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ARTICLE INFO ABSTRACT

Keywords: Home-prepared TiO containing an anatase/rutile mixture was coupled with different CuyO amounts by the ball
Photocatalysis milling method technique. The samples were characterized by UV-Vis diffuse spectroscopy (DRS), specific sur-
Semiconductor composites face area (SSA) determination, photoluminescence (PL) and Raman spectra, X-ray diffraction (XRD), scanning
giﬁ;ﬁ: electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
Glycerol Electron Paramagnetic Resonance (EPR) and photoelectrochemical measurements. The photocatalytic activity

was studied for Hy production under natural solar light irradiation in a pilot plant reactor in the presence of
different sacrificial agents. An effective heterojunction that enhanced the charge transfer processes, was formed
between the components, as confirmed by photoluminescence spectra. 3 %Cup0-TiOy was the most active
photocatalyst and the presence of CuyO (instead of the noble metals generally used) was efficient for Hy pro-
duction with 62 mmol obtained after 5 h (equivalent to ca. 5 mmol g~! h™!) of solar irradiation starting from
glycerol, which yielded the highest H, amount with respect to the other sacrificial agents. Copper was present in
different oxidation states and a moderate amount of leaching of Cu species was found. Holes, OH® and O3~
radicals were the main active species for glycerol degradation, while a higher availability of photoproduced
electrons was beneficial for Hy production.

Solar photo-reactor

1. Introduction

Growing energy demand driven by population and industrial
expansion has long relied on fossil fuels, but their associated COy and
greenhouse-gas emissions make them incompatible with current cli-
mate-neutrality goals, such as those outlined in the European Green
Deal [1—4]. Hydrogen is an attractive clean fuel due to its high energy
density and water as its only combustion product [5], yet conventional
production methods are energy-intensive and carbon-emitting [6]. This
motivates the search for greener alternatives. Solar energy offers a
renewable and abundant resource that can be converted into chemical
fuels [7]. In this context, the photoreforming of organic compounds
emerges as a sustainable route for CO,-free Hy generation [8,9], espe-
cially when using biomass-derived substrates [10], which are renewable
and carbon-neutral. The most common sacrificial compounds are alco-
hols, such as glycerol, ethanol and methanol, as well as formic acid and

* Corresponding authors.

sugars. Ethanol, which is produced from low-grade biomass and sewage
sludge, provides a sustainable and economical route to produce Hj
through its photoreforming [11]. Formic acid, which contains 4.4 %
(w/w) hydrogen is a cheap, non-flammable, non-toxic and highly stable
compound, and is considered very suitable because it decomposes
directly into Hy and CO3 by a thermodynamically favourable reaction
[12,13]. However, its use as a hole trap is neither advisable nor
cost-effective, since for every two grams of Hy, 44 g of CO, are simul-
taneously emitted. Furthermore, formic acid can be considered a valu-
able compound, used as an intermediate in chemical synthesis and other
applications, such as in the paper, pharmaceutical, and textile in-
dustries. A particularly interesting molecule for the production of high
value chemicals and Hj is glycerol which is derived from cellulose and
starch [14,15]. It represents about 10 % of the volume of biodiesel in-
dustries [16], and with the increase in biodiesel production, crude oil
disposal is becoming a serious problem [17]. Photocatalytic technology
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represents a promising, environmentally friendly method not only to
obtain H; from glycerol, but also to convert it into valuable chemicals
[18,19].

Although TiO; is the most investigated photocatalyst [20], it has
many weaknesses to overcome [21]. Various strategies aimed at
enhancing the visible light absorption, increasing the surface area, and
improving the charge transfer processes, have been investigated to
improve its performance [22—24], with particular attention to Hy pro-
duction [25]. Loading TiO5 surface with noble metals is very effective in
increasing photocatalytic Hy production [26,27]. However, for practical
applications, this option is limited due to the high cost of noble metals.
Combining TiO, with another semiconductor is a successful strategy to
inhibit the hole-electron pairs recombination [28—32]; notably,
choosing semiconductors with appropriate conduction and valence band
energy levels, H" reduction to H, is thermodynamically favourable
[33-35].

TiO4 exists in three main polymorphs, i.e. anatase, brookite, and
rutile, displaying different energy levels of their valence and conduction
bands [36]. It has been shown that the simultaneous presence of mul-
tiple TiO5 phases allows the formation of a heterojunction that has the
same behaviour as that obtained coupling different semiconductors [32,
36—38]. This is one of the features that explains the high photocatalytic
activity of Degussa P25, the most widely used commercial TiO; [39,40].
It should be remembered, however, that in addition to the phase
composition of TiOs-based photocatalysts, many other parameters such
as the presence of defects, the degree of surface hydroxylation and
acidity and basicity, influence their photoactivity [41]. For this reason,
there is a continuous effort by researchers in the preparation of photo-
catalysts with tailored synthesis conditions.

