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Abstract

Abstract

Nowadays, 80% of global energy consumption is dependent on fossil fuels, leading
different problems such as the decreasing of energy sources and the environmental
problems (global warming, greenhouse effect, production of harmful gases, ozone
layer depletion and acid rain). Hydrogen represents a potential alternative energy
carrier due to its stability and zero emission of greenhouse gases, and many
researches are directed toward the utilization of metal oxides semiconductors (such
as TiO2 and Zn0O) as photocatalysts to convert solar energy into hydrogen; in particular
TiO,, due to its high chemical stability and photocatalytic activity in the UV range is
the most widely used material; despite the great number of positive characteristics,
TiO2 presents different problems such as high electron — hole recombination rate and
poor absorption under the visible light, due to its wide band gap (about 3.2 eV). To
overcome these drawbacks, several studies reported the utilization of TiO; in
association with other semiconductors such as ZnO and Cu20O; in particular much
attention has attracted Cu,O: this is a non-toxic and abundant material, with a narrow
band gap (about 2.1 eV); as p — type semiconductor, if combined with a n — type
semiconductor, it is able to form a heterojunction photocatalyst, extending the light
absorption in the visible range and reducing of electron-hole recombination rate.
Several techniques have been used for Cu,O/TiO, composite preparation and
numerous disadvantages are still associated to each of them. In the present research,
based on the outcomes of an extended literature analysis, a ball milling method to
dryness has been chosen as alternative technique to prepare the photocatalysts, due
to its simplicity and industrial applicability. The effect of milling time, rotation rate
and Cu;0O percentage on the photocatalytic hydrogen generation have been
evaluated, obtaining the best performances (H2 generation about 60 umol/h) with a
milling time of 1 minute and a rotation rate of 200 rom, when 1%wt of Cu20 is used
in the composite in presence of methanol as scavenger. Moreover, the effect of the
sacrificial agent used is evaluated adopting in the tests other species, and recognizing
glycerol as the best candidate to produce hydrogen among the tested organics.

Furthermore, the photocatalytic activity of the best prepared photocatalyst was
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evaluated at varying the pH and the temperature of the suspension, methanol
concentration and catalyst load. In particular, a great positive effect was recorded at
increasing the temperature of the system, showing a hydrogen productivity about 4.5
— fold higher than that obtained at the lowest temperature. Moreover, being the aim
of the present work devoted to the development of a visible light active photocatalytic
system, the possibility of using it by exploiting the solar light was evaluated, obtaining
a hydrogen production about 5 — fold higher than that collected under simulated solar
conditions. Finally, the development of a suitable mathematical model able to predict

the hydrogen production in presence of the selected catalyst was also attempted.
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1. Background

1.1. Energy production and renewable sources. Photocatalytic
hydrogen production

Nowadays, 80% of global energy consumption is dependent on fossil fuels [1],
leading two different problems: firstly, the fossil energies such as petroleum or
natural gas are decreasing strongly [2]; secondly, use of the fossil fuels due to the
industrial revolution and their incomplete combustion, lead several environmental
problems: global warming, greenhouse effect, production of harmful gases as well as
ozone layer depletion and acid rain [2,3]. To overcome these drawbacks, it is
necessary to develop suitable processes aimed to produce energy from renewable
sources [4,5], such as solar energy, a clean and inexhaustible source, receiving much

attention in the last 20 years [6-8].

In terms of energy carrier, hydrogen is, most of all, the potential alternative fuel due
to its stability and zero emission of greenhouse gases [9]. Hydrogen is the simplest
and lightest element in the periodic table, as well as the most abundant on the Earth’s
surface. Indeed, it is present in water and in organic compounds; the occurrence in
water has attracted the attention of the major scientists, as a possible way to produce
energy economically. In terms of physical properties, the gravimetric heating value is
higher [10], while the volumetric heating value is lower than the other fuels
(flammable limits in air 5.0% v/v and 75.0% v/v [11]), leading several problems related

with the transport and the storage [12].

Despite the properties of flammability and explosivity and the high production costs
[13], a growing interest in hydrogen utilization is recorded in recent years [12]. As
concerns the application indeed, hydrogen can be used for electricity production by
the utilization of fuel cells [14-16] in the power plants and in automotive industry

[17].

Nowadays, several processes for hydrogen production are reported [13,18], from

fossil fuels (steam reforming of natural gas, partial oxidation, hydrocarbon

17
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pyrolysis)[19] as well as from renewable sources (biomass, photocatalytic processes,
water splitting etc.) [20-22]; in recent years, however, solar route for hydrogen
production has stimulated the interest of more than few authors [23,24], several
studies being carried out photoelectrolysis [25-27], photocatalytic water splitting
[28,29] and on photoreforming of organics [30-32], the latter derived from
renewable sources or wastewater containing them [33,34]. The possibility to use the
organic pollutants contained in the wastewater is very attractive and widely reported
in literature, due to the possibility to associate the hydrogen production and the
water treatment as well as the low cost of the feedstock if compared to the produced

hydrogen [33,35-37].

In the following pages a general overview of the photocatalytic processes related to
hydrogen production are presented, highlighting the principles and the current

applications.
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1.2. Photocatalytic processes aimed to hydrogen production

The term photocatalysis is generally used to describe a process in which a material,
called “photocatalyst” is excited by a properly radiation, resulting in chemical
reactions involving the substances present in the system [38]. The International
Union of Pure and Applied Chemistry (IUPAC) has decided that the term
photocatalysis is reserved for the reactions carried out in the presence of a
semiconductor and light [39]. Despite in the first years of the 20™ century several
Authors began to take an interest to the phenomena related to the exploitation of
the solar energy [40], the birth of the photocatalysis was attributed to Fujishima and
Honda, that, in 1972 conducted the photolysis of water using a semiconductor
electrode based on titanium dioxide TiO2 [41]. Since then, several studies were
conducted on photocatalytic processes, placing the attention on the environmental
and energetic fields. Moreover, several researchers focused on the study of the

photocatalytic mechanism to understand the fundamentals of the process.

From a theoretical point of view, the photocatalytic process begins when the
photocatalyst is irradiated through a UV or visible radiation (depending on the band

gap energy of the semiconductor), generating electron-hole pairs (r.1)

radiation + r. 1

Cat—— h +e”

However, electron-hole pairs may rapidly recombine through radiative or non-
radiative processes, producing heat and light, due to the presence of defects in the
structures and the natural tendency of the charges to return at a lower energy level

(r.2).

e
h*+ e — Heat + light r.2

Reaction (r.1) depends on the rate of photon absorption by the photocatalyst,

whereas reaction (r.2) depends on the electron/hole recombination rate constant.
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Therefore, photocatalytic hydrogen production may take place by adopting two
different approaches: (i) the photocatalytic water splitting as well as (ii) the

photocatalytic reforming of organics.

In the first case, water decomposition gives rise to the formation of hydrogen and

oxygen gases as reported inther.3andr. 4.

ky+
+ h 1 + r. 3
H,0+2h" =%/, 0 +2H
Fast
2H* +2e > H, r.4

However, the high electron-hole recombination rate reduces the effectiveness for
the Hy generation in the case photocatalytic water splitting when pure water is used
[42]. As a result, photocatalytic hydrogen production is typically studied in the
presence of sacrificial species, such as methanol, ethanol, and glycerol, which react

with positive holes to enhance charges separation.

In the case of photoreforming of organics, the organic compounds in the system,
depending on the pH of the suspension, may be adsorbed on the catalyst surface

(r.5), thus forming complexes (monodentate, bidentate etc.).

Kads
Org+06 «— Org

ads

Then, the adsorbed species may react with positive holes, producing hydrogen gas

and by-products (r. 6 —r. 7):

k, + Fast
Org,_ .+ 2h+1>0rg;ds+ h* —P+2H* r.6

Fast
2H* +2e — H, r.7

As previously discussed, the semiconductor bandgap represents a key parameter for
a selected photocatalyst, due to the straight relation with the wavelength of
activation of the material. Generally, a semiconductor with a bandgap higher than
3.0 eV only absorbs UV radiation, which represents only about 5% of the solar

spectrum [43]. However, along with the band gap, the potential of the valence and
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conduction bands strongly influences the photocatalytic hydrogen production; in
fact, the conduction band should be more negative than the reduction potential of
H*to H, (0 V vs. NHE at pH = 0) to effectively produce hydrogen gas, while the valence-
band edge should be more positive than the oxidation potential of water (Eoz/H20 =
1.23 V vs. NHE at pH = 0) in case of the water splitting, or of the organic compound,

in case of the sacrificial photocatalysis, to effectively oxidize the selected species [44].

Considering what reported above, the choice of the photocatalyst represents the
critical point for the photocatalytic hydrogen production, which limited, at present,

the industrialization of the process.

Based on this general overview on the topic, in the next section a more detailed
description of the most used photocatalysts is proposed, highlighting the advantages

and the key challenges.
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1.3. Photocatalysts. Advantages and disadvantages

Generally, heterogeneous photocatalysis is proposed for hydrogen production.
Compared with homogeneous photocatalysts, heterogeneous photocatalysts have
several advantages, such as the good thermal stability as well as the simpler and
cheaper separation and reutilization with respect to other methodologies [45]. A
particular class of solids, i.e., semiconductors, are widely used as photocatalyst, due
to the band gap value of the order of 1 eV [44]. As previously discussed, to efficiently
convert solar energy the photocatalyst should possess suitable band gap to satisfy (i)
an efficient light absorption and (ii) suitable CB and VB levels for redox reactions and
(iii) highly efficient separation and transfer of photogenerated charges. At the
moment, there are always inherent deficiencies in the semiconductors, and it is very

difficult to find a single component that can address all these requirements.

As concerns the UV active photocatalytic materials, a wide range of semiconductors
have been developed, typically classified in four different groups, as reported by Chen
et al. [43]: (i) d° metal oxide photocatalysts, such as TiO2, Na,TisO7, VO2, RuOz and
Ta,0s; (ii) d'° metal oxide photocatalysts, from which Ga;0Os3 is the most widely
studied [46,47]; (iii) f° metal oxide photocatalysts, such as CeO, powder, and (iv)

nanoxide photocatalysts.

At present, TiO; represents one of the most investigated photocatalysts due to its
high chemical stability, photocorrosion resistance, non-toxicity, easy availability, and
high photocatalytic activity under UV range [41,48]. Anatase and rutile have gained
particular attention in the photocatalytic field, representing the most used phases of
TiO,. Despite of the great number of positive characteristics, titanium dioxide
presents different problems such as high electron-hole recombination rate and, as
above mentioned, poor absorption in the visible light range, due to its wide band gap
(about 3.2 eV) [49,50]. Several authors proposed some strategies to improve the
activity of TiOy, in particular to reduce its bandgap and increase its conductivity [51].
The addition of metals as co-catalyst and the association with other semiconductors

are only few examples of the proposed methods to modify the photocatalyst.
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Along with TiO;, also zinc oxide represents a popular metal oxide, due to its
utilization in a wide range of application, such as UV light emitters, catalysis,
electronics and piezoelectric devices, chemical sensors, pharmaceutical uses,
antimicrobial agents, photoanode materials for dye-sensitized solar cells; moreover,
Zn0O semiconductor is nowadays considered as a suitable and promising alternative
for TiO, photocatalyst [52], due to despite the similar photocatalytic activity with
TiOy, the production cost of ZnO is up to 75% lower than that of TiO; [53]. It is an
extensively examined photocatalyst, resulting a low cost, non-toxic and
environmentally friendly material, with high redox potential and electrochemical
stability, good isoelectric point (pH = 9.0-9.5), and attractive electro-optical features
[54,55]; In recent years, a large attempt has been dedicated on the synthesis and
characterization of ZnO, due to the morphological versatility [56] and the above-
mentioned characteristics. It represents a wide band gap semiconductor ( 3.37 eV —
3.7 eV [57-59]), in which valence band is separated by various sub — levels at different
energies due to native or intrinsic defects in the structure [60]; moreover, it is
generally a n — type semiconductor, with a large excitation binding energy (60 meV)
and a large and deep violet/borderline ultraviolet (UV) absorption at room

temperature [53].

As part of the visible active photocatalytic materials, CdS results an interesting
semiconductor for hydrogen production, due to its narrow band gap of about 2.42
eV, which allow the activation under visible light radiation. However, its small band
gap leads to a higher electron-holes recombination rate, thus making necessary the
association with other materials as well as the modification of the structure of the

semiconductor [61,62].

Moreover, Cu,0 represents another alternative photocatalytic material for hydrogen
production, due to its narrow band gap (about 2 eV [63,64]) is favourable for the
activation under visible light radiation, its abundance (as metal) on Earth and its cost-
effectiveness [65,66]; cuprous oxide is a p-type semiconductor, and its negative
potential of the conduction band potentially allows the production of hydrogen.

However, several disadvantages are associated to copper (I) oxide, such as the poor
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photostability and the high electron-hole recombination rate. Also for this
photocatalyst, the association with other semiconductors, or more in general with
other materials have been proposed by several authors as possible solutions to

improve its photocatalytic performance [67-72].
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2. State of art

2.1. Enhancement of the photocatalytic activity of semiconductors

As previously discussed, many metal oxides semiconductors (such as TiO2, ZnO and
CdS) have been proposed as photocatalysts to convert solar energy into hydrogen
[73]. Among them TiO; — due to its high chemical stability, photocorrosion resistance,
non-toxicity, great availability, and significant absorption of solar radiation — is the
most widely used photocatalyst since the first report by Fujishima and Honda
[41,48,74]. Despite of the great number of positive characteristics, titanium dioxide
presents different problems such as high electron — hole recombination rate (3.0 x
10'° M~ s71[75]) and poor absorption in the visible light range, due to its wide band
gap (about 3.2 eV) [49]. In order 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 range and to reduce the recombination rate [76,77]; on the
other hand, many studies present in the literature are focused on the utilization of

different semiconductors able to replace TiO2 [25,78,79].

With reference to the first approach, noble metals (Ag, Pt, Au, Pd) have been found
to be excellent co — catalysts for hydrogen production [80,81], despite of 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 [82,83].

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
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the conduction band of TiO, [84]. The metal, with a more negative energy levels, leads
to a thermodynamic 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 [85].

Despite the improvement in the photocatalytic activity of the metal doped
photocatalysts, these kind of materials does not demonstrate a significant activation
under visible light radiation. Hence, to extend the light adsorption to wavelength
higher than 400 nm, a different approach was proposed by different authors; in
particular, the association of two (or more) different semiconductors (semiconductor
—semiconductor heterojunction) was discussed in several articles [86—91]. 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 a more efficient charge separation and a lower electron-holes

recombination rate.

Three types of heterojunctions are reported by Moniz et al. [92]: Type |: two
semiconductors whereby the CB of component B is higher than that of A. The VB of
B is lower than that of A, therefore holes and electrons will transfer and accumulate
on component A. Type Il: the photoexcited electrons migrate from B to A, due to the
more negative CB position of B, while holes can move in the opposite direction from
the more positive VB of A to B, leading to all-round efficient charge separation and
enhanced photocatalytic activity. Type lll: as for Type Il, except for the higher driving

force for charge transfer, due to the more marked difference in VB and CB positions.
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The extension of the photocatalytic activity at the visible light range was detected by
different authors through the association of a selected semiconductor, such as TiO;,
with another one with a narrow band gap [64,86—89,93,94]; the obtained composite
may be able to absorb the visible light radiation by the latter, thus giving rise to the
above discussed diffusion of electrons and holes. With reference to this approach,
the association of two semiconductors, TiO2 and Cu,0, will be discussed in the next
section, focusing the attention on the most reported preparation methods, on
characterization technique as well as on the obtained results in terms of hydrogen

generation.
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2.2. Cu0 as semiconductor and p-n type heterojunction with
titania

Composites prepared coupling TiO2 and Cu,O are an example of p — n type
heterojunction that have been proposed as photocatalysts for organic reforming.
It is interesting to remember that Cu,0-based materials are employed for a wide
range of applications, such as sensing, desulfurization, disinfection, organic synthesis,
photodegradation, photovoltaics, and photocatalysis [70,72,95-106]. Recent
literature findings indicate a growing interest towards Cu,0 as cocatalyst on titanium
dioxide for photocatalytic hydrogen evolution [71,107,108] with performances
comparable with Ag and Au [109-111].
Cuz0 is a typical p — type semiconductor exhibiting a narrow band gap of 2.2 eV,
whereas TiOyis an extensively investigated n — type semiconductor. Their
combination may result in a p — n heterojunction, which can (i) absorb radiation
within the solar spectrum [112-114] and (ii) increase the photogenerated charge
carrier separation, leading to photocatalytic efficiencies up to about 100 — fold higher
than that obtained in the presence of the bare TiO; [92,115,116].
Within the crystalline structure of n — type TiO; and p — type CuO most charge
carriers are negative electrons and positive holes, respectively. As soon as the p — n
heterojunction is formed at the TiO,/Cu,0 interface, the difference in Fermi levels
drives the charge carrier flow until an equilibrium state in which the Fermi level is
constant at any point in the system is reached, as schematically shown in Figure 1
[117,118]. As a result of interfacial charge flow, an electric field from TiO; to Cu;0
and band bending are formed due to resulting local zones of Cu;0 and TiO; carrying
excess negative and positive charges, respectively. Finally, the arising p — n
heterojunction promotes the photocatalytic hydrogen generation process by

enhancing electron flow from Cu,0 to TiO,.
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TiO,
Before contact After contact

Figure 1. Energy band diagram of Cu,0 and TiO; before and after contact [118].
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2.3. Preparation of Cu0/TiO>composite materials

From literature indications, the preparation methods of Cu,O/TiO, composite
photocatalysts primarily differ depending upon TiO; type used. Based on this
consideration, a first classification is herein made by considering the TiO type. In
particular, the papers analyzed in the present investigation can be classified in two
different classes: a first class using TiO; in its commercial mixed phase (i.e., P25 —
TiOy), and a second one employing home — prepared titanium dioxide. In the latter
case, the different preparation method will be not discussed in the present work. As
concerns Cu20, Cu?* is the commercially available form of copper species with highest
chemical stability, hence most of the Cu,0/TiO; preparation procedures found in the
literature survey involve the use of a cupric salt, such as cupric nitrate, perchlorate,
or sulphate. Cupric species, generally dissolved in aqueous solution, are selectively
reduced in the presence of titanium oxide, so that cuprous ion can be promptly
incorporated on the surface or in the crystalline structure of TiO;, using different
reduction methods as well as reducing agents.

