energy
efficiency. A value of about 6.5% is obtained considering the contribution of the UV range
at a system temperature of 70°C. As regards the light-to-chemical energy efficiency in the
solar range, the low calculated values may result from an overestimation of the specific
irradiance collected under the visible range (380-550 nm). Indeed, wavelengths higher
than about 400 nm are completely useless for the activation of the adopted photocatalyst
due to its bandgap value (i.e., 3.1 eV).

Table 2. Mean hydrogen production rate and light-to-chemical energy efficiency (in the UV and the
visible range) obtained using the milled catalyst (C(19wt)cu,0/Ti0,) under direct sunlight irradiation.

Experimental Conditions

1 (%) in the UV 7 (%) in the Solar Range Explored

Range
T=40°C; P =1atm; pH = 8.5; C (1% wt.)Cup,O/TiO, = 700 ppm; 333 116
[Methanol] = 2.5 M; Solar light ’ ’
T =70°C; P=1atm; pH = 8.5; C(1% wt.) Cuy,O/TiO, = 700 ppm; 6.47 292

[Methanol] = 2.5 M; Solar light
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3.7. Activity under the Best Conditions

Eventually, the light-to-chemical energy efficiency is also estimated under the best
conditions recorded in the previous sections. In particular, some photocatalytic experiments
are carried out under direct sunlight radiation by fixing (i) the temperature of the system at
80 °C, (ii) the pH of the suspension at 12.0, and (iii) glycerol as a scavenger. Under these
conditions, 1 reached a value of 8.15% in the UV range, and 2.81% in the visible light range
only. Finally, the possibility of recycling the proposed material was investigated, observing
a reduction in hydrogen production of about 40%, probably due to partial oxidation of
copper (I), as well as some species not fully eliminated during the recovery of the material
after the reaction.

4. Proposed Mechanism under Solar Radiation

An attempt to explain the mechanism of hydrogen generation is herein proposed and
discussed (See Figure 11). As previously reported, cuprous oxide in the p—n heterojunction
systems based CuyO/TiO;, photocatalysts acts as an energy antenna [41], being able to
absorb energy within the visible spectrum. Under direct sunlight radiation, in which the
UV and the visible components are present, the activation of both semiconductors (i.e.,
Cu,0 and TiO,) can be considered (See the reactions (2) and (3)):

Cu0 ™ CupO(h™) + CuyOfe) (R2)

TiO; ¥ TiO, (h*) + TiOy(e™) (R3)

Org* <

Figure 11. Schematic illustration of the proposed mechanism for hydrogen generation under solar
light radiation in presence of Cu,O/TiO; composite material.

After charge carrier generation, an electric field from TiO; to Cu,O and band bending
are established. Positive holes can react with the adsorbed organic species (mainly on the
titania surface), following the reactions (4) and (5), thus forming byproducts and protons,
which in turn can react with the photogenerated electrons to form Hy(, (through the
reaction (6)).

Ka S
Org+0mi0, & Org, 4. (R4)
k
Org, 4, +TiO2 (h™) 25 Org®y, +TiOy (hT) + HT 8! p2H" (R5)

2Ht +2TiOs (e ™) 8 21 ™' H, (R6)
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Obviously, electron-hole pairs may recombine to produce heat and light (through
reactions (7) and (8)), despite the p-n heterojunction formation boosts photogenerated
charge carrier separation, resulting in better photocatalytic efficiencies with respect to those
observed with bare materials.

TiO, (h ") +TiO, (e ) %5 Q + light (R7)

CupO(h") + CuyO(e™) %5 Q + light (R8)

5. Conclusions

The evaluation of the photocatalytic activity for hydrogen generation of the best-
performing photocatalyst at varying organic concentrations allows the identification of an
adsorption equilibrium constant of 0.22 M~!. A beneficial effect is recorded with raising
the system temperature, with an increase in hydrogen productivity of nearly 4.5 times
with respect to the lowest temperature. Such a temperature effect is related to the higher
reaction rate of hydrogen generation and the easier desorption of the products from the
catalyst. As regards the effect of solution pH, alkaline conditions exert a beneficial effect
on photocatalytic hydrogen generation. Under the best conditions tested (i.e., glycerol
as a scavenger, pH = 12.0, T = 80 °C, and direct sunlight irradiation), a value of light-
to-chemical energy efficiency of 8% in the UV range is observed. Therefore, the simple
photocatalytic system is suited to visible-light-driven hydrogen generation. Despite the
good performances detected under visible light irradiation only, the UV component in the
solar spectrum is able to rise by 40% the photocatalytic hydrogen generation with respect
to the visible light irradiation only.
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