As an alternative to noble metals, CuyO is a p-type semiconductor
with a narrow band gap (2.0-2.2 eV), low cost, low toxicity, and suitable
bands energy levels, which, coupled with TiO,, has proven to be effec-
tive in producing Hj via photoreforming [42,43]. Plascencia-Hernandez
et al. [42] prepared Cu,O/TiO; (P25) composites via chemical reduction
using different amounts of copper chloride. Characterization techniques
revealed that, during the photocatalytic reforming of methanol under
simulated solar light, Cu was present in different forms (CuO, Cuy0, and
Cu®). The best results were obtained by loading small amounts of Cu,O
(0.05 %w) on TiOs, affording an H; evolution rate of 2.86 mmol g’1 h L
The coexistence of the Cu species and TiO, facilitated the effective
separation of photogenerated charges, endorsing the photoreduction of
protons. Rajendran et al. [44] tested Cu,O/TiO photocatalysts with Cu
in +1 and/or +2 oxidation state for Hy generation under sunlight irra-
diation using a 25 % v/v methanol/water mixture. Samples in which Cu
is exclusively present in +1 oxidation state exhibited the highest Hy
production rate of 7.06 mmol h™* g%, A p-n type heterojunction formed
at the interface of CuyO-TiO5 improved charge carrier separation and
absorbance in the visible spectrum leading to high photocatalytic ac-
tivity for glycerol photoreforming with an Hy production of about
4.7 mmol g ! in 24 h of irradiation with a 400 W metal halide lamp [45].
Cu0/TiOy (P25) composites obtained by a hydrothermal method
showed good activity for H, production (evolution rate 2.55 mmol g~}
h™!) from aqueous methanol solution under simulated sunlight irradi-
ation in lab-scale reactors [46].

For the preparation of CupO-TiO», to date different strategies have
been used, but each is associated with some limitations, such as high
reagent cost, and high operating temperature and pressure conditions.
Ball milling is a simple, inexpensive, reproducible, and eco-friendly
method [18,47,48] that allows the preparation of high catalysts
amount in a single step.

In the present study, anatase-rutile TiO, was synthesized with a high
specific surface area and then coupled with different percentages of
Cuz0, through the ball milling method. Photoreforming of different
sacrificial agents, such as formic acid, ethanol, glucose and glycerol, was
performed to generate Hj in a pilot plant photo-reactor under natural
sunlight irradiation. Formic acid and ethanol were used only for
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comparison and to better understand the reaction mechanism because
they themselves are useful chemicals and their oxidation does not pro-
duce high-value compounds, but rather COy and Hy0. Mechanistic
studies were conducted to identify the main active species affecting the
photocatalysts’ performance. Future efforts will be focused on
improving the catalyst optimized here to obtain samples to be used in
pilot-scale reactors.

With respect to a previous work [49] in which CuO-TiOy (P25)
samples were prepared by a calcination method, in the present work,
commercial CuzO has been coupled with home-made TiO, by ball
milling at ambient conditions.

2. Experimental

See Supporting Information.
3. Results and discussions
3.1. Characterizations

Fig. 1A shows the UV-Vis DRS spectra of the samples used. CuyO
displays absorbance only in the visible range, while HP TiO5 powder
shows a transition edge at ca. 340 nm and a significant light absorption
in the range 400-650 nm, ascribable to the presence of oxygen vacancies
as can be inferred from the spectrum shape in accordance with the
literature [50,51]. In the composite samples, a gradual increase in
absorbance at wavelengths higher than 400 nm and a second absorption
edge associated with Cuz0 can be noticed by increasing its amount from
1 % to 5 %. The band gap of home prepared TiO is 3.03 eV (Table 1),
that of Cu0 1.97 eV, and in the composites the addition of CuyO to TiO,
does not alter the band gap, but two transitions can be noticed. The first
one at lower wavelength is coincident with that of the hosting oxide, the
second one is ascribable to Cu0. The presence of the two edges suggests
the formation of a heterostructure between the two oxides [18,52]. In
Table 1 the SSA values of the samples used are reported. The surface area
of bare TiO; is 78 m? g’l, that of Cuz0 1 m? g’1 and its addition to TiO,
causes only a small decrease in SSA due to the low CupO amount and
mild preparation conditions of the heterostructures.

In Fig. 1B the photoluminescence spectra of selected samples are
shown. The photocatalysts exhibit two main emission peaks: the one at
ca. 420 nm comes from the band-to-band emission caused by the
recombination of photogenerated charges, while the peaks at higher
wavelengths can be attributed to the recombination of photo-promoted
electrons into defects due to oxygen vacancies [53]. The coupling of
TiOy with 3% and 5% CuyO causes a reduction in the photo-
luminescence intensity due to a decrease in the recombination rate of
photogenerated charges [54], while no significant changes can be
observed for 1 %Cuy0O. This result can probably be explained by simply
considering that the amount of hosted oxide is lower. Notably, the 3 %
Cup0-TiOy sample exhibits the lowest intensity indicating an optimal
charge transfer rate that can be associated with high photocatalytic
activity.