Several reduction methods are reported in the next paragraphs. Moreover, as
reported in Table 1, others distinguishing factors found in the preparation of
Cu,0/TiO; photocatalysts are the deposition method of active species (e.g.,
impregnation/calcination, photodeposition, electrochemical deposition, etc.) and
the employment of selected cocatalysts (e.g., WS;, Au, Pt, etc.). Some examples of
distinguishing factors in the preparation of Cu;0 — TiO, composite materials are

briefly given hereunder.
2.3.1. Reducing agents

Several authors employed glucose as reducing agents in the preparation
procedure of Cu,0/TiO; photocatalysts for hydrogen evolution [64,114,119,120].
Segovia — Guzman [64] et al. prepared Cu,0/TiO2 samples by impregnation followed
by a microwave — assisted method employing glucose as reducing and stabilizing
agent at two levels of concentration. To this aim, a fixed amount of P25 — TiO; was

added to deionized water at room temperature together with an aliquot of glucose,
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CuCly, and NaOH solutions. The suspension was then magnetically stirred at room
temperature for and heated at 120 °C microwave system to obtain a hydrothermal
effect. After centrifugation, the precipitates were washed and dried at 70 °C. The
formation of cuprous oxide was clearly demonstrated by XRD and XPS spectra. After
using such catalyst for H, generation through glycerol photoreforming under UV-
visible irradiation through a metal halide lamp, the chemical stability of the recycled
photocatalyst was confirmed by XPS results, which excluded the occurrence of Cu.0
transformation after the photocatalytic process. Tamiolakis et al. [119] prepared Cu
— loaded mesoporous TiO; nanoparticles (MTA) with different Cu,O content by
chemical reduction deposition method. Typically, a fixed amount of MTA was
dispersed in a copper (ll) nitrate ethanol solution, which was subsequently stirred at
40 °C. Reduction of copper (Il) on MTA surface was performed by suspending the
Cu®/TiO2 composites into an aqueous solution containing glucose and NaOH. The
resulting mixture was then stirred for at 60 °C, filtered, and the deriving solid was
dried at 60°C. HR — TEM images and XRD spectra clearly showed the presence of Cu,0
nanocrystals on the MTA surface. A rigorous comparison among the photocatalytic
performances of the systems above described is not possible due to the different
operating conditions employed (i.e., sacrificial organic agent, irradiation type, co-
catalyst, etc). However, by simply comparing the values of hydrogen production rate
per unit mass of photocatalyst, the best result between Cu,O/TiO, composites
prepared via glucose — based reduction method was recorded by Cheng et al.[120].
The Authors employed Cu,O — decorated mesoporous TiO; beads (Cu20/MTBs) for
methanol photoreforming by means of 400 W high — pressure mercury lamp without
any UV cut — off filter and collected a maximum value of hydrogen production rate
per unit mass of photocatalyst equal to 223 mmol/h-g. Cu;0/MTBs samples showed
significantly higher (4.4 — 5 — fold) evolution rates than P25-TiO..

Zhen et al. [121] prepared CuxO/TiO, catalysts using selective reduction by
hydroxylamine under alkaline conditions. More in detail, fixed amount of CuCl; and
sodium dodecyl sulfate were added to deionized water containing P25 — TiO,. After

adding NaOH to the aqueous mixture, a light blue suspension containing a Cu(OH);
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precipitate was observed. Finally, NH,OH-HCl was quickly added into the suspension.
After stirring, the mixed solution was kept at 30 °C for the growth of the Cu,0 crystals.
The resulting orange solid was collected by centrifugation, followed by washing and
drying in a 50 °C vacuum oven. Various samples with different loading amounts of
Cu20 on TiO; were prepared according to the same procedure and successively added
to an aqueous mixture containing Eosin — Y and triethanolamine (TEOA). The mixed
solution was then irradiated with visible light to prepare Cu®/Cu20/Cu®/TiO;
composite photocatalysts through in situ photoreduction. The presence of Cu,0 was
confirmed by XPS spectra, XRD spectra, and HR — TEM images. The Authors obtained
a photoefficiency value expressed as Apparent Quantum Efficiency of about 45% at
520 nm, corresponding to a value of hydrogen production rate per unit mass of
photocatalyst equal to 3.94 mmol/h-g. Such highest value of hydrogen production
rate per unit mass of photocatalyst reached almost 196 times that recorded over bare
P25-TiOz and 3 times that of a reference Cu®/TiO, sample.

Zhu et al.[122] reported the formation of Cu20/TiO2 nanotube-array heterogeneous
structures by coating Cu;0O nanoparticles onto titanium dioxide via multiple-cycle
chemical adsorption plus reduction method (MC — CAR). At first, TiO, NTAs were
immersed into an aqueous solution containing CuSO4 and glucose to ensure adequate
absorption. TiO2 NTAs were then soaked with deionized water to remove excessive
CuSOa.

Subsequently, the coated TiO, NTAs substrates, with Cu?>* monolayer, were dipped
into a different aqueous mixture containing N2Hs and NaOH, in which Cu?* was
reduced to Cu,0O monolayer. The reduction process was again followed by soaking
with deionized water. All such procedures were performed at 40 °C in a thermostatic
bath. The resulting Cu,0/TiO2 composite materials were then dried at 100 °C in
nitrogen atmosphere. The presence of Cu;0 clearly resulted from XRD spectra.

For photoelectrocatalytic hydrogen evolution experiment, Cu,O/TiO2 NTAs was used
as the photoanode in a Na;SOs-ethylene glycol electrolyte solution. The photoanode
was subjected to continuous irradiation under illumination intensity of 100 mW/cm?

by a solar simulator coupled to an AM 1.5G filter. The highest photoefficiency value
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collected was equal to 6.2 mmol/h-cm?, which was 2.5 times that of TiO, NTAs (pure
anatase phase).

Le et al. [123] obtained Cu,0/TiO2 nanorod arrays (TNA) through a growth method
based on cyclic impregnation. Two samples of TNA film on fluorine doped tin oxide
glass substrates were immersed into four distinct solutions (i.e., 0.1 M CuSO4 and
0.1 M Na3S;03 mixture, highly purified water, 0.1 M NaOH and highly purified water)
for 5 seconds sequentially. The immersing process was repeated for 10 or 30 cycled
times, respectively. At the end of this sequence, the two samples were dried at the
atmosphere. Cu 2p XPS spectra before and after HER upon a Xe lamp irradiation with
UV cut off filter demonstrated the presence of Cu,0 on the catalyst surface.

As regards the best photocatalytic activity for hydrogen evolution found by using this
method, a maximum photoefficiency value of about 4.8:10* mmol/h-cm? was
recorded by adopting glycerol as sacrificial organic species and a 300 W Xenon Lamp
endowed with a UV — cut off filter (\>400 nm). Such maximum photoefficiency for

hydrogen evolution was about 4 — fold higher than that of pure TNAs (rutile phase).

2.3.2. Electrochemical deposition

As shown in Table 1, Column |, electrochemical deposition method was adopted
by plenty of authors in the literature survey to prepare Cu,0/TiO, composites for
photocatalytic hydrogen evolution [9,124,125], most of whom employed Cu,0/TiO;

as an effective and low-cost photocathode material in photoelectrochemical cells.

Zhang et al. [125] employed a three-electrode system to fabricate a film made of TiO>
nanotube arrays, which was used as working electrode. A Pt mesh and an Ag/AgCl
electrode were employed as auxiliary and reference electrodes, respectively. A
suitable electrolyte was prepared by dissolving a fixed amount of CuSQO4 in a lactic
acid solution, whose pH was adjusted by adding proper quantities of NaOH.
Electrodeposition charges of 500 mC were applied on the stirred electrolyte during
the deposition process. Different types of Cu,O/TNA samples were synthesized by
varying the deposition potential applied vs Ag/AgCl. The obtained samples were then

dried at 50°C in vacuum. SEM images, as well as XRD spectra, revealed the presence
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of octahedral Cu,O particles on the TNA surface. The best photocatalytic
performances were obtained by using methanol as sacrificial agent and a light source
(Xenon lamp) with a UV cut-off filter. In such conditions, 8.9 mmol/h-cm? of hydrogen
were produced, indicating a remarkable activity of the electrode employed. Such
maximum photocatalytic hydrogen evolution rate recorded over Cu;O/TNA

photocatalyst was about 42 times higher than pure TNA (mixed anatase-rutile phase).

2.3.3. Impregnation/calcination

Amongst most adopted Cu,O/TiO, preparation techniques, wet impregnation
followed by calcinations should be mentioned. Impregnation was used in several
studies from the literature survey to merge TiO; (i.e., commercial or home prepared)
and Cu;0 nanoparticles, always followed by calcination under various temperature

and atmosphere conditions and for different treatment times [126-131].

Liu et al. [129] prepared Cu,0/TiO, photocatalysts employing TiO, with different
phase structures as well as P25 as supports via an incipient wetness
impregnation/calcinations method. More in detail, a fixed amount of TiO; (i.e.,
commercial P25 or anatase, rutile, and mixed phases of anatase/rutile/brookite
prepared via hydrothermal method) was impregnated with appropriate quantity of
Cu (NO3); in aqueous solution at room temperature, and was then dried at 100°C.
The resulting powder was successively calcined at 400°C in air. XPS spectra, as well as
HR-TEM images and H,-TPR profiles revealed the presence of cuprous oxide on the

surface of the titania supports with various crystalline phase composition.

Dubey et al. [131] employed a wet chemical treatment to obtain Cu,O/TiO2
nanostructures by using crystallized aligned TiO2 nanotubes (TNTs) and a solution
containing Cu(NOs), and NaOH. For a typical preparation procedure, fixed amounts
of Cu(NOs)2 and crystalline aligned TNTs were suspended and stirred in aqueous
solution. NaOH was then added drop wise to such suspension at varying molarities.
These samples were successively washed with alcohol and dried through an air
stream, and then heated at 200°C. Cu;0 formation was confirmed by XRD spectra,

SEM images, and HR — TEM analyses. As concerns the photocatalytic performances
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of the as prepared Cu,0/TiO2 composites, a maximum value of hydrogen production
equal to 79.8 mmol/h-g was achieved by Praveen Kumar et al. [130] by adopting
ethylene glycol as sacrificial organic agent under direct solar light irradiation with an
average light intensity of 1.15:10° Ix. The Cu,O/TiO, photocatalyst prepared by
Praveen Kumar et al. [130] exhibited enhancements of 33 and 18 —fold in hydrogen
production rate as compared to commercial P25 — TiO; nanoparticles (TNP) and

calcined TNTs, respectively.

In conclusion of this paragraph, it can be stated that, irrespective of the preparation
method, Cu,0/TiO2 composite photocatalysts prepared as above reported are all
capable of ensuring hydrogen production rates higher than bare P25-TiO, and
sometimes under visible light irradiation only. In particular, the highest increase in
reactivity was firstly observed for a Cu20/TiO; photocatalysts prepared through via
reduction of cupric species by means of hydroxylamine. Significant results may be

also obtained by the adoption of an electrochemical deposition method.
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2.4. Characterization techniques for Cu.0/TiO2 composite

materials

The main techniques adopted to characterize Cu;0/TiO2> composite materials are

described hereafter. Two distinct classes of characterization are reported for such

materials:

1)

2)

Characterization techniques devoted to the unique identification of the
oxidation state of copper, which is deposited on the photocatalyst surface and
responsible for the co-catalytic activity. X —ray diffraction spectroscopy (XRD),
X — ray photoelectron spectroscopy (XPS), Raman Spectroscopy, and High —
resolution transmission electron microscopy (HR — TEM) belong in this
category.

Characterization techniques aimed at evaluating the capability of such
photocatalysts to (i) absorb irradiated light, with special attention to visible-
light-responsive materials, and (ii) reduce the likelihood of charge carrier
recombination. Diffuse Reflectance UV (DRUV) Spectroscopies and

Photoluminescence (PL) belong in this category.
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2.4.1. X-Ray Diffraction spectroscopy
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Figure 2. XRD signals of Cu® (a), Cu,0 (b), and CuO (c).
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X-Ray Diffraction (XRD) spectra signals can be used to univocally identify copper
oxidation state on the photocatalyst surface through the knowledge of the spectra of
the single oxidation state. To this aim, as shown in Figure 2, XRD data recorded using

an analytical method previously reported [132] indicate that:

i) the spectrum of Cu® presents the peaks corresponding to an angle 206 [°] of
43.23, 50.51, 74.30 with d-spacing values [A] of 2.09, 1.81, 1.28, respectively.
These peaks are expected for a cubic form of metallic copper[133];

ii) the spectrum of Cu;0 is characterized by the presence of some peaks 26
values [°] equal to 29.74, 36.65, 42.57, 52.80, 61.76, 70.06, 74.05, 77.89,
93.11, 104.60, 108.52, 125.56, and 141.22, with d-spacing values [A] of 3.02,
2.4, 213, 1.74, 1.51, 1.35, 1.29, 1.23, 1.07, 0.98, 0.95, 0.87, and 0.82,
respectively.

iii) for cupric oxide nanoparticles (CuO), the peaks found in the XRD spectrum at
20 values [°] of 35.44, 35.49, 38.72, 48.65, with d-spacing values [A] of 0.253,
0.252,0.232, and 0.187, respectively, well agree with JCPDS data (JCPDS cards
n. 65-2309).

2.4.2. X-Ray photoelectron spectroscopy

The following remarks, matched with the spectra in Figure 3 reported by Zhen et
al. [134], may help to clearly identify the oxidation state of copper species on the
photocatalyst surface by means of XPS. In CuO/TiO, The peaks at nearly 933.6 and
953.6 eV univocally indicate the presence of copper (II) [121]. The double-peak
between 940 eV and 945 eV is reported to be a copper (ll) satellite peak [121,135]
but in the same position also Cu'* showed a low satellite peak. On the other hand,
the typical copper (I) peaks of Cu,0 in Cu,0/TiO; are individuated at 932.2 and 952.0
ev.
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Figure 3. XPS spectra of Cu®/Cu,0/ Cu®/TiO,, Cu®/TiO,, Cu,0/TiO,, and CuO/TiO, adapted by
Zhen et al.[121]: (1) CuO/TiOy; (2) Cu/TiO; (3) Cu®/Cu 0/ Cu®/TiO,; (4) Cu 0/TiO,.

On the basis of the consideration reported above, an application of this technique
was presented by Jung[136]: they indicated that most part of copper in air-calcined
Cu%/TiO2 based photocatalysts is present in the form of copper (ll) with a peak at
934.1 eV, whereas a reduced presence of Cu'* and Cu®is generally recorded (the
presence of Cu?* can be due to the oxidation of copper (1) in air). On the other hand,
when such photocatalytic materials are reduced under hydrogen atmosphere, an
increase in intensity of the peaks related to Cul* and Cu® and a decrease in intensity
of both Cu at 934.1 eV and satellite peaks are observed.

It is generally accepted that the similarity between the binding energies of copper (l)
and copper (0) does not allow to unequivocally differentiate these two species and

further spectroscopic indications are required (e.g., XRD, Raman, etc).

2.4.3. Raman spectroscopy

Limited literature information is available on Raman spectroscopy of Cu oxides

[119,137-140]. Conflicting indications about the correlation between copper species
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and related peaks in Raman spectra are reported. Therefore, selected peaks
providing a clear distinction between cupric and cuprous oxides were considered.
More in details, the typical most intense Raman peaks corresponding to 216, 520,
and 640 cm™ are reported [141-143] for Cuz0, whereas a peak at around 280 cm is
commonly attributed to the presence of CuO [141,142,144-147]. Some of the most
intense peaks capable to unambiguously identify cupric and cuprous oxides obtained

according to an analytical procedure previously reported [132] are shown in Figure 4.
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Figure 4. Raman spectra of CuO and Cu;0.

2.4.4. High - resolution transmission electron microscopy

Several authors used high — resolution transmission electron microscopy (HR —
TEM) analyses for structural and morphological characterization of Cu/TiO2
composite materials, obtaining different results using commercial or home prepared
TiO, as well as a different preparation method. HR — TEM images also allow to

undoubtedly identify the Cu valence state in Cu-based TiO; photocatalysts for
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hydrogen evolution. In this regard, plane spacing values of nearly 0.25 and 0.28 nm
corresponding to the d spacing of Cu,0 (111) have been reported [113,121,148,149]

in Cu0/TiO2 nanocomposites, as shown in Figure 5.

Figure 5. HRTEM of Cu,0 in Cu,O/TiO, composite [150].

The presence of Cu0 nanoparticles in Cu,0/TiO; composites can be also clearly
distinguished in TEM images by their peculiar structure, which is reported to have
cubic shape [151]. On the other hand, as previously reported [149], the presence of
CuO in Cu-based TiO2 nanocomposites could be distinguished through the existence
of particles with rhombic shape in HR-TEM images. In general, the attribution of
specific planes and their corresponding lattice spacings in HR-TEM images could give
relevant information about the crystallinity grade and the morphology of Cu,0/TiO;

composites.
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2.4.5. Diffuse reflectance UV-Visible spectroscopy

1
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Figure 6. (a) Typical DRUV absorption spectra in presence of bare TiO,, bare Cu,0 and Cu,0-
TiO, composite, and (b) plots of (F(R)hv)¥2versus photon energy hv for Cu,0 and Cu,0-TiO,
composite [64].

Figure 6 (a) shows the typical UV — vis absorption spectra for pure Cu,O and
Cu,0/TiO2 composites, obtained according to an analytical method previously
reported[132]. As concerns cuprous oxide, it exhibits a broad absorption band in the
visible range from about 430 nm. The intensity recorded in UV — visible spectra maybe
also indicated by the Kubelka — Munk function F(R). Figure 6 (b) shows the energy gap
value estimated through the linearization of Tauc plot of (F(R) hv)Y2 versus photon
energy (hv). The energy gap value resulting for Cu,0 (i.e., =2.2 eV) is consistent with
other literature data[152]. Several authors [1,64,78,121,127] employed such
diagnostic technique to evaluate the absorption property as well as the
photocatalytic activity of Cu,0/TiO2 composite materials. As shown in Figure 6 (a),
they reported an increase in visible light absorption with respect to bare TiO, above
430 nm due to the presence of Cu,0 (as previously reported). In addition, a reduction
in energy gap value (see Figure 6 (b)) over Cu,O/TiO, composite photocatalysts for

hydrogen evolution was recorded.

2.4.6. Photoluminescence Spectroscopy

In photocatalysis, investigation on absorption/emission properties is essential to
understand electronic interaction between composite materials and charge transfer
mechanism for photocatalytic reactions. To gain a fully understanding on the

electronic effect of copper species embedded as co — catalysts, photoluminescence
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studies on Cu,O — TiO; materials have been performed by several authors in the
literature review [64,78,121,126,128,153]. PL spectra of Cu,0 — TiO, photocatalysts
revealed a decrease in photoluminescence intensity in with respect to bare TiO;
[64,128], thus indicating that cuprous oxide lowers the recombination likelihood of
photogenerated charge carriers. Indeed, the best photocatalytic performances in
terms of hydrogen generation were commonly recorded over Cu,0 — TiO; samples
showing the lowest PL intensity, as lower electron — hole recombination results in

decreased light emission intensity, thus increasing photocatalytic efficiency [154].
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2.5. Mechanisms of hydrogen evolution reaction

A reaction mechanism for p — n heterojunction based Cu,0/TiO, materials
attributes to cuprous oxide the role of energy antenna, due to its capability to absorb
energy in the visible light spectral range. After charge carriers’ generation, it is
reported that electrons in the conduction band (CB) of Cu,0, due to the difference in
potential of the CB bands (i.e. -1.5 V versus NHE for Cu,0 and -0.5 V versus NHE for
TiO2 [155]) are transferred firstly to TiO,, and subsequently to proton ions which are
reduced. At the same time, as shown in Figure 7, photogenerated holes are

consumed by the sacrificial organic species which oxidizes [129].

CO, + H*
2H*+%0,

CO, + H*

2H*+%0,

. : electron

ORGANIC H,0 n - hole
SPECIES

Figure 7. Schematic illustration for the hydrogen evolution reaction (HER) process over Cu
based TiO, composite photocatalysts: oxidation of organic species (or water) by positive
holes in the valence band and proton reduction by photogenerated electrons in the
conduction band.

The possibility for Cu'* of being reduced to cu® species, according to reaction r. 8,
was also considered by some authors as a possible explanation for a decrease in H3

evolution photoefficiency [28,52]:

Cult+e -l r.8

On the other hand, a prompt reoxidation of copper (0), by holes as expressed by

reaction r. 9, was proposed by studies reporting that the presence of copper (I)
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remains unchanged on photocatalyst surface during hydrogen evolution reaction

(HER) [113,114].

Cu’+h* > cul* r.9

However, it is noteworthy that such aspects are analyzed only in some of the studies
considered in the present review, so that no conclusion can be actually drawn on the
fate of Cul* on the TiO; surface upon irradiation.

The effects of selected co-catalysts, such as WS, [9], Pt [156], Bi,Os3 [1] and Ga.0s
[102,157] on the performances of Cu,O/TiO; materials for HER were also
investigated, as reported in Table 1, Column V. It is reported that they essentially help
enhance photogenerated charge carrier separation, thus reducing their likelihood of
recombination.

As reported by Li et al. [9] for instance, the role of WS, nanosheets in an
Au/Cu20/TiO2/WS; composite photocathode for hydrogen evolution is that of
accepting electrons for water reduction rapidly, thus promoting the separation
process of the electron—hole pairs for a higher photocurrent. As shown in Figure 8,
under visible light irradiation (A>420 nm), electrons of Cu,O are excited and easily
transferred first to the CB of TiO,, and then to the WS; layer, as the CB of TiO; and
the Fermi level of WS, are more positive than the CB of Cu,0. Subsequently, protons
from the electrolyte promptly react with electrons, thus releasing hydrogen on the
WS; surface. On the other hand, it is considered that the Au layer in the Cu,0-based
photocathode only decrease the electrochemical impedance of the Cu;0

photocathode.
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V vs NHE (eV)
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Figure 8. Schematic reaction mechanism of HER process over Au/Cu,O/TiO/WS;
photocathode proposed by Li et al. [9].

Metal copper is also reported to act as a cocatalyst in Cu®/Cu,0/TiO, composites
[119,130,158-160]. The double effect of (/) promoting charge carriers’ separation and
(if) improving visible light absorption and photoactivity due to the localized surface
plasmon resonance (LSPR) of Cu nanoparticles is related to the presence of Cu® [119].
The mechanism of hydrogen evolution over Cu®/Cu20/TiO2 has been schematically

illustrated in Figure 9.
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CO, + H*
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Figure 9. HER process over Cu®/Cu,0/TiO,/WS; composite photocatalysts under visible light
irradiation.

As regards the effect of TiO, type on the reaction mechanism over Cu,O/TiO;
photocatalysts, it is significant to note that the use of home — prepared mesoporous
TiO; is related to a remarkable enhancement in photoefficiency for hydrogen
evolution [119,161]. Such positive effect has been mainly attributed to a reduced
recombination of photogenerated charge carriers and an increase in the interfacial
electron transport within the Cu,0/TiO; heterojunction, thus resulting in enhanced

photocatalytic hydrogen generation [119,161].
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2.6. pHinfluence

Some of the Authors reported in a previous paper [162] that pH considerably
affects photocatalytic hydrogen generation over copper — modified TiO; catalysts.
It is widely acknowledged that moderate alkaline conditions may result into a
favorable environment for generating hydrogen, probably due to higher
photocatalyst stability and absence of cupric ion release in the reacting solution.
While not all studies considered pH as a key factor in HER, some results reported in
the literature survey support the crucial role of pH in photocatalytic H2 evolution over
Cu,0/TiO2 composites.
Indeed, Zhen et al.[158] reported that the results collected during photocatalytic
hydrogen generation over a ternary catalyst (i.e., Cu®/Cu,0/TiO;) indicate an intense
activity at pH values around 9.0. On the other hand, a decline in photoefficiency for
higher and lower pH values with a standstill in H, generation for values smaller than
5.0 and greater than 13.0 was recorded. Under acidic conditions, such experimental
findings were related to Cu;0 instability and sacrificial agent (i.e., triethanolamine)
protonation. Instead, under alkaline conditions, extremely low proton concentration

may considerably slow down hydrogen generation rate.
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2.7. Effect of sacrificial agent

Despite the main purpose of the photocatalytic processes aimed to hydrogen
production is water photosplitting [29], only few studies considered in this review
reported the photocatalytic hydrogen production in the absence of organic species.
In this respect, in the presence of Cu,0/TiO, composite materials the effect of the
sacrificial agent was evaluated. As reported in Table 1 Column VI, methanol
[119,120,127,128,138,153,163-171] and glycerol
[1,64,123,125,126,131,136,160,172,173] are the most widely used organics for
photocatalytic hydrogen production.

Li et al. [167] reported the results in terms of hydrogen generation in the presence of
several sacrificial agents, thus showing an enhancement in photocatalytic activity by
reducing the C/OH ratio. Moreover, as reported by Li et al. [167], the scavengers react
with hydroxyl radicals, thus resulting in enhanced activity in case of molecules with
simplest structure.

Praveen Kumar et al. [130] compared the photocatalytic activity for H, evolution in
the presence of different scavengers under natural solar light irradiation. Hydrogen
production was enhanced with increasing alcohol polarity, due to the different
surface properties of the photocatalyst obtained, as well as the adsorption and
electron donation properties. Moreover, a great enhancement in hydrogen
production was detected by using several organics, such as ethylene glycol, due to
the position of its oxidation potential with respect to the valence band potential of

titania.
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2.8. Hydrogen generation efficiency

Only Cu;0/TiO, materials exhibiting considerable efficiencies for H, production
under visible light irradiation may be considered for industrial applications. Despite
solar energy is a perennial energy source, several issues undermine the
photoefficiency of such composites, such as the followings:

1) the recombination reaction seizes a portion of photogenerated charge
carriers potentially available for HER;

2) the energy carried by the incident radiation is higher than the bandgap value

(Eg), in which case excess energy is dissipated in the form of heath or light;
3) the energy carried by incident photons is lower than Eg, in which case no
effective light absorption happens.
As reported in the sections below, different indicators may be used to quantify the
efficiency of energy capture depending on the experimental setup adopted. Among
the papers found in the literature survey, only a few of them reported data of
hydrogen generation efficiency (see Table 1). Overall, this is one of the major
weaknesses affecting literature on hydrogen generation through photocatalytic

processes.

2.8.1. Photoelectrochemical cells

Dotan et al. [174] defined the solar to hydrogen (STH) conversion efficiency of
photoelectrochemical solar cells according to equation (eq. 1), where J is the short-
circuit photocurrent density, nr the Faradaic efficiency for H, production, and P; the
incident irradiation power density. Such parameters should be estimated under
standard solar irradiation conditions (AM 1.5 G), without any sacrificial agents, and

pH or electrical bias between counter and working electrodes.

_[Psel mA/em? )[x1.23(V)x n,

STH
P,(mW/cm?)

eq. 1l

AM1.5G
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Pan et al. [135] developed a Cu®/Cu20/Ga,03/TiO2/NiMo photocathode with a coaxial
nanowire structure based on Cu;0/Ga;03 — buried p —n junction. Such Cu;0 — based
photocathode was employed together with a BiVO4 photoanode for unassisted solar
water splitting, thus achieving a STH conversion efficiency value of about 3%. To the
best of our knowledge, such value is the highest collected for unbiased PEC devices

employing oxide composite materials for water splitting.

Niu et al. [102] synthesized a novel Cu;0/Ga03/TiO2/RuOx photocathode for water
splitting able to achieve a maximum value of thermodynamically based energy
conversion efficiency of about 1.9% at around +0.45 V versus RHE. The solar energy
conversion efficiency was calculated using equation (eq. 2), where J is the
photocurrent under AM 1.5 G irradiation, Vrue is the applied potential versus RHE,
V(H*/H;) is the Nernst potential for hydrogen evolution (0 V vs RHE), and Ps is the
incident solar irradiance (100 mW/cm? for AM 1.5 G).

[ = [VRHE_V(:_;)]

Ps

eq. 2

Energy conversion efficiency = x 100

Such efficiency value, as expressed by equation (eq. 2), was the best found in the
literature survey if compared with other Cu,0/TiO, based photocathode structures
under the same illumination conditions (i.e., AM 1.5 G), such as
FTO/Au/Cu,0/AZ0/TiO,/Pt exhibiting an efficiency of 1.35% at 0.45 V [175-179].

As reported in Table 1, several further studies [6,9,118,131,139,156,158,159]
expressed the maximum photoefficiency for hydrogen evolution in
photoelectrochemical cells as photocurrent density (mA/cm?) at different applied
voltage values (i.e., 0.0 V versus reversible hydrogen electrode [118,159]). Such
efficiency values are difficult to compare due to different illumination conditions, as
in many cases the use of proper UV cut-off filters limiting light irradiation to the

visible light spectral range (A>400 nm) is not considered.
2.8.2. Photocatalytic reactors

When evaluating photocatalytic hydrogen evolution activity over Cu,0O/TiO;

composite materials, most of the researchers in the literature survey only reported
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indications on H, generation rate, in some cases per unit mass of catalyst, and
compare such rate with the one recorded over basic catalyst (e.g., bare TiO;)
[1,64,114,118,120,126-128,136,160,163,164,172,173,180,181]. Due to such
inconsistency between photoefficiency expressions and, once again, unequal light
irradiation conditions, CuO/TiO2 photocatalyst performances for hydrogen
generation turn out to be hard to compare, as shown in Table 1. To the best of our
knowledge, amongst the highest values H; generation rate per unit mass of catalyst
recorded under solar light irradiation only, Praveen Kumar et al.[130] obtained a
value of 79.8 mmol/h-g over a CuxO/Cu®/TiO, catalyst employed for the
photoreforming of ethylene glycol under natural sunlight, with an average light
intensity of 1.15-10° Ix.

As listed in Table 1, column VIII [113,119,156,158] , some authors also reported the
values of Apparent Quantum Efficiency (AQE), as expressed by equation (eq. 3),

where ry, (mol/time) the rate of hydrogen generation.

2><rH2

AQE = x 100 eq. 3

moles of incident photons/time

Zhen et al. [158] recorded an AQE value for H; evolution of 45.7% over EY —sensitized
Cu®/Cu,0/Cu®/TiO, photocatalyst at 520 nm. Such ternary composite, prepared via
an in situ photoreduction procedure, was tested for the photoreforming of TEOA in
the presence of a 420 nm cut — off filter or various band-pass filters.

In general, however, with the aim of accomplishing a consistent comparison among
different literature data, values of effective irradiation power should be specified,
whereas only nominal power and lamp type were mostly reported in the

experimental sections.
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Table 1. Literature review of recent studies on Cu,O/TiO> composite materials.
| 1] 1] v \'} Vi Vil Vil Xl
Cu:0 H; generation Sacrificial Efficiency of H
Preparation method identification 28 X TiO, type Co-catalyst Lamp filter y' 2 Reference
. mechanism agent generation
technique
TNTs by hydrothermal method; H Direct sunlight Not reported, best
ome
copper modified TiO; by PL, XRD p-n heterojunction None Glycerol between 10 hydrogen evolution [126]
. . prepared
impregnation method a.m.and 3 p.m. rate 48 mmol/h-g
TiO; thin films deposited on quartz N Not reported, highest
one
glass by electron beam evaporation . . . Lo H production 2.76-
. XPS, XRD p-n heterojunction TiO; thin film None None (300 W Xenon 3 [180]
at T= 200 °C; Cu0 layers grown by | ) 107> mmol under UV
am
laser ablation P light after 6 h
TiO; by hydrothermal method; None .
. . DRIFTS, DRUV, Not reported, highest
CuOy by wetness impregnation . . (300 W Xenon .
. . HRTEM, XPS, p-n heterojunction Anatase None Methanol ) H, production 0.621 [127]
method and calcination at T= 400°C simulated solar
L XRD . mmol/h-g
in air light)
Copper foam-based nanodots . . CFE (Copper .
. p-n heterojunction; HER onset potential: 18
composites prepared by HRTEM, XPS, . . foam-based .
. . . Fermi levels Not specified None None mV, potential: 114 mV [118]
immersion-heating procedure and XRD . nanodots
o formation ] and 10 mA/cm?
calcination at 300°C composite)
Cut-off filter .
. EDX, ICP-OES, Not reported, highest
Cuy0/TiO; catalysts prepared by . . Home A>420 nm .
STEM-EDS, XPS, p-n heterojunction None Methanol H; production 24.84 [163]
the alcohol-thermal method prepared (300 W Xenon
XRD mmol/h-g
lamp)
Three different preparation
methods: Impregnation and
—— P g . . Not reported, highest
calcination at T=350°C; Microwave PL, Raman, Commercial . .
. Not reported . None Methanol Sun condition H, production 0.891 [128]
reduction method and several TEM, XPS, XRD, TiO, P25

washing with ethanol;
Photodeposition method

mmol/h)
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Electrodeposition method for Cu,0
film synthesis; Au/Cu,0/TiO,

Cut off filter

Not reported, best
photocurrent obtained

electrode fabricated by dip-coating p-n heterojunction; (A=420 nm)
: . - was 10 mA/cm? at
method; Au/Cu,0/TiO2/WS; XRD Fermi levels Not specified WS, None (Xenon lamp- tential of -0.33 [9]
over-potential of -0.
photocathode fabricated by formation Light intensity P .
. . . V vs RHE under visible
stirring, centrifugation, and 100 mW/cm?) liaht
i
washing procedure &
None Not reported, best
TiO,/Cu,0 core/shell NWAs EDS. HRTEM p-n heterojunction; (300 W Xenon photocurrent obtained
prepared by hydrothermal method XF,’S %RD ’ Fermi levels Rutile None None lamp- Light was 2.50 mA/cm?2, with [6]
and chemical bath deposition ’ formation intensity 100 H, production 32
mW/cm?) mmol/h-cm?
. o - Solar simulator
Bismuth mod|f|ed‘T|Oz prepe}red by Bi,O3 minimizes . (300 W Xenon Not reported, highest
sol-gel method; impregnation of DRUV, FESEM, electrone-hole Commercial Bi,O Glycerol lamp- Light H; production 3.678 [1]
copper on bismuth deposited TiO, XPS, XRD, - TiO, P25 23 y . P . 8 2P )
. o recombination intensity 40 mmol/h
and calcined at T=400 °C
mW/cm?)
Cu,0 nanowires prepared by Solar simulator
deposition method and coating of a (300 W Xenon solar-to-hydrogen
layer of Cu,0 onto Cu,0 nanowire Raman, XRD Not reported Amorphous RuOx-Ga,03 None lamp- Light conversion efficiency [135]
by electrodeposition; TiO; coating intensity 100 ~3%
by deposition method mW/cm?)
1,5 AM sol
. > . solar Not reported, best
irradiance of photocurrent obtained
- . . o
Cuz/TNT l?y |mpregnat:on and XRD p-n heterojunction Home None Glycerol white light was 3.40 mA/cm? with [131]
heating at T=200 °C prepared (1000 W Hg/Xe- .
S . H; production 0.127
Light intensity mmol/h-cm?
100 mW/cm2)
Cu,0 sheets prepared by thermal 1.75% at 0.5 V over
oxidation of thin copper foils; Au/Cu,0/Ga,03/TiO,/R
Ga;03 and TiO; layers deposition by . ) uOy;
thermal atomic Layer deposition XRD Not reported Not specified Ga,03/RuOy None AM 1,5 G filter 1.9% at 0.45V over Dual [102]
system; RuOx prepared by Cu,0-based
photoelectrodeposition photocathodes
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Cut off filter