The different conduction energy levels and valence band edges for
TiO, and Cu,0 led to interfacial charge transfer, decreasing the e /h™
recombination rate.

Fig. 2A reports the XRD diffractograms of the TiO, HP and 3 % Cu,0-
TiO9 HP samples. The first sample consists of a mixture of anatase (main
peak at 20 = 25.28 °) and rutile (main peak at 260 = 27.53 °) phases.
After the addition of Cuy0, two peaks at 20 = 36.5 ° and 42.4 ° were also
recorded, corresponding to the (111) and (200) crystal planes of Cuz0,
respectively, in agreement with the literature [55].

The relative amount of anatase and rutile, contained in the crystal-
line part of TiO5, was determined by the following equations [56]:

0.886-As

Wi = 583645 + Ax
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Fig. 1. UV-Vis DRS (A) and photoluminescence (B) spectra of the used samples.

Table 1

Band gap and SSA values of the used photocatalysts.
Samples Band gap SSA

(eV) (m*g™
TiO, HP 3.03 78
1 %Cu,0-TiO, HP 3.02 72
3 %Cu,0-TiO, HP 3.02 69
5 %Cu,0-TiO, HP 3.03 68
Cuy0 1.97 1
A
Weg=— "%
0.886-As + Ag

In which A and Ag represent the integrated intensity of the anatase
peak at 20 = 25.3 ° and of the rutile one at 20 = 27.5 °, respectively.
Bare TiO, HP consisted of ca. 77.5 % of anatase and 22.5 % of rutile
exhibiting a phase composition very similar to that of TiO, P25. After
the ball milling treatment in the presence of 3 % Cuy0O, the relative
amounts of anatase and rutile were 83 and 17 %, respectively. An
explanation can be found in the fact that, during ball milling, a crys-
tallization of part of the amorphous phase into the anatase phase
occurred, and in support of this hypothesis it should be noted that the
peaks in the diffractogram of 3 %Cuy0-TiOy HP are narrower and more

intense than those of the starting pure TiO».

In Fig. 2B the Raman spectra of bare TiO, HP and its composite with
3% Cuy0 are reported. In the TiOy sample, only the characteristic
anatase bands at 144 cm™!, 197 cm™!, 396 cm™!, 514 cm™! and
637 cm™! are visible, whilst no band attributable to rutile is present due
to its lower content with respect to anatase. In 3 %Cu0-TiO HP no
peaks of Cuy0 are visible, probably due to the low amount and high
degree of dispersion on TiO; surface. However, by enlarging the main
anatase peak associated with the O-Ti-O vibration (inset of Fig. 1B), a
slight red shift, attributable to a bond distortion into the TiO; lattice, can
be noticed [57]. This finding confirms an interaction between TiO; and
Cuz0 in the composite samples.

Fig. 3 (A,B) shows the SEM images of TiO2 HP and 3 %Cuy0-TiO5 HP
powders. Irregular rounded-shaped aggregates with sizes ranging from
20 to 130 nm can be observed in TiO, HP, without changes in
morphology after the addition of CuyO, probably due to the relatively
small amount of CusO compared to TiO and uniform mixing. The
morphology of the powder recovered after photocatalytic tests (Fig. 3C)
is substantially the same as that of the "fresh" sample, indicating that the
photocatalyst is stable to the mechanical stresses due to mixing in water.
TEM images were also acquired to study the distribution of components
and particles dimensions. In Fig. 3 (D), CuzO showed particle size ranges
between 5 and 10 nm, while sizes of TiO5 HP particles were between 5

@A) % B)
—Ti0. HP “ 3
I ——3%Cw0-TiO: HP !
/‘.x |
~ [\ ‘ ‘ Cu.0 ; “ é
= \ u; : !
CARRAY L cuo 11 |
: I\ " Z . R
£ R ™ | U | | | & 120 140 160
E - e A ‘ A\ = Raman Shift (cml) — Tj0, HP
- R T A -
A A \ ——3%Cw:0-TiO; HP
R .
R
20 25 30 35 40 45 50 55 60 100 200 300 400 500 600 700

20 (degree)

800
Raman Shift (cm™)

Fig. 2. XRD patterns (A) and Raman spectra (B) of TiO, HP and 3 %Cu,0-TiO, HP.
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Fig. 3. SEM images of TiO, HP (A), 3 %Cu,0-TiO, HP before (B) and

and 25 nm. The lattice fringes of ca. 0.35 nm can be attributed both to
the (101) plane (d= 0.352 nm) of anatase TiO, or to the (110) (d=
0.324 nm) of rutile TiO5 (due to the small difference between the two
values and the relative low content of rutile) [58,59], while the lattice
fringes of Cuz0 (200) planes are ca. 0.22 nm [60].