Not reported, highest

- . Home
Cuzp §en5|t|zed .TNAS fabricated by XPS, XRD Not reported prepared None Glycerol A>400 nm H, production 4.8-10* [123]
cyclic impregnation growth method (300 W Xenon
TNAs mmol/h-cm?
Lamp)
nanoclusters prepared by green DRUV, FESEM, . Not reported Not reported, highest
. . . . . Commercial -
microwave-assisted method with PL, Raman, p-n heterojunction Ti0, P25 None Glycerol (400 W metal H, production 4.70 [64]
glucose or onion skin waste TEM, XPS, XRD 2 halide lamp) mmol/g after 24 h
Cu,0 grown on Au/Cr/FTO/Glass
substrate by potentiostatic AM 1,5 G Solar Not reported, best
electrodeposition; Cu,0 film coated Raman, XPS, simulator photocurrent obtained
with graphene and TiO; layers by XRD Not reported Anatase Pt None (Light intensity ~ was -3 mA/cm2at 0.0V [156]
atomic deposition; Pt loaded on all 100 mW /cm?) vs RHE
the devices
Cu,0 film fabricated by
electrochemical deposition on
copper substrate; The Cuzo(Au film DRUV, PL, SEM, Commercial Methanol, Cut off filter Not report.ed, rlghest
prepared by photodeposition; TEM. XPS. XRD Z-scheme system Ti0, P25 Au lucose (300 W Xenon H; production *0.0125 [78]
Cu,0/TiO; and Cu,0/Au/TiO; films T 2 g lamp) mmol/ cm?
prepared by painting TiO2 solution
onto Cu,0 or Cu;O/Au films
Cut-off UV filter
DRUV, FESEM
Cu®/Cuy0/Cu%/TiO, prepared by UV, FESEM, . . . (300 W Xenon
. . . HRTEM, PL, . . Commercial Triethanolami .
selective reduction with p-n heterojunction . Cu/Eosyne lamp-Light AQE=45.7 % at 520 nm [158]
. Raman, SEM, TiO, P25 ne . .
hydroxylamine intensity 100
TEM, XRD
mW/ cm?)
UV-B and UV-C
A fil -off AM 1
electf;czfijer:wsafg(eepa;;fi:: on Commercial . ofilter 2 Not reported, highest
P . . XPS, XRD Not reported . None Methanol H, production [164]
copper substrate and coating with TiO, P25 (Xenon lamp-
; . . 12.70 mmol/L
TiO, Light intensity
78 mW/cm?)
. Home .
Cu-TiO; photocatalysts prepared by repared Not reported, highest
TPR, XPS, XRD Not reported prep None Ethanol None H; production 3.865 [181]
Sol-gel method Anatase/Broo
. mmol/h-g
kite
The Cu,0 films were synthesized by DRUV, FESEM, . Cut off filter AM Not reported, best
1
electrodeposition method XPS, XRD Not reported Not specified Cu None 1,5 photocurrent obtained [159]
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(300 W Xenon-
Light intensity
100 mW/cm?)

was -2.04 mA/cm? at 0
V vs RHE

p-n heterojunction

TiO,—MOF-199 composite prepared and shifting of the None Not reported, highest
. . DRUV, HRTEM, . (100 W UV .
by hydrolysis; Cu/Cu,0 over TiO, by Fermi level due to the Anatase Cu Glycerol H, production 15.13 [160]
S PXRD, XPS lamp- A=365
calcination presence of copper m) mmol/h-g
nanoparticles
Hydrogen titanate nanotubes
prepared by hydrothermal method; HRTEM. H2- Anatase, None Not reported, highest
CuOx/TiO, composite prepared by ! p-n heterojunction Rutile, None Methanol (300 W Solar H, production 3.203 [129]
. . TPR, XPS, XRD . .
impregnation method and Brookite, P25 simulator) mmol/h-g
calcination at T=400°C
Cu/TiO2 thin films deposited on p-n heterojunction None Not reported, highest
quartz glass substrates by RF XPS, XRD and the Fermi levels Anatase None Methanol (300 W Xenon H, production 2.80- [165]
reactive magnetron sputtering formation lamp) 103 mmol /h-cm?
Cu,0 injects Not reported, highest
Cu-loaded photocatalyst prepared pf?cc:tdc;tel)?:iiéd Commercial 400 nm UV cut- mkr:'\zo?;ﬁ'cjgulj:zzrzji?/is
XP. I | ff fil w 1
by impregnation and calcination S electrons into the TiO, P25 cuo Glycero © )I(z;/nioo light and 0.100 [136]
TiO; CB, thus TiO; P mmol/h-g under visible
produces hydrogen light
Not reported, highest
TiO, nanotubes fabricated by H; production 300
electrochemical anodization; Cu,0- p-n heterojunction; None uM/cm? after 4 h and
doped TNAs prepared by square SEM, XPS, XRD Fermi levels Anatase None None (100 W Hg photocurrent obtained [137]
wave voltammetry electrochemical formation lamp) was 4.50 mA/cm?
deposition method under bias potential of
1V
Cul::s/:ﬁ)bzstr:t]ef:mriogr::aar’: i None Not reported, highest
& o p P XPS Not reported Anatase CuO Methanol (300 W Xenon H; production *5.30 [138]
T=450°C by RF reactive magnetron _3
. lamp) 10~3mmol/h-cm?
sputtering
Metal oxide cluster modified TiO» Home Cut-off filter
nanoplates prepared by XPS, XRD Not reported repared None Methanol 250 nm <A< Not reported [182]
hydrothermal method prep 380 nm
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(300 W Xenon
lamp)
No filter
TiO2-Cu;0 NWA grown on FTO glass 0.71%, photocurrent
substrate by hydrothermal FESEM, HRTEM, Not reported Home None None (300 W Xenon density (bias) obtained [139]
. TEM, XPS, XRD prepared
synthesis lamp) was 4.66 mA /cm?
Home EtTy(!zEe
Cu,O/TiO, composite prepared by prepared TiO,, gly Sun condition Not reported, highest
) . DRUV, PXRD, . . . Propanol, L . .
impregnation method and Raman. XPS p-n heterojunction Commercial Cu ethanol Light intensity H, production 79.80 [130]
calcination at T=350°C ! TiO; P25 for ! 1,15 - 10°Ix, mmol/h-g
i methanol for
comparison .
comparison
Cuz0 phqtocathode by Cut off filter
electrodeposition method on FTO Home 420 nm
substrates; TiO, stabilization layers XRD Not reported None None Not reported [140]
prepared (ABET Solar
on Cu,0 photocathodes by Simulators)
ELAMOD process
Cut off filter
<
Cu-loaded TiO; catalysts obtained DRUV. EDS. HR Home 360 nr:r:)\ 780
. . P ’ y - _ f : = o,
by chemical rr:(il:[fsgn deposition TEM, NIR, XRD p-n heterojunction prepared Cu Methanol OrA>420 nm AQE=13.5% at 365 nm [119]
(300 W Xenon
lamp)
Cu,0 coating layer deposited onto . . AM 1,56 filter .
Ti0, tube walls by multiole-cycle p-n heterojunction; Home Ethvlene (Solar Not reported, highest
2 .y ple-cy : EDX, XRD Fermi levels None v simulator- Light H, production *6.2 [122]
chemical absorption and reduction . prepared glycol . .
formation intensity 100 mmol/h-cm?
method
mW/cm?)
Elicc:rrir;-t?:rl\eoealr None Cut off filter
Cu,0 microcrystals obtained with reduction of (commercial A>420 nm Not reported, highest
autoclaves, heating, precipitation, EPR, XRD ) None Formaldehyde (Xenon lamp - H, value 82.2 umol [183]
. o formaldehyde and TiO, P25 as o .
washing and distillation method cabture of oxveen reference) Light intensity after3 h
P ve 50 mW/cm?)

from Cu,0
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Cut-off filter

. A2>420 nm .
Cu/TiO; photocatalysts prepared by Cu/TiOz NPs absorbs Commercial (500 W Xenon Not reporteq, highest
. None the whole range of . None Glycerol . H, production 0.24 [172]
photoreduction method .. . TiO, P25 lamp - Light
visible light . . mmol/h-g
intensity 1,5
mW/cm?)
Cu modified TiO; nanorods Electron-hole pair Home Not reported, highest
prepared by wet-impregnation None . P None Glycerol Direct sunlight H;, production 0.0503 (173]
formation prepared
method mmol/h-g
Cu;0 as antenna
Not reported, photoreduction of Pt capturing the None Not reported, highest
None radiation, electrons Not specified Pt Methanol H, production *1.82 [166]
on the catalyst surface (Tungsten lamp)
are transferred from mmol/h-g
CB of Cu,0 to Pt
Cu,0/TiO; nanotube arrays Home AM 1.5 G solar
prepared by electrochemical None Not reported repared None None simulator Not reported [184]
deposition method prep (100 mW/ cm?)
Methanol,
ethanol None
The Cu,0/TiO, photocatalysts DRUV, XPS, . . Commercial ! _ o
prepared by reduction method XRD, p-n heterojunction Tio, P25 None glycerol, (500W Xenon AQE=4.32% [185]
ethylene lamp)
glycol
Th —Ti h |
e Tl
prep VP y Py y. P XPS Not reported Not specified None Glucose Not reported H, production ~0.122 [186]
and sputter coating of thin layer of
. mmol/h-cm?
TiOy
. . L . . None Not reported, highest
Cu0/TiO; particles prepared by AES spectra, Similar mechanism to Commercial .
glucose solvothermal method HRTEM, XPS, XR Z-scheme TiO, P25 None Ethanol (300 W Xenon H2 production 0.668 [114]
lamp) mmol/h-g
Mesoporous TiO; beads produced The Cu,0 None .
by metal-salt based hydrothermal nanocrvstals as Home (400 W high- Not reported, highest
process; Cu,0-decorated XPS, XRD ¥ None Methanol J H; production 223 [120]
mesoporous catalysts prepared b electron-hole prepared pressure Hg mmol/h-
P ysts prep v separation centre lamp) g

chemical bath deposition process
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The Cu,O/TNA composites

Not reported, highest

obtalru_ad by electrqchemmal XRD p-n heterojunction Home None Glycerol Cut-off filter H; production 8.9 [125]
deposition of Cu,0 in a three- prepared (Xenon lamp)
mmol/h-cm?
electrode cell
ThetI'C\iL:'IZ(f)ilrgnnsdbderziocsrlttJidI'?er:’:erloz Home None Not reported, highest
. 4 P GIXRD Not reported Pt Methanol H, production 0.06 [187]
lithography strategy and Pt prepared (Xenon lamp)
. o mmol/ h
addition by deposition method
Cut-off filter
N . A>500 nm
Cuz0 on tltanla. r.1anotubes by XRD Not reported 110, None None (TS428 lamp Not reported [188]
electrodeposition method nanotubes
350 nm<A<2500
nm)
None
Cu,0/TiO, composite prepared by .
ethanol-induced deposition HR-TEM, XPS, p-n heterojunction Commercnal None Ethylene (Xe lamp AQE=28.6% at 365 nm [113]
s R XRD TiO, P25 glycol 320nm <A<
method and calcination at T=350 °C
780 nm)
(\i:ff?;:crc?rigi? ::izrngza;;eiifttif: -n heterojunction Home AM 1.5 filter Not reported, highest
;AU dep XRD, XPS P J prepared TiO, Au Ethanol (300W Xenon H, production 8.548 [189]
through photo reduction process and SPR of Au
nanorods lamp) mmol/h-g
The Cu,0-TiO; prepared by self-
assembly approach in presence of
AOT except that the addition of Home Not reported, highest
TiO2. After stirring for 3h, the XRD, XPS p-n heterojunction repared TiO None Methanol 300 W Xe lamp H; production 0.5 [168]
solution was kept at 80°C for 4h, prep 2 mmol/h-g
then centrifuged, washed, and
dried.
Cu0 prepared by oxidation of Cu® Cut-off filter
in 6 h. Au-Cu,0 prepared by partial A>360 nm
galvanic replacement reaction. TEM, SEM, (100 W UV
Mixing of Cu,0 or Au-Cu,0 with Raman, XPS, -n heteroiunction Ethvlene lamp- 8 Not reported, highest
TiO,, deposition onto a glass UVv-Vis P ) Anatase Au chol mW/cm?2). H production 12 [111]
substrate dipped in isopropanol for  absorption, ICP gl Cut-off filter mmol/h-g
10 min, cleaned through plasma for A>430 nm
10 min and drying in oven at 100°C (300 W Xe
for 15 min. lamp)
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Cu,0 - TiO, prepared by sol-gel BET, EDX, TEM,
2 2P p . y_ 8 SEM, XRD, Reduction of Cu to Isopropyl Not reported, highest
method; after illumination Cu . . None (300 W Xe :
. DRUV-Vis, Cu,0 and p-n titanate None Methanol H; production 16.25 [153]
doped TiOywas redused to Cu,0 - . . lamp)
Tio Raman, EPR, PL heterojunction mmol/h-g
2.
Cu,0 and Cu,0/ TiO;
photocathodes prepared by
electrode995|t|on c.)f Cl.,lzo and XRD, FESEM, Titanium
deposition of titanium SEM, XPS tetraisopropo  rGO/NiFe 0.5 M Sodium M 1.5 G solar
tetrapropoxide. The rGO/NiFe-LDH ! ¢ p-n heterojunction . prop ’ simulator 0.41% at 0.25 V vs RHE [190]
. . Raman, R, xide sulfate
composite catalyst was synthesized DRUV~—vis (100 mW/ cm2)
by hydrothermal method. Cu,0/
TiO2/rGO/NiFe-LDH photocathodes
prepared by dip-coating method.
Cpurtering methord; The depostion Enhanced
tpem eraiure was ’550 °c fc?r 12h performance None (300 W Xe Not reported, highest
F.) . . o XRD, XPS, AES attributed to metallic Anatase None Methanol lamp -300 nm < H, production 3.7 1073 [171]
obtaining TiO; arrays. Deposition .
. . Cu, produced during A <2500 nm) mmol/ h-cm?
of CuOy by sputtering copper, with . .
the irradiation
controlled flow rate of oxygen.
TiO;, nanostructures via
h
ydrothermal mthod, followed by Monochromatic
thermal reduction strategy, at light (350 nm)
300°C for 2 h with H2 flow. Copper- XPS Z-scheme Cu,0/TiO, Anatase Pt Methanol wigth filter (300 53.5% at 350 nm [170]
related species were deposited W Xe lamp)
onto TiO, via photodeposition P
route.
The (001) TiO,@ TisC,Tx was Migration and spatial
prepared by a hydrothermal separation of .
method. The Cu,0/(001) TiO,@ XRD, TEM, XPS, photogenerated Anatase TiGoT Methanol None (300 W Xe NHOt rfgg::g’nhéggf;t [169]
Ti3C,Tx hybrids were synthesized AES, DRUV-Vis charge carriers 2l lamp) 2P ’

via a modified solvent reduction
method.

among TizC,Ty, TiOy,
and Cu,0

mmol/h-g
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2.9. Ball milling as alternative preparation method

As previous discussed (See Section 2.3) several preparations of Cu,0/TiO;
composite materials were reported in literature, such as reducing methods,
impregnation/calcination, electrodeposition etc. However, each of methods presents
advantages and disadvantages, such as the complexity of the methods or high
operation costs; sol — gel method for instance, requires very expensive starting
materials [191], and hydrothermal method proceeds in presence of high
concentration of NaOH (about 10 M), with temperature over 100°C and requires
more than 10 hours of treatment [192]. It is thus necessary to develop a different
route of preparation. An alternative could be represented by the mechanical mixing
of powder materials; among all approaches, mechanical mixing is a simple, low cost
and very eco — friendly technique with significant technical advantages for the
synthesis of various nanomaterials and nanocomposites, even for the industrial
applications. In the field of the chemical synthesis the combination of the solvent —
free strategies and the mechanochemical activation has attracted much attention in
the last years, in the preparation of organic and inorganic materials. Moreover, the
possibility of using a ball miller (See Figure 10) instead of the mortar to mixing the
reagent, may effectively reduce the problems of poor reproducibility, which limited

the utilization of this method on industrial scale [193].
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Rotating direction of mill

Materials

Grinding medium

Ball milling

Figure 10. Schematic representation of the mechanical mixing of powder materials in a ball
miller.

Generally, mechanochemical synthesis, using high energy collision from the balls, has
shown great advantages in material synthesis, by modifying the structure and the
electronic properties of catalytic materials (reduction of particle sizes, increase of the
specific surface area and change the chemical state of component atoms), giving such
properties that influence the activity of the final catalyst, as reported by D.S. Su [194]:
He noticed the increase of the specific surface area of V,0s catalyst (from 7 to 32
m2/g) after 10 hours of milling (150 revolutions for minute), as well as the formation

of lattice defects in the structure.

In the area of the photocatalyst synthesis, several studies reported the preparation
of composite materials through ball milling as a possible alternative to the common

more complicated methods [195-209]:

Chen et al. for instance [196], proposed the preparation of ZnO/g — CsN4 composite
photocatalyst by dispersing the home-prepared powders (ZnO and g — C3N4) in
isopropanol then ball milling for 1 hours at 800 rpm with ZrO; beads; the product was
collected and dried in an oven at 80°C. The degradation efficiency of RhB under visible

light resulted about 51% after 2 hours for ZnO/ g — CsN4 with 10%wt g — C3Na.
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Among the works concerning the photocatalytic hydrogen production, the ball milling
was proposed as preparation method, for instance, by Chen et al. [210], which
reported a hydrogen generation of about 1200 micromole/hours in the presence of
MoS,/CdS photocatalyst prepared by mixing (NH4)2Mo0Ss with CdS in an agate jar
containing ethanol and a fixed number of agata balls, then calcined at 400 °C for 1
hour in Ar atmosphere. The authors noticed the influence of the milling time on the
hydrogen generation, identifying an increasing of the activity up to 4 hours of milling;
further increase of the ball-milling time probably causes the occurrence of more

defects, which reduce the effective separation of electron and hole pairs.

According to our knowledge, despite the great number of works in which ball milling
was used, only few studies have reported the possibility of preparing Cu,0/TiO;

composite, for application in photocatalysis, with this technique:

Shifu et al., for instance [211], have used ball milling to prepare p—n junction
Cu,0/TiO; photocatalysts aimed to the photodegradation of methyl orange and
simultaneous reduction of Cr,072". In this preparation, TiO2 powders were mixed in
the agate ball milling tank, then a certain amount of Cu;0 was added in the ball miller
in presence of water. After mixing at the speed of 500 rpm for selected times (3+24
hours), the wet powder was removed and dried in air below 110°C, to obtain a dry
sample. After the milling, it was observed, as reported also for other works previous
presented, an increasing of the specific surface area with the ball milling time,
because of agglomerating phenomena of the spherical particles. However, since the
presence of oxygen during the preparation leads to oxidation of Cu* to Cu?*, the same
material could be useless for hydrogen production through visible light irradiation;
the presence of Cu?*, able to be reduced to zerovalent copper under UV — visible light
conditions, could surely reduce the electron — hole recombination rate of the
photocatalyst in the UV —range, but it is unable to extend the light absorption to the
visible range. As a confirmation, in a previous work [212] about photocatalytic
hydrogen generation in presence of diethanolamine as sacrificial agent using
Cu®/TiO, photocatalyst, no activity in terms of hydrogen generation was noticed in

the visible range, although the efficiency of hydrogen generation in the UV range was
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increased with respect to previous results reported in literature with different

sacrificial agents [132].

To effectively obtain Cu,0/TiO; photocatalyst, Chen et al. [213] proposed to prepare
the sample through ball milling starting from Ti and Cu powders; in their work the
materials were mixed along with ZrO; (as substrate) in a planetary ball miller at 300
rom for fixed times (5+25 hours). Then, two different composite materials were
prepared: (i) a Cu20/TiO2 composite, obtained by covering the sample with graphite
carbon and oxidizing at 500°C in air atmosphere for 15 hours and (ii) a CuO/ TiO;
composite, obtained by oxidizing the sample in the air at fixed temperatures (400 +
600 °C) for 15 h. The best photocatalytic performance, in terms of photodegradation
of methyl orange under UV radiation, was collected in the case of Cu,O/TiO;,

probably due to the formation of the p — n heterojunction.

Finally, a different approach was adopted by Basnet et al. [214], which used the ball
milling to achieve a desired particle size and crystallinity. In their synthesis, in fact, to
effectively obtain Cu>0/TiO; composite photocatalyst, Cu,0 and TiO; were mixed and
compressed to produce pellets, then heated at 5 °C/min up to 500 °C and then 1000
°C for 2 h under N; atmosphere. Finally, the as prepared pellets were ball milled up
to 20 hours. The better photocatalytic performance under visible light conditions
with respect to the bare TiO, indicated the improved charge transfer at the interface

of the two semiconductors.
The results reported in the present paragraph require the following considerations:

(i) ball milling represents an interesting new route to prepare a Cu0/TiO;
photocatalyst, due to its simplicity and cost — effectiveness, despite its use is still

rarely documented in literature;

(ii) as part of ball milling preparation, it is necessary to develop a different route to
prevent the oxidation of the Cu,O, controlling milling time and the temperature of
the process, as well as a solvent — free method, to reduce the costs and the

environmental problems.
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3. Aim of the thesis

The purpose of the present project is the development of a visible light active
photocatalytic system aimed to hydrogen production through photoreforming of
organics, based on copper (I) and prepared by facile method. As clearly emerged
from literature information, several researchers have proposed the utilization of
Cu,0/TiO2 composite material for hydrogen production, for which different
preparation methods — mainly photodeposition and impregnation/calcination — were
reported. Based on the results of an extended literature analysis, a solvent — free ball
milling was chosen as an alternative preparation method, due to its simplicity and

industrial applicability.

The system was analyzed in terms of hydrogen generation at varying chosen

operating parameters. Among the goals of this study:

1. Evaluation of the effect of adopting various oxygenated organic substrates as
sacrificial organic agents.

2. Evaluation of the best performing conditions in terms of milling time and rotation
rate of the miller. A thorough catalyst characterization (X-Ray diffraction, Diffuse
Reflectance UV Spectroscopies, Photoluminescence, Transmission Electron
Microscope, Scanning Electron Microscopy analyses, Fourier-transform infrared
spectroscopy, X-ray photoelectron spectroscopy, Transmission electron
microscopy energy-dispersive X-ray spectroscopy) provides the basis for the
correlation between the photocatalytic activity and the physical — chemical
properties of the catalyst.

3. Evaluation of the effect of the temperature and pH of the suspension on the
photocatalytic hydrogen production efficiency.

4. Development of a suitable mathematical model capable of simulating hydrogen
production over the same catalyst (Cu,0/TiOz) when methanol was adopted as
sacrificial agents.

5. Evaluation of the photocatalytic performance of the best photocatalytic system

studied under solar radiation.
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4. Materials and methods

4.1. Materials

TiO2 nanopowder (commercial grade, Aeroxide TiO,-P25, average particle size 21
nm, specific surface area 50 + 15 m?-g'%, 80/20 anatase/rutile) was purchased from4
Sigma Aldrich, while cuprous oxide (Cu;O, powder) and methanol (99.9%) were
purchased from Carlo Erba Reagents. All reagents were used as received. Doubly

glass—distilled water was used throughout this study.

4.2. Photocatalysts preparation

The preparation of the photocatalyst is performed by using two different

methods:

1. A simple mixing of the two powders, in which a fixed amount of TiO;
(nanopowder, <50 nm, Sigma Aldrich — 0 + 1500 mg) and a fixed amount of Cu,0
(0+150 mg) are mixed in a vial.

2. A fixed amount of TiO; (nanopowder, <50 nm, Sigma Aldrich — 0 + 1500 mg) is
mixed in the agate ball milling tank (PM100, RETSCH), with agate balls and a fixed
amount of Cuz0 (0 + 150 mg). The operative parameters evaluated, to carry out

an optimization of the method, are the rotation rate (rpm) and the milling time.

Several samples were prepared through impregnation method. The milled sample, at
fixed Cu,0 percentage, milling time and rotation rate was calcined under nitrogen

atmosphere for 2 h at 500°C.

4.3. Experimental set-up

Photocatalytic tests are performed in an annular glass batch reactor (see Figure 11
(a — c) for the schematic illustration of the reactor and the real experimental set —

up), with the following characteristics:

e Quter diameter of 6.5 cm;
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e Volume of 300 ml;
e Optical length of 1.1 cm;
e Height of 40 cm.

The reactor is equipped with a lamp located in a quartz sleeve, in which a cooling
solution is circulated; the temperature of the reactor, adjusted between 25 and 80°C,
is controlled with a thermostat. An inlet allows a nitrogen stream bubbled into the
solution, an outlet is used to taking of the liquid and gas samples. A high pressure Hg
lamp is adopted as radiation source for the experiments; the specific powers of the
lamp, mainly emitting at 305, 313 and 366 nm in UV range, and at 404.7 nm and
435.8 nm in the visible range, calculated as reported in literature [215,216], are
6.08-107Est, 2.05-10°E-s!, 1.18-10°E-st, 2.96- 1077 E-s™?, 1.97-10°E-s7?,
respectively. To evaluate the activity under visible light conditions, in almost all runs
a filter solution with NaNO; (0.5 M) is circulated through the quartz sleeve to prevent

radiation with a wavelength lower than 400 nm, as reported in literature [217].

Liquid
sample

W
w i [Tamp
.l ‘ jacket
)

Gas outlet

solution g

Magnetic
stirrer

Figure 11. (a) Schematic illustration of the annular batch reactor. (b) Experimental set-up for
the experiments conducted under artificial UV and/or Visible light source. (c) Experimental
set-up for the experiments conducted under the solar source.
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4.4. Experimental procedures

In a typical run, a fixed amount of catalyst is suspended in a doubly distilled
aqueous solution, at fixed pH, containing chosen concentrations of the sacrificial
species. To prevent the reaction between dissolved oxygen and copper species as
well as the photogenerated electrons, a N, stream is bubbled into the solution
starting from 40 min before the introduction of the photocatalyst; after that, the
photocatalytic run is carried out. During photocatalytic experiments nitrogen is
continuously bubbled into the reactor, at a fixed flow rate. In some cases, nitrogen
bubbling is interrupted to allow hydrogen accumulation in the reactor. The effect of
the temperature was evaluated by increasing the temperature of the system up to
80°C (in this case a condenser, located on the reactor, is used to prevent the
evaporation of the organic species). To evaluate the photocatalytic activity by using
solar source, in some cases the suspension, containing a fixed concentration of the
sacrificial agent (2.5 M) and a fixed amount of the photocatalytic material (1000 ppm)
was exposed under solar radiation (See the Figure 11 (c) for the experimental set —
up). To evaluate the effect of pH, in some cases the solution pH is adjusted to the

chosen value by adding diluted solution of KOH as well as HCIOa.

4.5. Recovery of the photocatalysts

In some cases, at the end of the run the photocatalyst was recovered as described
below. The suspension, under inert atmosphere, was let settle overnight, until the
solid phase was perfectly separated from aqueous solutions and deposited on the
bottom. Finally, after removing the surfactant liquid, the solid phase was dried under

inert atmosphere.
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4.6. Analytical methods

To estimate hydrogen production, gaseous samples were collected by means of
Tedlar gas sampling bags (1 L) at different reaction times. These samples were
analysed in a gas-chromatograph (Agilent 7820A), equipped with a HP-PLOT
Molesieve 5A column (Agilent) and a TCD detector using argon as carrier gas. The pH
of the solution was monitored through an Orion 420 p pH — meter (Thermo). Minitab

software (Version 19) was used to analyse the experimental data.

4.7. Catalyst characterization

The UV-vis diffusive reflectance spectra were collected using a Shimadzu UV-2600
UV/vis spectrophotometer, with an integrating sphere attachment and BaSO4 as the
reflectance standard. Scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) was performed using a Nova NanoSEM to
observe the morphology of samples and to estimate the amount of Cu. Transmission
electron microscopy (TEM) was carried out by using TecnaiG2 microscope at 200 kV.
TEM samples were obtained by using the same procedure reported elsewhere [218].
In this case, a Forvar/Carbon 400-mesh Au grid was used to support the specimen.
The X-ray Diffraction (XRD) patterns of the solid samples were recorded by an
Empyrean Panalytical diffractometer employing a CuKa source (40 kV, 30 mA) and
operating at diffraction angles 20 ranging between 20 and 80° with a scan rate of
0.02° 26/s. The photoluminescence (PL) spectra in emission mode with an excitation
at 300 nm were recorded using a Perkin Elmer LS 55 spectrometer between 320 and
580 nm (100 nm/min scan rate). Fourier transform infrared (FT — IR) analysis was
carried out by using a Bruker Vertex 80 v FT-IR in the 4000 cm™ — 400 cm™ region.
XPS measurements were conducted with an Ulvac-Phi Quantera Il spectrometer,
using Al Karadiation. Powder samples were pressed onto adhesive carbon tape,
placed on insulating glass slide. Two measurements were conducted on each sample:
Quick survey measurement of full spectral range, 16 min/sample and details on
selected peaks with higher resolution, 2h15min/sample. The measurements were

conducted under constant neutralisation with low energy e and Ar*, which
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guarantees a stable measurement, but not absolute energy scale. Charge referencing
is required. The measurement spot for details was 100 um in diameter (200 um for

survey scans).
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5. Results I. Cu,0/TiO, composites prepared by facile
mechanochemical synthesis for visible light driven

hydrogen production

5.1. Introduction

As previously discussed, the activity of many researchers was directed during the
last decades to improve the efficiency of TiO, through the combination with an
additional semiconductor, thus extending the light absorption to the visible range
through the formation of a heterojunction. Many preparation methods were
proposed, even if the high costs of the reagents and the low productivities recorded
limit at present their applicability on industrial scale. As alternative preparation
method, ball milling was chosen in this work, due to its simplicity and industrial

applicability.

To evaluate the effectiveness of this choice, preliminary studies were conducted by
comparing the hydrogen production in presence of bare TiO, (P25), bare Cu,0 and
TiO2/Cu20 composites prepared by manual mixing of the two commercial powders.
In addition, the effect of the sacrificial agent used was analysed, and, to detect the
factors further influencing photocatalytic system, a two — level 3 — factorial design
approach was followed; based on this analysis, an in-depth evaluation of the activity
of the photocatalyst by varying the percentage of Cu,0 and the operating conditions

(milling time and speed rate) for the preparation of the composite is performed.
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5.2. Results and discussion

5.2.1. Preliminary results

5.2.1.1. Effect of mixing
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Figure 12. Comparison of hydrogen production with different mixed commercial
semiconductors. Experimental conditions: [Methanol]=2.5 M; V=0.30 L; Cca= 1000 ppm; T=35

°C; P=1 atm; pH=8.5; Cu,0 percentage in TiO,: (m) 0 % Cu,0; (A) 1% Cu,0; (0) 2% Cu,0; (¢ )
98% Cu,0; (A ) 100% Cu,0; (All samples were prepared by manual mixing).

In Figure 12 the produced hydrogen amount at varying the relative percentage of
Cu;0 and TiO; prepared by manual mixing was plotted; no hydrogen generation was
recorded in presence of bare Cu,0 as well as in presence of a larger amount of Cu;0
than TiO,, probably due to its unfavourable valence band position and the low
stability in aqueous solution, as reported by others [219-221]. Moreover, in the
presence of Cu,O/TiO2 composites higher values of hydrogen were obtained with
respect to that recorded in presence of bare TiO;, due to the formation of the
heterostructure. The different reactivity observed in presence of 1% and 2% of Cu;0

in the composite materials demonstrates the influence of the relative percentage of

72



Results |

each of the two semiconductors in the composites. These results indicated the
effectiveness of the combination of Cu,0 and TiO; through a simple manual mixing,
thus suggesting the possibility to maximize hydrogen generation if a deeper contact
between the two powders is achieved by means of a more energetic mechanical
mixing, as that obtained using a ball miller (See description in the experimental
section). In the next sections, (i) chosen specific parameters (milling time and rotation
rate) of the miller, the effect of the sacrificial agents was evaluated and (ii) the effects
of the variables specifically related to the mixing operation — milling time and rotation

rate — were discussed by using of a factorial design approach.

5.2.1.2. Effect of sacrificial agent
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Figure 13. Effect of sacrificial agents (alcohols) on hydrogen production. Experimental
conditions: [Organic]=2.5 M; V=0.30 L; T=35 °C; P=1 atm; pH= 6.0-8.5; Ccat (ppm)= 1000 ppm;

Cu,0 percentage in TiO; = 1% wt; Milling time= 10 min; rotation rate= 500 rpm. Organic: No
(Water splitting) (o); Methanol ( A); Ethanol (0); Glycerol (e); 1,2- Ethandiol (m).

To evaluate the effect of the scavenger used on the photocatalytic hydrogen

production in presence of the Cu;O — TiO; photocatalyst, prepared by using
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mechanical mixing, several runs, at fixed milling time and rotation rate of the miller

(10 min, 500 rpm), were carried out at varying the sacrificial alcoholic agent used.

As reported in the Figure 13, glycerol and 1,2 — Ethandiol were the best candidates
for hydrogen production in presence of Cu;0 — TiO; photocatalyst, according with
literature findings in which Cu based TiO; were used to produce hydrogen through
photoreforming [162]. On the contrary, no hydrogen production was detected in case
of pure water, as well as using a solution containing sulphite (data not shown). An
attempt to explain the results may be done if one considers the reactivity of the
organics with photogenerated positive holes, which depends on both the
nucleophilicity of the groups in the molecular structure of the sacrificial agents and
the capability of organics to adsorb on the catalyst surface. The four species present
similar nucleophilicity [222]. Moreover, as regards the adsorption phenomena, in
case of glycerol and 1,2-ethanediol, the formation of the bidentate (and tridentate)
complexes can be proposed, while the formation of weaker monodentate complexes
can be supposed for ethanol and methanol, according with their structures. Based on
these considerations, it is clear the reason why glycerol resulted the best sacrificial
agent tested in this study. However, in the present investigation, it was chosen to
study the system in the presence of methanol, which is the most reported sacrificial

agent in literature findings.

5.2.2. Factorial design approach

The effects of two additional variables specifically related to the mixing operation —
milling time and rotation rate — and of the Cu;0 percentage have to be taken into
account and experimentally investigated. To this purpose, a two — level factorial
design approach was followed to (1) plan the experimental runs to easily achieve a
characterization of the photocatalytic activity of the system and (2) understand the

interaction between the different factors, upon which hydrogen generation depends.

Each of the three factors (Cu,O/TiO; ratio, milling time and rotation rate) may
influence in a different way the system behaviour, and an extended experimental

campaign was carried out to investigate it. However, a first attempt to understand
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the photocatalytic system behaviour may be done with a two — level factorial design
approach [94,223], considering as response the hydrogen production rate (umol/h).
The chosen factors were: A for the Cu,0 percentage (wt. %), B for the milling time
(min) and C for the rotation rate (rpm). Each of them was studied at low (-1) and high
(1) levels, as reported in Table 2. For the Cu,0 percentage, the levels (1%, 10%) were
chosen considering literature information [224], as well as the preliminary results
reported in Figure 12, from which the need of using small amounts of Cu,O may be
derived. For the milling time, the values of the two levels (1 min, 30 min) were chosen
to avoid an uncontrolled increase of temperature in the miller during the preparation
of the material. Finally, the level values of the rotation rate were fixed at 100 and 500
rom after considering the specifications of the instrument manufacturer. The
response Y studied may be represented through the following polynomial function

(eq. 4):

Y =ag+a;A+a,B+a;C+a;,AB +a;3AC + a,3BC + a;,3ABC eq. 4

where the aj represents the average response, a;, a, and a; represent the principal
effects of the factors studied (A, B, C) and a;,, a;3, a,3 and aj,3 represent the

interaction effects between the factors.

Table 2. Coded and un-coded values and levels of the factors.

Factor level
Factors
(-1) (1)
Cu0 percentage (%wt.) 1 10
Milling time (min) 1 30
Rotation rate (rpm) 100 500

In Table 3, the design table for the factors, along with the experimental and predicted
responses in terms of hydrogen production rate, were reported; all the experiments
were carried out twice. Moreover, the effect of the chosen parameters (Factors — A,
B, C) and of the main and interaction effect plots on the response were discussed by
using a Pareto chart [225]. To confirm the normality of the experimental data

collected, a normal probability plot was reported and discussed.
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As clearly shown in Table 3, the developed mathematical regression model resulted

in agreement with the experimental data, as indicated by the comparison between

the replicated and predicted responses, as well as by the value of the coefficient of

determination (R — squared = 99.88%).

Table 3. Design table for the chosen factors and statistical factorial design. The coefficient
of determination (R-squared) is equal to 99.88%.