Fig. 4A shows the XPS binding energy peaks characteristic of Ti 2p, O
1 s and Cu 2p species present in bare TiO3 and in the 3 %Cuy0-TiO,
samples. Peaks identified in bare TiO- at binding energies 459.1 eV and
464.9 eV are representative of Ti 2p3/2 and Ti 2pl/2 transitions,
respectively. The presence of these two peaks, with a binding energy
separation of 5.8 eV, indicates that Ti is present mainly in the + 4
oxidation state [61]. The minor signal at 470 eV (better visible in the
deconvolution of the spectrum (Fig. 4B)) is reported as a shake-up sat-
ellite band reflecting weak background effects or subtle surface species
that does not significantly alter the assignment of Ti** in TiO, [62]. In
the 3 %Cuy0-TiO2 HP composite the Ti 2p peaks display a little shift
towards lower binding energies, and this behaviour can be ascribed to
the formation of surface Ti>" species, probably due to some degree of
oxidation of Cu* to Cu®* [63,64]. For both samples, the O 1 s spectra
have a main peak at 530.7 eV (see Figs. 4) associated with O3 ions in the
crystal TiO, structure, and when also Cuz0 is present additional peaks
are present at 532.7 and 535.3 eV, corresponding to hydroxyl groups
and water molecules adsorbed on the catalyst surface [65]. Moreover,
the deconvolution of the spectra (Fig. 4B) allowed to clearly separate
and distinguish the two peaks relating to adsorbed H,0, O3 and OH". The
presence of oxygen vacancies enhances the adsorption capacity of the
catalysts’ surface towards water and hydroxyl radicals, thus increasing
the H' adsorption and H, formation [66,67].

The spectrum related to Cu 2p shows four peaks. The binding-energy
component at approximately 937 eV, together with the shake-up satel-
lite at around 946 eV (about 9 eV higher), is characteristic of Ccu®* [51].
The lower-energy peak at 934-935 eV is narrower and can be assigned
to Cu™, together the one at ca. 957.4 eV [51,68]. The broadness of the
peaks suggests that some Cu(OH)3 is also present. The detection of CupO
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Anatase (1

after the photocatalytic tests (C) and TEM image of 3 %Cux0-TiO, HP (D).

by XRD indicates that the bulk of the material is primarily composed of
Cuy0 whilst the surface Cu' species were likely partially oxidized to
Cu®" during the XPS measurement, owing to the high instability and
easy oxidizability of copper [51]. Notably, the intensity ratio of the
copper peaks Cu 2ps/o and Cu 2p;,/2 does not correspond to the ideal
value equal about 2:1 because the Cu 2p spectrum is sensitive to the
chemical environment of the copper atom [69—71]. In our case, the
co-existence of different oxidation states of Cu contributes to altering the
intensity ratio.

In Fig. 5, the EPR spectra recorded under dark and irradiation for the
3 %Cuy0-TiO; photocatalyst are reported. In the presence of DMPO and
H0, (Fig. 5A), weak signals related to hydroxyl radicals can be detected
both in the absence and the presence of light, underlining the possible
formation of a certain amount of *OH radicals. The appearance of hy-
droxyl radicals in the absence of light is due to the interaction between
TiO and H20j, as reported by Lee et al. [72]. The same authors stated
that under irradiation, superoxide anionic radicals can preferentially
form in the presence of TiOy and H20;. Thus, the low EPR signal in-
tensity of CuzO-TiO2 under light (relative to dark) with peroxide occurs
because the photoexcited charges are trapped by H20,, an efficient
scavenger, preventing *OH radicals from accumulating to detectable
levels.

In the solution containing HoO/DMPO/MeOH (Fig. 5B), no EPR
signal is present in the absence of light, indicating that the photocatalyst
did not generate superoxide anion radicals (*03) in the dark; under
irradiation, instead, the characteristic peaks attributed to the para-
magnetic resonance peaks of the DMPO-"03 adduct [73,74] are visible.

Photoelectrochemical measurements were performed to investigate
the impact of CuyO addition on the electronic properties of TiOy. The
photocurrent spectra, recorded in 0.1 M ABE at the open-circuit poten-
tial (80 mV and 120 mV vs. Ag/AgCl for TiO, and 3 %Cuz0-TiOy,
respectively), are presented in Figs. 6A and B. In particular, while for
bare TiO; only one peak is present, for 3 %Cuy0-TiO;, two peaks are
visible and a maximum of the photocurrent appears between 350 nm
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Fig. 5. EPR spectra of the 3 %Cu,0-TiO, sample under dark and light irradiation: (A) sample dispersed in H,O/DMPO/H,0, solution, and (B) sample dispersed in
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and 400 nm, indicating the presence of electronic transitions between
the two components. In the photocurrent spectra of 3 % Cu0-TiOy
(Fig. 6B), slightly enhanced visible light absorption can be observed
compared to pure TiO, in accordance with DRS spectra. However, given
the low loading of Cu0 relative to TiO3 and the high recombination rate
of charge carriers in CuyO (as evidenced by the absence of photocurrent
in pure Cuy0), it can be concluded that the overall photocurrent
response is predominantly governed by TiO,. This supports the UV ab-
sorption by TiOy, followed by charge carrier separation by TiO2-Cuz0
heterojunctions, rather than visible light absorption by Cuz0.
Assuming non-direct optical transitions, the optical band gap values
(Eg) of the studied photocatalysts can be determined using Equation (1):

(Qpheh1)’®  (hw — Eg) m

where hv is the photon energy, and Qp, represents the photocurrent
yield, corrected for the efficiency of the lamp monochromator system.
Since this correction is proportional to the light absorption coefficient
near the band gap, the optical band gaps are estimated by extrapolating
the (Qphohv)o'5 vs. hv plots to zero (Figs. 6C and D).