Mean hydrogen production rate

A) Cu;0 C
(A) Cuz (B) Milling ( ’_ (umol/h)
Run Percentage . . Rotation
time (min) . . Calculated
(% wt.) rate (rpm) Replicate 1 Replicate 2
response
1 -1 1 -1 10.82 8.93 9.87
2 1 1 1 0.00 0.00 0.00
3 -1 -1 1 37.15 37.09 37.12
4 1 1 -1 4.61 3.80 4.20
5 1 -1 1 3.88 4.85 4.36
6 1 -1 -1 5.05 4.81 4.93
7 -1 -1 -1 38.45 39.8 39.85
8 -1 1 1 6.47 5.38 5.92

As confirmation to what is reported above, in Figure 14 the normal probability plot

for hydrogen production is reported. As clearly shown, all the points are distributed

close to the straight line, confirming the good agreement of the data.
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Figure 14. Normal probability plot of the residuals for hydrogen generation.

Regarding the Pareto chart, reporting the absolute values of the effects of the main
factors and the effects of their interaction, it allows the identification of the relative
importance of the factors. Specifically, considering Figure 15, only the factors
exceeding the red line are statistically significant and can potentially affect the
system. Among these values, the higher is the effect of the factor (or of the

interaction between different factors), the higher is the value represented on the

diagram.
Term 5 34
A | ‘
B | ‘
AB ‘
C -
BC
Factor Mame
ABC & Cu2( percentage
8 Milling tim=
C Rotation rate
AC
0 10 20 30 40 L0 o0

Standardized Effect

Figure 15. Pareto chart for standardized effects for hydrogen production, considering as
response hydrogen production rate. Significance level a=0.05. Factors: A — Cu,0 percentage;
B — Milling time; C —Rotation rate.

Hence, as clearly shown in the figure, a strong influence was observed for Cu;0
percentage, followed by the milling time and their interaction, while small effects
were shown by the rotation rate factor and the milling time/rotation rate interaction.
As for the interaction between rotation rate and Cu;0 percentage, the results

indicate a not — statistically significant effect.
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Figure 16. Main effects plot for Cu,0 percentage, milling time and rotation rate of the miller
considering the hydrogen production rate as response.

To better understand the effect of the parameters, in Figure 16 the main effect plot
is reported. An increase of all the three single factors has a negative influence on the
hydrogen generation, and the more evident one was detected for Cu;0 percentage,
confirming the Pareto chart analysis. Moreover, the photocatalytic activity of the
composite material is weakly and negatively influenced by the rotation rate, while a
stronger negative effect was detected for the milling time. Finally, and excluding the
interaction between rotation rate and Cu,O percentage (due to not — statistically
significant results as discussed above), the strongest interaction effect was detected

in the case of the Cu,0 percentage and milling time (Figure 17).
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Figure 17. Interaction effects plot for the three factors, considering the hydrogen production
rate as response.

In the next sections, an attempt will be done to explain the effect of Cu,0 percentage,

milling time and rotation rate based on the results of a physico-chemical

characterization of the composite materials prepared and used.

5.2.3. Physico — chemical characterization

The photocatalysts prepared by means of ball milling were submitted to the physico-

chemical characterization. Results of the XRD, diffusive reflectance, XPS, SEM, TEM,

and PL characterizations are presented and discussed below.
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Table 4. Detailed information about the materials on which XRD, diffusive reflectance, XPS, SEM, TEM, FT-IR and PL characterizations were performed.

The calculated bandgaps and crystallite sizes are also reported.

Details of the tested samples

Characterization results

Produced H; after 5

Sample Comment %Cu,0 Milling time Rotation Band Anatase Rutile Cu,0 hrs” (umol)
(min) rate (rpm) gap (nm) (nm) (nm)
(ev)

A RECOVERED 1% 10 500 2.98 26.9 20.3 - -

B RECOVERED 1% 10 500 2.97 24.2 30.5 - -

C MILLED 1% 10 500 3.02 17.3 22.1 - 100

D MILLED 1% 120 500 2.94 12.1 13.5 - Not detected
E MILLED 1% 30 500 2.99 22.0 34.8 - 32

G MILLED 1% 1 500 3.08 16.2 30.5 - 180

H RECOVERED 1% 1 500 3.04 22.0 30.5 - -

| RECOVERED 2% 30 500 2.95 34.7 30.5 - -

J MILLED 2% 30 500 3.00 20.2 30.5 - 3

K MILLED 2% 30 200 3.22 22.0 40.6 - 87

L MILLED 100% 10 500 1.47 - - 71.2 Not detected
M COMMERCIAL 100% No No 1.57 - - 102.4 Not detected

GRADE
N MILLED 0% 10 500 3.01 24.3 34.8 - 8
(o) COMMERCIAL 0% No No 3.30 24.3 22.2 - 76
GRADE

P MILLED 2% 1 500 3.08 27.0 40.7 - 161

Q MILLED 5% 1 500 3.08 23.1 27.1 - 80

R MILLED 10% 1 500 3.10 23.1 27.1 33.3 23

S RECOVERED 5% 1 500 ND 23.1 40.7 - -

T RECOVERED 10% 1 500 ND 23.1 32.5 41.6 -

*Experimental conditions: [Methanol]=2.5 M; V=0.30 L; Cat= 1000 ppm; T=35 °C; P=1 atm; pH=8.5
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XRD patterns of the composites did not show any diffraction peaks for Cu,0 at

low percentage of Cu,0 in the TiO, samples (1% — 2%, see Figure 18 (a, b)).
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Figure 18. XRD patterns of several 1% and 2% Cu,0 — TiO, composite materials tested.

On the other hand, at high Cu.0 loading (5% — 10%), Cu.O diffraction peaks were

clearly identified, even in the recovered sample, as clearly shown in the Figure 19.
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Figure 19. XRD patterns of several 5% and 10% Cu,0 — TiO, composite materials tested,
before and after the reaction.

In case of bare Cu;0, the peaks obtained demonstrate that the sample contains traces

of metallic Cu and CuO and indicate a higher degree of crystallinity compared to TiO3;

moreover, the peaks obtained in case of bare TiO; demonstrate that the titanium

dioxide used consists mainly of the anatase phase, as shown in the Figure 20.
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Figure 20. XRD patterns of the bare TiO; and Cu,0 samples.
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From the crystallite size of the samples, which was determined by using the Debye-
Scherrer equation with respect to the anatase and rutile major peaks, the following

considerations may be realized:

1. Milling seems to increase the crystallite size of rutile TiO2 (see samples N/O in the
Table 4) and increase the width of the diffraction peak. The increase in rutile
crystallite size is probably due to nanoparticle agglomeration, while the
broadening of the diffraction peak reveals the probable creation and
accumulation of lattice defects. As for Cu,0, milling seems to decrease the

crystallite size of the material (see samples L/M in the Table 4).

2. By increasing the milling time, an increase in crystallite size (anatase) is detected,
again probably because of the agglomeration. However, at very high milling
times, i.e., at 120 mins, the crystallite size significantly drops (see samples Cto G
in the Table 4). Additionally, with increasing milling time, an increase in the of
presence of defects in the lattice structure may be inferred from the broadening

of the diffraction peaks.

3. At higher speed rates, smaller TiO; crystals and more lattice defects (as may be
inferred from the broadening of the diffraction peak) were obtained (see samples

J/Kin the Table 4).

4. Finally, increasing the Cu20 content from 2 to 5% reduced the crystallite size of
TiO; (see samples P/Q in the Table 4). A further increase to 10% Cu,0, however,

showed no effect on the crystallite size of TiO (see samples Q/R in the Table 4).

The diffuse reflectance spectra of the catalysts are shown in Figures 21 (A — D).
The presence of Cu,O semiconductor resulted in an enhanced visible — light
absorption (i.e., low reflectance) compared to bare TiO; — P25, thus demonstrating

the effectiveness of the combination of Cu>O and TiO; (See Figure 21 (A)).
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Figure 21. Diffusive reflectance spectra of several A%Cu,0-B-C samples, with: (A) Cu,O
percentage, (B) milling time, (C) rotation rate. The bare TiO, and Cu,0 are indicated as: Cu,0
(and TiO,) for the commercial samples and Cu,0-B (and TiO»-B) with B=milling time and
rotation rate = 500 rpm.

The optical band gap values, which are reported in Table 4, were calculated through
the onsets of the plots of the modified Kubelka — Munk function, that is (F(R) hv)/2
for indirect semiconductors, versus the energy of the exciting light. Considering the

results in the table, the following considerations may be also realized:

The milling seems to significantly narrow the band gap (see samples L/M and N/O
in Figure 21 (A) and Table 4), with the band gap decreasing further as the milling

time increases (see samples C to G in Figure 21 (B) and Table 4).

Introducing Cu20 (1%, 2%, 5%, or 10%) does not seem to significantly affect the
band gap of TiO; (see samples G/P/Q/R in Figure 21 (C) and Table 4). However, as
clearly shown in Figures 18 (A) and Figure 21 (C), an enhancement in the
absorbance of visible light, with new bands appearing between 400 and 600 nm,
took place. The enhancement in visible light absorption increased with the
amount of Cu;0 added. This result could lead to higher reactivity of the composite

with respect to the bare TiO>.
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The band gap decreases significantly with increase of the rotation rate of milling
(see samples J/K in Figure 21 (D) and Table 4), possibly due to the larger particles
obtained at lower rpm. The decrease of the band gap with increasing rotation

rate could result in a greater photocatalytic activity.

Along with XRD measurements, the XPS analyses were performed to clearly
identify the oxidation state of copper species in the photocatalytic samples. As clearly
shown in the Figure 22, in the case of the bare Cu0: (i) the typical Cu'* peaks of Cu,0
are individuated at 932.2 and 952.0 eV; however, as reported in the previous section,
the peak position of about 932 eV agrees also with literature value of zerovalent
copper; (ii) the shoulder and satellite peaks between 940 eV and 945 eV indicate that

CuO is also present in sample.
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Figure 22. XPS spectra of Cu,0 powders: green line (commercial grade), blue line (sample
prepared through ball milling: milling time=10 min; rotation rate=500 rpm).

Moreover, in the Figure 23 the Cu2p region for the 1% Cu,0 —TiO, composite material
(prepared through ball milling with a milling time of 1 minute and rotation rate of 500

rpm) is reported, for the fresh and the reacted sample.
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Figure 23. XPS spectra of 1% Cu,0 — TiO, composite material (prepared through ball milling:
milling time=1 min; rotation rate=500 rpm): (red line) Fresh sample, (blue line) reacted
sample.

As clearly shown in the diagram, due to the low percentage of Cu,0 in the composite,
the spectra present low signals; however, the comparison between the peaks (at
932.2 and 952.0 eV) for the fresh and the recovered samples does not indicate the

oxidation of the copper species (Cu'*, Cu®) to Cu?*.
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Figure 24. SEM analysis of bare Cu,0 and TiO,. TiO,— 10: sample prepared through ball milling
(Milling time = 10 min; rotation rate = 500 rpm); Cu,0 — 10: sample prepared through ball
milling (Milling time = 10 min; rotation rate = 500 rpm).
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Figure 25. SEM analysis of several A%Cu,0-B-C samples, with: (A) Cu,O percentage, (B) milling
time, (C) rotation rate.

Figures 24 — 28 show SEM (Scanning Electron Microscopy) analysis and the TEM
(Transmission Electron Microscopy) micrographs of the bare photocatalysts and
Cu,0/TiO; composite materials. The morphology of the samples did not change
significantly with doping, time and rotation speed used during the treatment, even if
a slightly higher agglomeration was detected after milling. This result may be
associated with the lower reactivity recorded at increasing the milling time at fixed
rotation rate. Moreover, TiO2/Cu,O particles exhibited irregular shapes mainly
composed of anatase with dominant (101) planes as confirmed by TEM, while the
presence of metallic copper with dominant (111) planes was detected in the
recovered sample. Metallic copper is probably also present in the fresh composite
samples, but due to the very low amounts used of cuprous oxide, it is not detectable
by characterization techniques. The traces of metallic copper in the fresh composite

samples are almost negligible compared to the composition of other constituents. In
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the 2% Cu,0 sample the Cu species was detected, and the amount measured by
SEM/EDX was about 2%. The EDX spectra for the 2% Cu,0 samples displayed energy
peaks at 0.93 and 8.04 keV, which are characteristic to Cu La and Cu Ka, respectively.
SAED (selective area electron diffraction) patterns were also acquired but these did

not show any group of lattice planes belonging to Cu,O. This is probably due to the

low concentration of Cu,0 (1-2 wt.%) or to the overlapping with anatase and rutile

Anatase (101) Rutile (101)
0.35 nm 0.24 nm

signals in P25 (data not shown).

Te0

SRR cu0(111) |
, 0.24nm

Figure 26. TEM micrographs of the bare TiO, (P25) and Cu,0.
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1%Cu,0-1-500 [ Anatase (101)

2%Cu,0-30-200

Figure 27. TEM micrographs of some A%Cu,0-B-C samples, with: (A) Cu,O percentage, (B)
milling time, (C) rotation rate.

TEM/EDX results, which are presented in the Figure 28 and Table 5 (See appendix A
for EDX spectra), show an increase in the Cu to O ratio after reaction. The higher
content of Cu after the reaction is indicative of the diffusion of Cu from the bulk of
the photocatalyst to the surface. While a low amount of metallic copper leads to a
more efficient electron — hole separation, excess metallic Cu (Cu®) on the surface of
the catalyst may act as recombination centers and can block the absorption of light,
as reported by others [226]. Thus, a high Cu® content would be detrimental to the
photocatalytic activity. These results, along with the shielding effect of Cu.0 on the
titanium dioxide surface, may help to explain the lower hydrogen yields obtained as
the Cu0 content was increased, as reported in the previous section (5.2.3). The
higher the Cu,0 content, the higher the Cu® on the surface and the lower the

hydrogen yield.
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Table 5. Ratio of Cu to O calculated on the fresh and the recovered samples.

Sample Ratio of Cu to O*
1% Cu,0-TiO; before reaction 0.58
1% Cu,0-TiO; after reaction 0.83
10% Cu,0-TiO; before reaction 0.34
10% Cu,0-TiO, after reaction 0.50

* Note that TEM/EDX was performed on the same sample twice, where each time a different
area of the sample was analysed. The values in the table represent the average values of the
two analyses. Ratio was calculated as weight %. All the fresh samples are prepared through

the ball milling (1 min, 200 rpm).
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Figure 28. TEM micrographs of some (a) 10%Cu,O-TiO, and (b) 1%Cu,O-TiO, samples
prepared through ball milling (1 min, 200 rpm), after the reaction.

Finally, the investigation on absorption/emission properties was carried out through
the photoluminescence studies on some Cu;0 — TiO, materials tested. In the Figure
29 the PL measurements on the samples at different rotation rate (Figure 29 (A)) and

milling time (Figure 29 (B)) were reported.
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Figure 29. PL spectra of some Cu,0 — TiO, composites, (A) at different rotation rates and (B)
at different milling times.

The main peak at ca. 420 — 425 nm may be attributed to electron migration from
conduction band back to valence band, while the emission at lower energy is mainly
due to excitonic PL resulting from lattice defects of the crystal. Considering the Figure
29 (A), the lowest charge recombination was observed at intermediate rotation rate

(i.e., 200 rpm), while the high recombination rate was detected at high milling
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rotation rate, probably due to the formation of defects in the structure. As for the
milling time (Figure 29 (B)), an increasing of the milling time seems to increase the
recombination of charges, probably due to more structural defects forming at higher

milling times.

5.2.4. Photocatalytic tests
5.2.4.1. Effect of Cuz0 percentage

The increase of the Cu;0 loading in the composite photocatalyst within the range
explored in this study has a negative impact on hydrogen generation: this is clearly
shown in Figure 30, where experimental (full circles) and calculated (empty circles)
data for H, production at constant milling time and rotation rate are reported as a
function of the Cu.0 loading. The experimental data show a classic volcano-like
behaviour with a maximum value in correspondence of 1% wt. CuO, similarly to the
results reported by others [227,228]. It can be argued that the addition of small
amounts of Cu,O leads the formation of the heterojunction — structure, thus
improving hydrogen generation, whereas too large contents of cuprous oxide in the
TiO2/Cu20 nanoparticles reduce the light energy absorbed by TiO; surface, due to its
excessive coverage and the formation of higher content of Cu®during the reaction, as
confirmed by EDX/TEM analyses on the recovered samples (See Table 5 and Figure
28 in the section 5.2.4). Moreover, the comparison between the experimental results
and the data calculated by the model obtained by the factorial design analysis
confirms the reliability of the simulation used and the negative effect on the

generation of hydrogen at increasing Cu,0 percentage.
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Figure 30. Effect of commercial Cu,O percentage in TiO, on hydrogen production.
Experimental conditions: [Methanol]=2.5 M; V=0.30 L; Cat= 1000 ppm; T=35 °C; P=1 atm;
pH=8.5; milling time= 1 min; speed rate = 500 rpm. Comparison between experimental data
(full symbols) and calculated data (empty symbols).

5.2.4.2. Effect of milling time and rotation rate

The preliminary factorial design analysis indicated that the increase of either the
milling time and the rotation rate negatively affects the hydrogen generation rate, as
well as their interaction. To better understand the behaviour of the photocatalytic
system under investigation, an in-depth evaluation of these effects was carried out.
Therefore, additional experimental runs were performed on Cu,O/TiO; samples
prepared at various milling time — at fixed rotation rates and Cu;0 percentage — and

the results were compared with those predicted by the model.

As shown in Figure 31, at any fixed rotation rate, a progressive reduction of
hydrogen productivity was obtained with increasing the milling time: this

corresponds to an increase of presence of defects in the lattice structures detected
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by XRD measurements, which, in turn leads to a high electron — hole recombination
rate, as confirmed by PL measurements. The agreement between the regression
model and the novel data set is satisfactory, even though the experimental hydrogen
production was in some cases overpredicted by the model. On contrary, at any fixed
milling time, the hydrogen generation passed through a maximum for at a rotation
rate of 200 rpm and then decreased. It should be noticed that the simple regression
model employed does not include the possibility of a non — linear trend in hydrogen
production as varying one of the factors. This is probably due to the occurrence of
two main contrasting phenomena affecting the activity of the photocatalysts, such
as: (i) the decrease of the crystallite size of anatase and, in turn, the reduction of the
band gap value of the composite; (ii) the increase of structural defects detected by
XRD, to whom a higher electron-hole recombination rate may be attributed, as

confirmed by PL measurements.
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Figure 31. Hydrogen production after 5 hours of reaction at varying the operative variables
during the preparation of the photocatalyst. Experimental conditions: [Methanol]=2.5 M;
V=0.30 L; T=35 °C; P=1atm; pH=8.5; Ccat(ppm) = 1000 ppm; Cu,0 percentage in TiO; = 1% wt.
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Milling rotation rate (rpm): (empty bars) 100; (light grey bars) 200; (grey bars) 500.
Comparison with a simple manual mixed composite material (Full black bar). Data predicted
through the regression model, at varying milling rotation rate (rpm): (o) 100; (=) 200; (e) 500.