For TiOy, an E; of 3.2 eV was determined, whereas for 3 %Cu20-
TiO4, two band gaps were identified at 3.0 eV, related to TiO,, and at
2.1 eV attributed to Cuy0. The presence of photocurrent at photon en-
ergies below the TiO, band gap suggests optical transitions within Cuy0,
which has a lower band gap than TiO5 polymorphs.

Fig. 6E and F illustrate the effect of light irradiation on the open-
circuit potential (OCP) for TiOy and 3 %Cuy0-TiOy under the same
experimental conditions. Upon irradiation, OCP shifts negatively for
TiO,, consistent with n-type semiconductor performance. This behav-
iour is further confirmed by transient current measurements, where
manual interrupting irradiation results in an anodic photocurrent
(Fig. 6G). However, for 3 %Cuy0-TiO,, a less negative photopotential is
observed due to the opposing effects of light irradiation on n-type TiO5
(negative shift) and p-type CuyO (positive shift) (Fig. 6F). This is in
accordance with transient photocurrent data (Fig. 6H) recorded for the
3 %Cuy0-TiO, sample, which show an initial cathodic photocurrent
spike followed by a steady anodic photocurrent. After irradiation, con-
duction band electrons from CuyO initially generate a cathodic photo-
current. However, the interfacial built-in potential directs electrons
toward the current collector while holes migrate toward the oxide/
electrolyte interface, ultimately generating an anodic photocurrent.

3.2. Photocatalytic activity results
To evaluate the effect of CuyO coupled with TiO, HP for Hy forma-

tion, the photoreforming of different sacrificial agents was studied. In
particular, formic acid, ethanol, glucose and glycerol were used. The

group of sacrificial agents was selected due to their low splitting energy
demand of 32.9, 29, 46.7 and 3.9 kJ-mol !, respectively, compared to
237.13 kJ-mol ! for pure water. Furthermore, the appropriate position
of their redox potential with respect to the valence band energy of the
semiconductor makes them suitable for trapping photogenerated holes
capable of oxidizing organic substances.

The 3 %Cuy0-TiO; HP sample was initially chosen as the photo-
catalyst only to select the sacrificial agent with which to subsequently
conduct the optimization of the amount of CuyO in TiO, HP, since
previous work carried out in lab-scale reactors with commercial TiO,
instead of TiOy HP indicated that the 3 % CuyO percentage gave the best
results [18,75].

The use of sacrificial agents such as ethanol and glucose resulted in
poor Hy generation, yielding 4.1 mmol (STH of 0.13 %) and 3.4 mmol
(STH of 0.11 %) respectively, at Hyy of 420 kJ -m~2, as shown in Fig. 7.
The highest H, amount was obtained adding glycerol and formic acid as
sacrificial compounds. In particular, the amount of Hy generated with
formic acid (Fig. 7) was 33.9 mmol (STH of 1.05 %), very similar to that
measured with glycerol (STH of 1.07 %) at 420 kJ-m~2. The results
obtained are in accordance with literature data. Chen et al. [76] inves-
tigated the activity of Au/TiO; photocatalysts in alcohols-H>0 mixtures
and the Hy production followed the order: glycerol > ethylene glycol
> methanol > ethanol. Bowker [77], meanwhile, found that the rate
decreased in the order glycerol > glucose > methanol > ethanol. Bah-
ruji et al. [78], analyzing the behaviour of 20 different starting com-
pounds, found the following reactivity order: triols > diols > 2°
alcohols > 1 ° alcohols > 3 ° alcohols and assumed that the sacrificial
agent displaying an o-H adjacent to the OH group(s) has a higher Hy
production activity.