5.2.4.3. Effect of calcination

To evaluate the possibility to improve the efficiency, in terms of hydrogen
production, of the best identified photocatalyst prepared through the ball milling, a
calcination of the photocatalytic powder was carried out, as reported in the materials

and methods section.
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Figure 32. Comparison between the hydrogen production after 5 hours of irradiation in
presence of the best photocatalyst analysed calcined under nitrogen atmosphere or used as
prepared. Experimental conditions: [Methanol]=2.5 M; V=0.30 L; T=35 °C; P=1 atm; pH=8.5;
Cu,0 percentage in TiO; = 1% wt.; Milling time: 1 min; Rotation rate (rpm): 200 rpm.
Calcination temperature: 500°C; Calcination time: 2 hrs.

In Figure 32 the comparison, in terms of hydrogen production rate, in the case of the
best simple milled photocatalyst and of the same material for which a calcination
under nitrogen conditions was performed, are reported. As clearly shown by the
diagram, the photocatalytic activity resulted about six times lower in the case of the

calcined material with respect to the simple milled material. The reason may be

97



Results |

probably ascribed to some modification occurred during the calcination, as reported

by others [229]. The Figure 33 displays the XRD pattern of as prepared and calcined

Cux0/TiO2 composite.
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Figure 33. XRD patterns of the 1% Cu,0O — TiO, composite materials prepared through ball
milling (1 min, 200 rpm) not calcined (black line) and calcined (red line).

Calcination seems to improve the crystallinity and strengthening of anatase TiO;
along with the crystal sizes, as shown by the diffraction peaks, which become sharper
and stronger [228,230]. On contrary, the broadening of the diffraction peak for the

rutile phase, probably indicated the creation and accumulation of lattice defects,

which can reduce the photocatalytic activity of the material.
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5.3. Summary

Photocatalytic hydrogen generation under visible light conditions was preliminary
studied in presence of a manually mixed Cu,0/TiO, photocatalyst, starting from
commercial TiO2 and Cuz0. The produced hydrogen resulted about 3 — fold higher
than that obtained using bare TiO;. Based on this observation, ball milling method
was adopted as photocatalyst preparation. Firstly, the effect of the sacrificial agent
used is evaluated, recognizing glycerol as the best candidate to produce hydrogen

among the tested organics.

Moreover, for a good characterization of the catalysts, it was necessary to consider
that three variables could affect the structure of the catalyst, namely the percentage
of Cuz0, the milling time and the rotation speed of the miller. To identify, with a
minimum number of runs, the influence of that factors on photocatalytic hydrogen
production, a two-level factorial design approach was used. Based on the results of
this investigation campaign, 1% wt. of Cu,O with respect to TiO> was chosen to
analyze the system behavior, and the best hydrogen production (about 60 umol/h)

was obtained with a milling time of 1 minute and rotation rate of 200 rpm.
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6. Results Il. Investigations on the best performing

photocatalyst

6.1. Introduction

The results of the analysis reported in the Results | allowed the identification of the
best photocatalyst that can be prepared for hydrogen generation by mixing Cu,0 and
TiO; (i.e., 1%wt. Cuz0 in TiO, photocatalyst material prepared through ball milling
method at rotation rate of 200 rpm and milling of 1 min). To characterize this
material, the effect of the catalyst load and the organic concentration, chosen
methanol as sacrificial agent, were evaluated. Additionally, to evaluate the best
performance achievable by the system the effect of temperature in the presence of
methanol and glycerol as sacrificial agents was estimated; moreover, the quantum
yield and the light —to — chemical energy calculations were performed. Finally, being
the aim of the present work the development of a visible light active photocatalytic

system, the possibility of using it by exploiting the solar light was evaluated.
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6.2. Results and discussion

6.2.1. Effect of catalyst load

A first attempt to characterize this catalyst was carried out exploring the effect of
the catalyst load on hydrogen production. In Figure 34 the data collected during a set

of runs at varying the catalyst load are shown.
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Figure 34. Hydrogen production rate at varying the catalyst load. Experimental conditions:
[Methanol]=2.5 M; V=0.30 L; T=35 °C; P=1 atm; pH=8.5; Cu,0 percentage in TiO; = 1% wt.;
milling time: 1 min; rotation rate (rpm): 200 rpm.

As expected, from the experimental data it was possible to identify the existence of
a range of loads in which the hydrogen production linearly increases with it. In the
present case, this behavior was observed up to 1000 ppm of photocatalyst load.
Beyond this value, a slight decrease of hydrogen production was observed, probably
due to some scattering effects exerted by the photocatalyst particles on incident

radiation and/or a partial sedimentation of the particles in the aqueous mixture.
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6.2.2. Effect of organic concentration
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Figure 35. Hydrogen production rate at varying the organic concentration (methanol).
Experimental conditions: [Catalyst]=700 ppm; V=0.30 L; T=35 °C; P=1 atm; pH=8.5; Cu,0
percentage in TiO2 = 1% wt.; milling time: 1 min; rotation rate (rpm): 200 rpm.

In the Figure 35 hydrogen production rates recorded during photocatalytic runs at
varying methanol concentration are reported; from the figure it is clear that the
organic species are adsorbed according with the Langmuir-Hinshelwood model.

The concentration of the adsorbed species may be obtained through the equilibrium
reaction r.10 and the equation eq. 5, in which Kags (M) is the adsorption equilibrium
constant, and C; (M) is the total concentration of active sites on the catalyst surface

for a fixed catalyst load q (g/L).

Ka S
CH;0H + C, <3 CH;0H, r.10

_ [CH3OHags]
ads™ ¢ [CH30H]
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The term C; was calculated through the following equation (eq. 6):

Ci=N-q eq. 6
where N is the total moles of active sites per unit mass of catalyst (mol/g).

To obtain a value of the adsorption constant (Kags) for methanol over Cu,0/TiO2
composite photocatalyst, a Langmuir — Hinshelwood — type model expressing

hydrogen generation rate was adopted (eq. 7):

- ' Kads[CH3OH]
27 1 + K4 [CH;0H]

eq.”7

where k and K,4s are the apparent kinetic constant of substrate oxidation and the

organic adsorption constant, respectively.

An optimization procedure based on the comparison between data reported in Figure
35 and data calculated through equation eq. 7 allowed to estimate the adsorption
constant of the organic species on the catalyst surface. A value of 0.967 M? was

obtained in the presence of the best photocatalyst tested in the present work.

6.2.3. Effect of temperature

Is well known that the photocatalytic activity is poorly influenced by the
temperature, being the electron — hole generation dependent on the radiation
intensity. However, the temperature may be used to improve the photocatalytic
activity, being able to increase the reaction rate, to improve the desorption of the
products on the catalyst surface as well as to provide a higher electron transfer in
valance band to higher energy levels [231]. Thus, it facilitates the electron — hole
formation that could be utilized in initiating oxidation and reduction reactions,
respectively, and helps the reaction to compete more effectively with the
recombination of the charge carriers, as reported by different authors [232,233]. For

this reason, some experimental runs were performed at varying the temperature of
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the suspension between 25°C and 80°C, in presence of methanol and glycerol as

sacrificial agents.
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Figure 36. Hydrogen production rate at varying the temperature of the system. Experimental
conditions: [Catalyst]=1000 ppm; V=0.30 L; P=1 atm; pH=8.5; [Organic] = 2.5 M; Cu,0
percentage in TiO2 = 1% wt.; milling time: 1 min; rotation rate (rpm): 200 rpm; visible range.
(m) Methanol; (0) Glycerol.

The main results are reported in the Figure 36; as clearly sown by the diagram, when
the temperature passes from 25°C to 80°C, hydrogen production rate achieves a
value about 4.5 times higher than that obtained at the lowest temperature, thus

demonstrate the positive effect of temperature on the system.

6.2.4. Effect of pH

As reported in the previous section, some authors have noticed a considerable
influence of the pH of the suspension on the photocatalytic hydrogen generation
[224]. To evaluate the effect of this variable on the photoactivity, several runs, at

varying the pH of the solution in which the catalyst is dispersed, were carried out.
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In the Figure 37, where the mean hydrogen production rate collected at different pH

values are reported, a higher reactivity may be recognized under alkaline conditions.

The results may be probably ascribed (i) to the higher stability of the copper species
on the surface of TiO; particles under alkaline conditions, as reported by others [162],
(i) to the fundamental properties of both the sacrificial agent (i.e., methanol) and the
composite photocatalyst: in particular, methanol is protonated, being its pKa about
15.0, while the photocatalyst surface is positively or negatively charged depending
on the pH value; at increasing the pH of the suspension, a higher concentration of
negative charges is localized on the catalyst surface, resulting in a more efficient

adsorption of the organic compound, as well as in an improved photocatalytic

activity.
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Figure 37. Hydrogen production rate at varying the pH of the suspension. Experimental
conditions: [Catalyst]=1000 ppm; V=0.30 L; P=1 atm; T=35°C; [Organic] = 2.5 M; Cu;0
percentage in TiO2 = 1% wt.; milling time: 1 min; rotation rate (rpm): 200 rpm; visible range.
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6.2.5. Quantum yield and light-to-chemical energy efficiency calculation

To make easier the comparison of the results of the present investigation with those
reported by others, the apparent quantum efficiency (AQE) and the light — to —
chemical energy efficiency (n) were calculated on the data collected on the best

photocatalyst (eq. 8 —eq. 9):

2:r
AQE (%) = "

-100 eq. 8
moles of incident photons/time a

_ rHZ ('AH(c)omb)
I-S

Where:

- ry, (mol-s?) is the hydrogen production rate;

- AHS, ., is the standard enthalpy change for the combustion reaction between
oxygen and hydrogen (— 282.0 - 103 J/mol);

- 1 (W-cm?) is the specific irradiance of the light source;

- S(cm?)is the irradiated area.

Table 6. Mean hydrogen production rate, apparent quantum efficiency, and light to chemical
energy efficiency obtained using a manually mixed catalyst (Cu;0% in TiO.= 1% wt.) and the
milled catalyst (best conditions: Cu,0% in TiO>= 1% wt.; Milling time = 1 min; rotation rate =
200 rpm) under visible (A>400 nm) and UV-A + Visible light conditions.

Mean
hydrogen
production
(umol/h)

Experimental conditions AQE(%) n(%)

Manually mixed; T=35°C; P=1 atm; pH=8.5;
Ceat (1%WtCu,0-Ti0,)=1000 ppm; [Methanol]=2.5 M; 38 096  0.35
visible light conditions
Milled catalyst (1 min, 200 rpm); T=35°C; P= 1 atm;
pH=8.5; Ccat (1%wWtCu,0-Ti0;)=1000 ppm; 60 1.51 0.60
[Methanol]=2.5 M; visible light conditions
Milled catalyst (1 min, 200 rpm); T=35°C; P= 1 atm;
pH=8.5; Ccat (1%wWtCu,0-TiO;)=1000 ppm; 253 2.31 0.83
[Methanol]=2.5 M; UV+visible light conditions
Milled catalyst (1 min, 200 rpm); T=80°C; P= 1 atm;
pH=8.5; Ccat (1%WtCu,0-Ti02)=1000 ppm; 128 3.17 1.14
[Methanol]=2.5 M; visible light conditions
Milled catalyst (1 min, 200 rpm); T=80°C; P= 1 atm;
pH=8.5; Ccat (1%wWtCu,0-Ti02)=1000 ppm; [Glycerol]=2.5 264 6.54 2.36
M; visible light conditions
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In table 6 the most significant results are reported. Using a high — pressure Hg lamp,
a maximum AQE under visible light radiation of 1.61% was calculated in presence of
Cuz0(1%wt.)/TiO2 composite prepared through ball milling method (200 rpm, 1 min),
when the temperature of the system is about 35°C. In the same conditions, a

maximum light — to — chemical energy efficiency value of 0.60% was obtained.

These are more than 1.5 —fold higher than that obtained in presence of the manually
mixed material with identical composition (about 1%, about 0.35%, respectively), and
only about 1.4 — fold lower than the maximum efficiencies obtained under the same
conditions using UV — A + Visible light radiation (about 2.3% and 0.8%, respectively).
In fact, as reported in the table, despite the large difference between hydrogen
production rate obtained with and without UV — A radiation, the different light
intensities induced rather similar activities in terms of quantum yield and light —to —

chemical energy efficiency.

Moreover, it is interesting noticing that these values are 2 — fold higher when the
temperature of the system is about 80°C, and 4 — fold higher when, at 80°C, glycerol

is used as scavengers.

6.2.6. Photocatalyst recycling

For a complete characterization of the behaviour of the selected photocatalyst, the
photostability of the material and the possibility of recycling it in successive runs were
evaluated and the results are presented in Figures 38, where the produced hydrogen
amount (Figure 38 (a)) and the hydrogen production rate (Figure 38 (b)) are reported.
First, a set of three repeated runs (empty symbols) was carried out on the same
aliquot of photocatalyst, each one lasting for about 5 hours. At the end of the run 1
and 2, the photocatalysts was separated, recovered, and weighed before its reuse.
As it is clear from the diagrams, in the second run (open triangles) a lower
productivity with respect to that recorded in the first one (open circles) was
observed, and the same trend was recorded between the third (open squares) and

the second run, thus indicating a reduction of the reactivity. To understand the
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reasons for this behaviour, a second aliquot of the photocatalyst was used in a run

carried out for 10 hours (full circles in Figures 38).
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Figure 38. (a) Produced hydrogen amount and (b) mean hydrogen production rate during a
single run (e) and 3-runs by using the recovered material: (0) first cycle; (A) second cycle; (o)
third cycle. Experimental conditions: [Methanol]=2.5 M; V=0.30 L; T=35 °C; P=1 atm; pH=8.5;
Cu,0 percentage in TiO; = 1% wt.; Milling time: 1 min; Rotation rate (rpm): 200 rpm.
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The data collected during the first five hours of this new run were consistent with
those recorded at the beginning of the first set of investigation (open and full circle).
Notably, only a moderate reduction of hydrogen productivity was recorded extending
the reaction time between 5 and 10 hours, as indicated by the slope in the Figure 38
(a), indicating a good photostability of the composite catalyst during a single
photoreforming experiment. On the other hand, the same data suggest that some
physico — chemical modifications in the photocatalyst composition should happen,

especially during its separation and recovery.

An attempt to explain this phenomenon may be done by considering (1) the
formation of zerovalent copper on the TiO; surface during the reaction, as confirmed
by the TEM and TEM/EDX measurements on the recovered samples reported in the
Figure 28 and Table 5, respectively (See appendix A for the EDX spectra), (2) the FT-
IR measurements, reported in the Figure 39, in which the occurrence of an OCO
asymmetric and symmetric stretching vibration was detected in the recovered
samples, probably due to the presence of adsorbed species not fully eliminated
during the recovery of the material, which irreversibly modify the photocatalyst and
(3) the XRD measurements (Samples R/T in Table 4), in which an increase in the
crystallite size of the material is detected, probably due to the nanoparticle

agglomeration occurred during the recovery of the material.

As for the point (1), the reduction of Cu'* to Cu® following the reaction r.8 was
considered by some authors as a possible reason for the decrease of hydrogen
productivity [113,224,227]; a successive reoxidation of the metallic copper (See r.9),
and the achievement of an equilibrium condition between the two species, were also
proposed, confirming the trend observed between 5 and 10 hours during the single
run (full symbols in the Figures 38). Moreover, the TEM/EDX results show an increase
in the Cu to O ratio after the reaction. The higher content of Cu after the reaction is
indicative of the diffusion of Cu from the bulk of the photocatalyst to the surface.
Excess metallic Cu (Cu®) on the surface of the catalyst may act as a recombination

center and block the light absorption. Thus, a high Cu® content would be detrimental
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to the photocatalytic activity. These results may also help to explain the lower
hydrogen yields obtained as the Cu;O content was increased, as reported in the
section 5.2.5. The higher the Cu20 content, the higher the Cu®on the surface and the
lower the hydrogen yield.
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Figure 39. (a) FTIR spectra of 1%Cu,0-TiO, photocatalyst prepared through ball milling (1
min, 500 rpm), before and after the reaction; (b) FTIR spectra of 2%Cu,0-TiO, photocatalyst
prepared through ball milling (30 min, 500 rpm), before and after the reaction.
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6.2.7. Photocatalytic activity under solar conditions

To conclude the experimental campaign of the present project, a set of experiments
were performed under direct solar radiation using the apparatus shown in the
Material and methods section (Figure 11 (c)). The runs were carried out in the early
September 2021 in Naples, between 11.00 and 13.00 hours under clear sky
conditions. To evaluate the contribution of the UV and visible radiations in the
hydrogen production, some photocatalytic runs, in which a cut — off filter was
adopted to eliminate the radiation under 400 nm (NaNO; 0.5 M, see Materials and

methods section), were carried out.

In the Figure 40 the main results from the photocatalytic runs conducted under solar

radiation are reported.

E 3]
L
< uv
s}
:
— 2 -
2
°
c
2
)
=
5 17
2
: J I
o~
I

0 u

T=40°C T=40°C T=70°C T=70°C

Visible UV+Visible Visible  UV+Visible

Figure 40. Hydrogen production rate during experimental runs conducted under solar
radiation. Experimental conditions: [Catalyst]=1000 ppm; V=0.30 L; P=1 atm; pH=8.5;
[MeOH] = 2.5 M; Cu,0 percentage in TiO; = 1% wt.; Milling time: 1 min; Rotation rate (rpm):
200 rpm.

113



Results Il

The hydrogen production rate was about 1 mmol/(h-cm?) when the temperature is
about 40°C and the suspension was submitted only to visible light irradiation. The
hydrogen generation increases of about 1.6 — fold when the total solar spectrum is
used. The result indicated that the contribute of the visible light represents about 3/5
of the hydrogen production under solar radiation, while the improvement in terms
of hydrogen generation obtained without any cut — off filter may be ascribed to the
UV contribute. Moreover, the hydrogen production rate achieves a value of about 3
mmol/h-cm? when the temperature was increased at 70°C, thus confirming the

positive effect of this variable on the photocatalytic activity.