Ethanol contains a single a-H adjacent to the hydroxyl group, which
provides less reactive sites for oxidation reactions, and glucose, also
displaying an a-H adjacent to the OH group, has a complex molecular
structure and may require more energy to break down into Hy and other
intermediates before its mineralization. Formic acid has the simplest
molecular structure that undergoes simple reactions producing Hs and
CO,, and the single carboxyl group in its molecule facilitates a highly
efficient pathway for electron donation to form Hs. Glycerol containing
three hydroxyl groups is easy to oxidize, and provides more reactive
sites, resulting in high Hj generation. Features such as the presence of
several hydroxyl groups in the structure, the length of the carbon chain,
and dehydrogenation characteristics of sacrificial agents have a direct
effect on Hy generation [79]. Additionally, some other characteristics
including polarity, the ability to be adsorbed by the surface of the
photocatalyst and the production of byproducts, could have a significant
impact on Hj production efficiency and intermediate products [80,81].
The obtained results confirmed the effectiveness of Cuy0 in replacing
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Fig. 6. Photocurrent spectra for A) TiO2, B) 3 %Cu0-TiO,, recorded in ABE 0.1 M solution. C) and D) show the respective (Qpn -h)®® vs hy plots. Photopotential,
recorded in ABE 0.1 M for TiO, and 3 %Cuy0-TiO,, are reported in E) and F), respectively. G) and H) show the current-time transients recorded for TiO, and 3 %

Cuy0-TiOs, respectively.

noble metals for Hy production under solar irradiation and the formation
of an efficient CupO/TiO4 heterostructure.

The highest amount of H, was produced in the presence of both
formic acid and glycerol, but while formic acid is a valuable chemical in
the pharmaceutical, chemical, agricultural and textile industries, glyc-
erol is a waste product. For this reason the latter was used as a sacrificial
agent to optimize the CupO/TiO2 HP ratio.

The used concentration of glycerol was 0.075 M, as determined in a
previous study [82]. In Fig. 8, the amount of produced Hy by using
different CupO TiOy HP photocatalysts is plotted versus Hyy. Results

were compared at Hyy 660 + 5 kJ-m 2 (value obtained after approxi-
mately 4.5 h of irradiation), since it was common to all tests. In the
presence of 1 %Cuy0-TiO, HP a Hj evolution of 42.2 mmol (STH of
0.86 %) was obtained, suggesting the effectiveness of the CuyO-TiO HP
heterostructure [18]. The increase of Cuy0 into TiO, had a positive ef-
fect on Hy formation, and with the 3 %CuyO-TiOy HP sample was
53.1 mmol (STH of 1.10 %), 26 % higher than that of 1 %Cuy0-TiO2 HP.
However, by further increasing the amount of Cup0 in TiOs, the Hy
production efficiency decreased, being 48.3 mmol (STH of 0.99 %) the
Hj obtained in the presence of the 5 % Cuy0O-TiOy HP sample, as shown
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in Fig. 8.

It can be stated that at the lowest percentage (1 %) there was a lower
number of active sites due to the addition of Cuy0 to form the composite,
compared to the sample with 3 %, while at the highest amount (5 %) a
higher number of sites on the TiO5 surface were covered and therefore
deactivated since the light could not reach them. The amount of 3 % of
Cu0 has proven to be the best among those used favoring the formation
of an optimal number of surface-active sites of TiO2 and Cuy0O, also
inducing a good mutual interaction between the two components [78],
in accordance with photoluminescence results. An excessive increase of
Cuz0 can produce the formation of agglomerates and reduce the effec-
tiveness of the CuyO-TiO2 HP heterojunction, essential for a high pho-
tocatalytic production of Hy. Furthermore, the decrease of the absorbed
light, due to the TiO5 covering effect, reduces the ability to generate
electron-hole pairs. The low difference in the specific surface area values
does not justify the different photoactivity of the various samples.

The formation of Hj in the presence of CuyO-TiO5 HP photocatalysts
can be explained by assuming a charge transfer between the components
(Fig. 9) [51]. When two different polymorphs of TiO; are present, the
surface phase junction between them enables an effective electron
transfer between the particles, which results in an efficient charge sep-
aration. Particularly, the CB edge of anatase being more negative than
that of rutile, electrons, after irradiation, will transfer from the former to
the second phase and, due to the slightly more positive value of the VB
edge of anatase with respect to rutile, holes will be transferred from
anatase to the VB of rutile [83]. However, it cannot be excluded the
formation of a Type II heterojunction between anatase and rutile instead
of Type I. In fact, while the energy values of the valence and conduction
band edges of commercial TiO5 samples prepared at high temperatures
can be precisely determined, this cannot be done with samples prepared
in the laboratory under mild experimental conditions. In these cases, the
presence of amorphous matter [84] and defects, and the particle size
[85], can slightly shift the bands' position [86]. Furthermore, when a
p-Type semiconductor (as CuyO) is in contact with an n-type semi-
conductor (as TiO,), an internal electric field will be formed at the
interface, which will generate a movement of charges according to a
Type-II heterojunction [45]. In addition, under solar light irradiation,
photoexcited e /h™ pairs are produced in both Cu,0 and TiO,. Consid-
ering the energy band levels of rutile and Cu0, holes will transfer from
the VB of TiO5 to the VB of Cus0 and electrons from the CB of Cuy0 to
the CB of TiO,. The holes accumulated in the VB of CuyO will oxidize
sacrificial agents, producing organic intermediates, CO, and H' ions
whilst the electrons collected in the rutile TiO CB will reduce H' to Ha.
These charge transfers significantly reduce the recombination of pho-
togenerated charges as indicated by PL results, thus increasing the

CB

Sacrificial agent
VB (

Sy CO, + intermediates + H*

Fig. 9. Proposed reaction mechanism for H, generation in the presence of Cu,O-TiO2 HP.
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photocatalytic capacity of the composites for Hy production. Consid-
ering the VB energy of anatase and rutile, it is not excluded that glycerol
oxidation occurs directly through the holes generated in these poly-
morphs. It should be noted that the Hy produced during photoreforming
comes not only from the dehydrogenation of the sacrificial agents but
also from water [66,84] according to the following reaction:

Cuy0/TiOg v

ROH + H,O H, + CO,+ value added compounds

Some results confirm this: in pure water a very low quantity of Hy
was obtained; when organic sacrificial agents are present, the quantity
of Hy increased by increasing the quantity of the latter and was greater
than that calculated stoichiometrically considering their conversion
[87]. The positive effect of CupO on Hy production can be attributed
both to the formation of an effective heterojunction and to the instability
of Cu™ ions (they could be oxidized to Cu?* by holes), making electrons
more available for the reduction of H' ions to Ha.

Notably, the color of CPC tubes under irradiation was turned into
garnet-purple, this could be due to the formation of some amount of Ti>*
species (blue colored) attributed to the transfer of electrons from Cu™ to
Ti** with the formation of Cu®* species and/or the formation of some
amounts of Cuo, in accordance with the literature [42]. Both species can
play a positive role on photoactivity as Ti°* creates electronic states
below the conduction band responsible for visible light absorption,
while Cu® takes part to redox processes, enhancing the charges transfer
process [88,89].

This is also in accordance with the scheme reported in Fig. 9, which
justifies the transfer of holes from TiO5 to CuO. The purple-garnet color
of the reaction mixture, mentioned above, could actually be due to a
mixture of blue (Ti®") and red (Cup0) and/or to the presence of Cuo,
although it is difficult to establish and is only a visual evidence, albeit
useful. A study on the occurrence and extent of possible copper leaching
is reported below in section 3.3.

During photoreforming, the formation of short-chain carboxylic
acids (Fig. 10) was followed by ionic chromatography. Fig. 10A shows
the evolution of formic acid (FA) during the photoreforming of glycerol.
It was the main product, but probably other compounds formed in
traces, such as glycolic acid (GA), were not detected as below the
quantification limit of the analytical protocol. However, it can also be
assumed that other reaction products were probably rapidly converted
into formic acid. The partial oxidation of the initial substrate was faster
than the mineralization of formic acid, and therefore this acid was able
to accumulate in the water.

The highest formic acid amount was observed with 3 %Cu0-TiOy
HP, which also gave the highest Hy production. This result can be
explained by considering that a greater use of holes for the glycerol
oxidation reaction corresponds to a greater availability of electrons for
the reduction of H', confirming the fundamental role of sacrificial
agents for the production of Hy.

FA was also the main measured intermediate product (before
mineralization) deriving from glucose (Fig. 10B); in the presence of
ethanol, only small quantities of FA were observed, in agreement with
the low production of Hy. Traces of GA and acetic acid were also
detected but not reported for the sake of brevity.

During the experiments, except when formic acid was used as
sacrificial agent, a decrease in pH from ~7.5 to ~4.5 was observed.
When formic acid was used as sacrificial agent, since the decrease in pH
with the other sacrificial agents was due to the formation of short-chain
carboxylic acids, the pH remained almost unchanged at the initial value
provided by formic acid (pH ~ 3.3). The temperature of the reaction
system increased significantly during the tests, i.e. from ~29 °C to ~52
°C, but this did not cause any significant change in the rate of Hy for-
mation (Figs. 7 and 8), as is usual in heterogeneous photocatalysis and
discussed in the literature [80].

In Fig. 11A the results obtained during the glycerol photoreforming
in the absence and in the presence of scavengers as tert-butanol (for
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Fig. 10. (A) Formation of formic acid (FA) with different photocatalysts in the
presence of glycerol as a sacrificial agent. (B) Formation of FA with glycerol,
ethanol and glucose as sacrificial agents in the presence 3 %Cu,0-TiO5 HP.

hydroxyl radicals), NapCy04 (for holes), AgNO3 (for electrons) and
benzoquinone (for superoxide ions) using 3 %Cu0-TiOy HP as photo-
catalyst under simulated solar light irradiation are reported. Notably,
the formation of the superoxide radical can be attributed to the small
amount of residual oxygen adsorbed onto the photocatalyst surface.
These experiments were conducted solely to investigate the mechanistic
aspects of the photoreaction and to identify the primary reactive species
involved in glycerol degradation. Quantitative comparison with the tests
performed in the pilot reactor is not feasible, as it is well established that
numerical correlations cannot be drawn when the reaction setups differ
fundamentally.