The efficiencies of the catalytic system adopted in the present investigation for
hydrogen generation were calculated using the data for irradiation collected during
the experimental runs. The ranges of irradiation considered are 315 — 400 nm and
380 — 550 nm, where the mean values of the specific irradiance were about 15.56

W/m? and 95.75 W/m?, respectively.

Based on that reported above, in the Table 7 the values of the light — to — chemical
energy efficiency are reported. A value of about 6.5% was obtained considering the
contribution of the UV range when the temperature was about 70°C. As for the light
to chemical energy efficiency in the total solar range, the low calculated values have
to be related to the overestimation of the specific irradiance collected under the
visible range (380 — 550 nm): in fact, wavelength higher than about 420 nm should
be neglected, due to the bandgap value of about 3 eV of the composite, to which
correspond the activation of the photocatalyst at a wavelength lower than that above

— mentioned.
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Table 7. Mean hydrogen production rate and light to chemical energy efficiency (in the UV
and total solar range) obtained using the milled catalyst (best conditions: Cu,0% in TiO= 1%
wt.; Milling time = 1 min; rotation rate = 200 rpm) under solar conditions.

Mean N
i iti hydrogen  n(%)intheuv  Ce)inthe
Experimental conditions € total solar
production range range
(nmol/h) [

Milled catalyst (1 min, 200 rpm); T=40°C; P= 1

atm; pH=8.5; Ccat (1%WtCu,0-TiO,)=1000 ppm; 331 3.33 1.16
[Methanol]=2.5 M; Solar light

Milled catalyst (1 min, 200 rpm); T=70°C; P=1

atm; pH=8.5; Ccat (1%wWtCu,0-TiO2)=1000 ppm; 642 6.47 2.22
[Methanol]=2.5 M; Solar light
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6.3. Summary

The evaluation of the photocatalytic activity of the best performing material at
varying the organic concentration allows the identification of an adsorption
equilibrium constant of 0.967 M. As for the temperature, a great positive effect was
recorded, showing a hydrogen productivity about 4.5 —fold higher than that obtained
at the lowest temperature; the alkaline conditions have also demonstrated to have a
positive effect on the photocatalytic hydrogen generation. In terms of efficiency, the
apparent quantum efficiency and the light — to — chemical energy efficiency values
calculated, at 35°C, in the presence of the best tested photocatalyst were equal to
1.51% and 0.6%, respectively; these values resulted about 1.5 —fold higher than that
obtained in presence of the manual mixed material; moreover, values of about 6.5%
and 2.36% were obtained when glycerol was used as scavengers and the temperature
of the system was about 80°C. Finally, under solar conditions, the maximum hydrogen
production rate obtained was about 642 micromoles/h when the medium
temperature of the suspensions was about 70°C and the mean UV and visible
irradiance values were respectively 15 and 95 W/m?; this value was about 5 — fold
higher than that collected under simulated solar conditions (with high pressure

mercury lamp — see materials and methods section).
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7. Results lll. Kinetic modeling of H, production over

Cu,0/TiO; catalyst through photoreforming of methanol

7.1. Introduction

In the previous sections, the photocatalytic hydrogen generation from different
sacrificial agents in presence of Cu;0/TiO> composite material — prepared through
ball miller — was investigated. The development of a suitable mathematical model
capable of simulating the hydrogen production over the same catalyst (Cu20/TiO;
composite material), when methanol was adopted as sacrificial agents, is herein

presented.

7.2. Kinetic model

Based on previous literature findings, a reaction network was proposed to develop a
simple suitable kinetic model able to simulate the photocatalytic system behaviour
at varying the organic concentration and the catalyst load. At least in principle, it was
chosen to develop the model using the data collected on the best tested
photocatalyst ((1%wt) Cu,0/TiO2, milling time = 1 min, rotation rate = 200 rpm).
Moreover, as discussed in the Section 6.2.6., during the photocatalytic run a decrease
of hydrogen productivity was recorded, due to the reduction of Cu'* to Cu® following
the reaction r.8; then, a successive reoxidation of the metallic copper was assumed,
and the achievement of an equilibrium between Cu®* to Cu® was also proposed, thus
confirming the trend observed after 5 hours of irradiation (See Figure 38). Based on
these considerations, it was chosen to analyze the photocatalytic activity using the
data collected after 5 hours of irradiation, being at this time reasonably the catalyst

form stabilized. To simplify the analysis, the following hypothesis were done:

I. It was chosen to consider the (1%wt) Cu,0/TiO, composite material as a single
photocatalyst, with a single quantum yield ¢ and a single recombination rate
constant k,;

[I. The adsorption of the organic could be considered only on TiO2 surface, on

which the photooxidation occurs. Even if a moderate adsorption may occur on
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Cuz0, the position of the valence band of this semiconductor with respect to
the redox potential couple for the methanol oxidation does not allow the
oxidation of the organic; the decrease of hydrogen generation for increasing
the percentage of cuprous oxide, discussed in the Section 5.2.5, is consistent
with the hypothesis.

[ll. It was chosen to analyze the system at pH of about 8.5. In this condition, as
reported in the section 6.2.4, methanol is protonated; as for the photocatalyst
surface, similarly to the P25, at the pH=8.25 it may be considered negatively
charged.

IV. The adsorption phenomena occur following a Langmuir — Hinshelwood

mechanism, as discussed in the Section 6.2.2.

In the first step the electron — hole pairs are generated under visible light irradiation
of the composite material, following the reaction r.11; the reaction depends on the

photon adsorption by the photocatalyst in the visible light range.

. hv . + . - r.11
Cu,0/TiO, = Cu,0/Ti0,(h™) + Cu,0/TiO,(e’)

The electron — hole pairs may recombine through radiative and/or non — radiative
processes, producing light and heat (See r. 12), following a second — order kinetic law,

where k, is the electron —hole recombination rate constant.

. + . - kl’ . r. 12
Cu,0/TiO,(h™) + Cu,0/TiO,(e’) = Q + light

The organic species used as sacrificial agent (i.e. methanol), adsorbs on the catalyst
surface forming a monodentate complex (r. 13), following a Langmuir — Hinshelwood
model with K,y representing the adsorption equilibrium constant for methanol;
then, the adsorbed species may react with the photogenerated holes producing
protons and oxidation by — products, following the r. 14, in which k,+ represents the
kinetic constant associate to the oxidation of the organic; despite the oxidation by —
products may react with the photogenerated holes, the reactions will be neglected

due to the high concentration of methanol used.
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Ka S
CH30H + B0, €3 CH30H, 4, r.13

. + kh+ . . + + Fast + r.14
CH30H, 4 + Cu,0/TiO,(h*) 2 CH30H 4+ Cu,0/TiO, (h*) + H — P + 2H

Finally, the produced protons react with the photogenerated electrons, thus
generating hydrogen gas (r. 15):

+ . Fast o Fast r. 15
2H* + 2Cu,0/TiO,(e’) = 2H* — H, :

According to the above reported kinetic scheme, a mathematical model based on a
set of mass balance equations for the main species involved in the process was

developed (eq. 10 + eq. 13):

B 6= 21, ed. 10

%: Gyis — r — 2rp* eq. 11

M = — . eq. 12
dt h

d[::] = eq. 13

Where the reaction rate of the photochemical step G;;, may be expressed as follow

(eq. 14):

d)vis .
G = =2 > (1— exp( - 2.3 Le,, [TIO,)) eq. 14

And the amount of methanol [CH;OH],., is expressed as a function of the free and

the adsorbed species, as follow (eq. 15):

[CH30H]o; = [CH3OH] + [CH3OH] g eq. 15
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With:

¢,;. = quantum yield in the visible range, L = optical pathway, 1.1 cm, V = volume of

|0

the suspension, I is the specific powers of the lamp, E-s™* and g,,= extinction

coefficient of the composite material in the visible range, 265.5 M! cm™, calculated

as reported in literature [234].

Moreover, the electron — hole recombination rate and the reaction regulating the

substrate oxidation, may be expressed by the eq. 16 and 17, respectively.

r. = k.[h"][e’] eq. 16
it = Ky [CH3OH] 445 [h"] eq. 17

As concerns the concentration of the adsorbed methanol [CH;0H], 4, a Langmuir —
Hinshelwood is assumed, as previously discussed, which depends on the active sites

(Ori0,) of the TiO, catalyst, as follows (eq. 18):

[CH3OH]ads = Kads[CH3OH] [eTiOZ] €q. 18

The active sites of TiO, may be calculated as reported below (eq. 19):

[B]tot = Nrig,[TiO,] = [eTiOZ] + [CH30H] 444 eq. 19
Where Ny, represents the moles of active sites per unit mass of TiO,.

By combining the eq. 18 and eq. 19, the following expression was obtained for the

number of active sites of titanium dioxide (eq. 20):

Nrio, [TiO,]
1+ K,4s[CH30H]

[eTioz] = eq. 20

The mathematical model is able to describe the evolution of the concentration with

time of each species, at varying the initial operative conditions. At this purpose it is
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necessary to numerically solve the mathematical system, by adopting proper values

of the kinetic parameters ¢, k, ky+, Kyqs, Ntio,- The following initial conditions may

vis’

be associated to the set of ordinary differential equations:
[h+]t=0 =0; [e-]t=0 =0; [CH3OH]t0t, t=0 — [CH3OH]tot,0} [Hz]t=0 =0

All the kinetic parameters above indicated resulted unknown, and an iterative
optimization procedure [235] was necessary to estimate them, starting from the

literature information available for similar systems [212,236].
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7.3. Results and discussion

As earlier discussed, according to the previous literature findings on similar systems
[236] it was chosen to assume as zero — time data for modeling the photocatalytic
hydrogen production rate collected after 5 hours of irradiation, being at this time
reasonably the catalyst form stabilized. As for the unknown kinetic parameters (¢, .,
kr, kp*, Kags, Nrio,), it was chosen to adopt, in the current modelling, the literature
information available for a similar system (Cu®/P25 [236]) as starting values for the
optimization procedure. Based on the above — mentioned starting values, Matlab
software was used to solve the set of mass balance equations reported in the section
7.2 (eq. 10 + eq. 13), by means of a proper numerical optimization procedure,
focusing the attention on the analysis of the data collected during methanol

photoreforming experiments performed at varying the catalyst load and starting

concentration of the organic species (See Table 8).

Table 8. Experimental conditions used in the optimization (A — D, F — H) and validation (E)
procedures. For all runs: pH=8.50; T=35°C; Cu,0 percentage = 1%wt; milling time = 1 min;
rotateon rate = 200 rpm.

Catalyst load (g/L) Methanol [M]

A 0.30 2.50
B 0.45 2.50
C 0.50 2.50
D 0.70 2.50
E 0.80 2.50
F 0.70 1.50
G 0.70 2.0
H 0.70 2.50

The values of the unknown parameters were hence estimated through an iterative
optimization procedure (Marquardt approach), that minimized the square of the
differences between the calculated and measured data for hydrogen generation rate

(objective function, eq. 21) [235]:
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m n

= z (Yk,j,i‘ck,j,i)2 eq. 21

1
i=1 j=1 k=1
in which:

- Yand Crepresent the calculated and experimental data,
I, m and n are the number of experimental data recorded for each experiment,
the number of the involved species and the number of the experiments used in

the optimization procedure, respectively.

The development of the model allowed the identification of the following parameters

(confidence interval 97%) (See Table 9):

Table 9. Values obtained for the unknown kinetic constants. Reference values adopted in
the current investigation reported by Clarizia et al. [236].

Reference Reference
Kinetic rate constants value Equilibrium adsorption constants value
(Cu®/P25) (Cu®/P25)
k, (Ms2) 8.89-10°+3.83-10°  3.9110°  Kugsmeon(M™)  0.967 £8.17-107 0.24
ke (M1st)  2.23.10% +8.17-10° 1.13.10*
. . . Reference
Reference Active sites per unit mass e
va
uantum yield value of the photocatalyst
Q y P Y (Cu®/P25)
(Cu®/P25)
¢, (molein?) 353.10%+1.50-10* 0.19 Nro, (molg?) 1.7410°+7.58-107  3.69-10%

The model accuracy was evaluated by employing the results coming from the
experimental runs under the conditions reported in Table 8. The comparison
between the experimental results and the modelling data obtained are reported in

Figure 41.

Moreover, the estimated parameters were used in a validation procedure; In
particular, the model was validated by predicting the hydrogen generation rate after
5 h of irradiation in presence of a different operative condition (See E in the Table 8).
As clearly shown in the Figure 41, the modelling outputs allowed to effectively predict
hydrogen generation in the presence of methanol as sacrificial agent under the

mentioned operating conditions.
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As concerns the kinetic parameters, the electron — hole recombination rate constant
results about 500 times lower than the reference value (Cu®/P25), probably due to
the presence of Cu,0 (the combination with TiO2 leads a p — n heterojunction, thus
(i) absorbing the radiation within the solar spectrum and (ii) increasing the
photogenerated charge carriers separation, leading to higher photocatalytic
efficiencies), while the reaction constant of the organic with the holes is about 10 -
fold lower than that reported in literature for Cu®/P25. The quantum yield results two
orders lower than the value reported for the Cu®/P25 under UV + Visible light
radiation. Finally, as concerns the number of active sites of the photocatalyst, it
results lower than the reference value (related to P25), probably due the effect of the
milling on the catalyst surface: in fact, as demonstrated by XRD analyses (See Table 4
in the section 5.2.4), SEM and TEM images (See Figures 24 — 28 in the section 5.2.4),
milling leads to a higher crystallite size and an agglomeration of the particles, thus

reducing the sites on which the photocatalytic process occurs.
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Figure 41. Comparison between experimental results (0) and data obtained through the
mathematic model (m). The experimental conditions for each photocatalytic run are reported
in Table 9.
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7.4. Summary

Methanol was used in the photocatalytic reforming for hydrogen production on Cu;0
— TiO, composite material prepared through a simple mixing of the two powders by
means of a ball miller. Starting from the mass balance equations for the main species
involved in the photocatalytic process, a kinetic model was developed capable to
simulate the photocatalytic hydrogen generation. The model was run on the data
collected during the experimental campaign at various substrate concentrations and

catalyst loads.

As a result, the best values of the unknown parameters were estimated, such as (i)
the electron — hole recombination rate constant, (ii) the adsorption equilibrium
constant, (iii) the reaction constant of the sacrificial species with the photogenerated
hole and (iv) the primary quantum yield under the visible light range. Based on the

estimated values, it is clear that:

(a) the electron — hole recombination rate constant results lower than that
reported for the Cu®/P25 photocatalyst, probably due to the presence of Cu,0
in the structure;

(b) the adsorption constant is comparable to that obtained for similar systems;

(c) for the first time, an indication about a quantum vyield for hydrogen

generation under the visible light radiation is reported.

125



Conclusions

Conclusions

In this work, a visible light active photocatalytic system aimed to hydrogen
production through photoreforming of organics, based on Cu,0/TiO, photocatalyst

prepared by a facile method, was developed and analyzed in details.

Firstly, starting from the results of an extended literature analysis, a solvent — free
ball milling was chosen as a simple alternative preparation method, obtaining a
photocatalyst suitable to hydrogen production under visible light radiation in the

presence of different oxygenated organic substrates as sacrificial organic agents.

The three main variables affecting the structure and performance of the catalyst,
namely the percentage of Cu,0, the milling time and the rotation speed of the miller,
were studied: a two — level factorial design approach was used to identify with a
minimum number of experiments the influence of those factors on the photocatalytic
hydrogen production via photoreforming of methanol under UV and visible radiation:
1 and 10 % wt. of Cuz0, milling time of 1 and 30 minutes, and rotation rate of the
miller of 100 and 500 rpm were chosen as minimum and maximum levels of the
factors. Based on the results of this investigation campaign, 1% wt. of Cu,0 with
respect to TiO; was identified as the best formulation for the composite catalyst and
this was selected to further analyze in detail the system behavior. Moreover, the best
hydrogen production (about 60 umol/h after 5 hours of irradiation) was obtained
with a milling time of 1 minute and rotation rate of 200 rpm. Through a thorough
catalyst characterization, the correlation between the photocatalytic activity and the

physical — chemical properties of the catalyst was obtained.

The evaluation of the photocatalytic activity of the best performing material at
varying organic concentration allowed the identification of an adsorption equilibrium
constant of 0.967 (M'l), and the alkaline conditions have demonstrated a positive
effect on the photocatalytic hydrogen generation. As for the temperature, a great
positive effect was recorded, arising hydrogen productivity about 4.5 — fold higher
than that obtained at the lowest temperature. The apparent quantum efficiency and

the light —to — chemical energy efficiency values were 1.51% and 0.6%, respectively,
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in the presence of the best tested photocatalyst when the temperature was about
35°C, while these values reached about 6.5% and 2.36%, respectively, when glycerol
is used as scavengers at 80°C. Moreover, the photocatalytic performance of the best
system studied under solar radiation resulted about 5 — fold higher than that
collected under simulated solar conditions. Despite the great number of studies on
the Cu,0 — TiO; composite photocatalyst, only a few of them reported the results in
terms of AQE, thus making difficult the direct comparison with the results obtained
by others. However, based on the performed literature analysis, the studied system
may be assumed as competitive due to (i) the simplicity of the photocatalyst
preparation and (ii) the AQE values obtained considering only the radiation at

wavelength higher than 400 nm.

Finally, the development of a suitable mathematical model capable of simulating
hydrogen production allowed the estimation of the unknown parameters, in
particular an indication of the quantum yield for hydrogen generation under the

visible light radiation was obtained for the first time.

This work lays the foundation to the development of a competitive visible — light
active photocatalytic process, able to produce hydrogen, by using a simple
photocatalyst under solar radiation, in presence of organic pollutants contained in

wastewater.
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1% Cu,0O-TiO, before reaction
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Figure 42. EDX spectra on the (1%wt) Cu,0-TiO, composite material before and after the
reaction.
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10% Cu,0-TiO, before reaction

Counts
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Figure 43. EDX spectra on the (10%wt) Cu,O-TiO, composite material before and after the

reaction.
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