While in the presence of tert-butanol, sodium oxalate and benzo-
quinone a lower conversion of glycerol is observed, after the addition of
silver nitrate an increase in photoactivity is measured. These results
suggest that the removal from the reaction mixture of OH® radicals, h™
and O3 radicals was detrimental as all species intervene in the glycerol
oxidation process, but the holes and superoxide radicals play the pre-
dominant role, in accordance with EPR spectra.

On the contrary, in the presence of AgNOs, an increase in conversion
is observed, which highlights how the removal of electrons makes more
holes available for the oxidation process. The respective amounts of Hy
and CO; obtained (Fig. 11B) confirm these results.

Namely, following the addition of tert-butanol and NayC204, the
production of Hy and CO, was lower than that obtained in the absence of
scavengers. No Hy was obtained, and a higher amount of CO; was
formed when electrons and superoxide anions were removed. The
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Fig. 11. Glycerol concentration versus irradiation time (A) and H; and CO, amount after 4 h of irradiation (B) by using 3 %Cu,0-TiO, HP with and without

scavenging species.

higher degree of mineralization, therefore, can be attributed to the
higher availability of holes after the removal of e and O3 by the
scavengers, AgNO3 and benzoquinone, respectively.

3.3. Cu leaching

It is important to study the possible leaching of metals from photo-
catalysts during the photocatalytic reaction. During photoreforming, the
formation of organic acids (and subsequent progressive decrease in the
pH) can favour the dissolution of Cu oxides causing photo-corrosion
[90]. Cu leaching was studied by ICP-MS under the best experimental
conditions, i.e, with 3 %Cu20-TiO2 HP and glycerol. During the irradi-
ation, the Cu content in the solution increased and the leaching before
the irradiation and after 5h of reaction was 0.32 and 2.16 mg-L~},
respectively (notably, this value must be evaluated considering that
2.5 g of catalyst were used for each test). To further investigate this
aspect, the elementary composition of the sample 3 %Cuy0-TiO5 HP was
examined by an electron microprobe working in an energy dispersive
mode (EDX) before and after the photocatalytic runs. The atomic Cu
amount on the “fresh” 3 %Cup0-TiO2 HP was 1.35 wt%, very close to
the nominal one (1.20 wt%) while after the recovery at the end of the
run, the amount drops to 0.93 % confirming the occurrence of a mod-
erate copper leak, visually evidenced by the change in color of the re-
action mixture during irradiation.

Cu leaching is a negative issue; however, this work can be considered
as an initial study demonstrating the efficacy of a simple and eco-
friendly ball milling method to prepare photocatalytic systems con-
taining semiconductors more stable than CuyO for Hy production on a
pilot scale in noble metal free conditions. Various approaches, such
doping, surface passivation and other modification methods, can be
explored to fine-tune the surface properties of Cup0, improving its
photocorrosion resistance and thus increasing its stability. However, it is
reasonable to assume that the instability of CuyO is mitigated by the
coupling with TiOy compared to the pure oxide. The intimate contact
between CuyO and TiO, facilitates the rapid electrons transfer from
Cuz0 to TiOs, reducing recombination and photocorrosion.

A thorough and dedicated study of the various technologies is
necessary to evaluate the pros and cons of the different approaches.
Passivation, for example, consists in coating a material so that it be-
comes "passive", that is, less readily corroded by the environment.
However, passivation involves the formation of an outer layer of shield
material that can decrease the photoactivity by covering the active sites
of the catalyst.

10

4. Conclusions

Coupling Cuz0 with home-prepared TiO5 was successful for solar-to-
hydrogen (STH) conversion in a pilot plant photoreactor. The TiOy/
Cuz0 composites showed an enhanced response under solar light irra-
diation and good activity for Hy production [71]. The formation of p-n
heterojunction, as confirmed by electrochemical and photo-
luminescence measurements, induces charges separation, the formation
of oxygen vacancies and increased water adsorption capability which
result in good photocatalytic activity. The produced H, followed the
order: glycerol ~ formic acid > ethanol ~ glucose and 62 mmol were
obtained after 5 h of natural sun-light irradiation (corresponding to an
Hj evolution rate of ca. 5 mmol g_1 hh by using glycerol as sacrificial
agent. Mechanistic investigation carried out in a lab-scale reactor by
following the glycerol reforming in the presence of selected scavengers
confirmed that h™, OH®* and 0%~ radicals are active species for glycerol
degradation whilst electrons have the leading role in the reduction of H*
ions to Hp. Although a moderate leaching of Cu species has been
observed after the photocatalytic runs, however the facile preparation of
composite photocatalysts, active for solar Hy production without the use
of noble metals, deserves to be further explored. Metal leaching from
photocatalysts is rarely examined in literature, yet it represents a critical
aspect of evaluating any newly proposed material for these applications.
In this study, we place particular emphasis on assessing this issue. Future
studies, moreover, should be addressed to increase the stability of the
photocatalyst to eliminate or significantly reduce leaching.
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