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ABSTRACT

Cu,0 is a promising low-cost semiconductor exhibiting a narrow band gap. The combi-
nation of p-type Cu,0 with n-type TiO, results in a p-n heterojunction highly beneficial to
photocatalytic processes, due to the resulting capability of (i) absorbing visible light irra-
diation and (ii) promoting charge carrier separation.

An intense scientific activity has been recorded in the field of H, generation through
water photosplitting and organic photoreforming over Cu,0/TiO,-based composites.

This literature survey aims at clarifying conflicting information on the preparation,
characterization, and use of Cu,0/TiO, composites for H, evolution. Detailed information
on analytical techniques devoted to uniquely identifying Cu,0O has been provided. Prepa-
ration method, effect of pH, effect of sacrificial agent, chemical stability of Cu,0/TiO,
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Photocatalytic hydrogen generation
Visible light active photocatalysts

composites, and reaction mechanisms have been critically discussed. The highest effi-
ciency values obtained over Cu,O/TiO, photocatalysts have been reported. A solid

groundwork on which developing new effective and low-cost materials for H, generation

has been provided.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Concerns over environmental protection and fossil fuel
depletion prompted the research in the past decade towards
new and clean processes for energy production through
renewable sources. Among them, photocatalytic water split-
ting is one of the most promising for production of both
hydrogen and, indirectly, electricity through proton exchange
fuel cells [1—7]. Since Fujishima and Honda’s pioneering work
on photocatalytic reduction of water on a single crystal of
TiO,, increasing research attention has been devoted to study
and develop innovative photocatalytic systems for water
photosplitting or organic photoreforming [8—18]. As part of
these processes, titanium dioxide has been proposed as a
photocatalyst due to its interesting properties, such as wide
chemical stability, large availability, and environmental

for photocatalytic solar applications include narrow absorp-
tion range and low charge carrier mobility [19,20]. TiO,
anatase or anatase/rutile mixed crystalline phases show sig-
nificant electron-hole pair recombination during photo-
catalytic hydrogen evolution, thus fatally undermining the
overall photoefficiency. Surface or structural defects may be
introduced by loading noble or transition metal ions
[19,21—23]: the low energy Fermi level of noble metals allows
electron transfer from TiO, to the metal itself [24]. Such pro-
cess results into a more efficient charge carrier separation,
with enhanced efficiency for hydrogen generation [25]. Many
studies indicated that loading TiO, surface with precious
metal nanoparticles (gold, platinum, palladium, etc.) makes
the resulting catalyst suitable for photocatalytic hydrogen
production, although such species are expensive and, in some
cases, rare [26]. During last decade, the identification of other
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low-cost metals capable of exerting the same role of co-
catalyst has been attempted in order to replace the use of
noble metals. According to an extensive literature review,
copper could be one of these elements [27—30]. Moreover, as
TiO, is a wide band-gap semiconductor capable of absorbing
only ultraviolet radiations, numerous visible light active
combined photocatalysts have been prepared and investi-
gated as a result of combining TiO, with other semiconductor
species. Copper, in the form of zerovalent species or oxide, has
been often proposed as TiO, co-catalyst able to remarkably
enhance hydrogen production rate [31—37]. In previous papers
by some of the Authors, an insight into copper modified-TiO,
catalysts for hydrogen generation has been proposed with the
aim of deeply understanding their electronic structure, sur-
face properties, effect of sacrificial agent and solution pH, and
further crucial synthesis and operating variables [38].

A great interest in the possibility of hydrogen generation
through organic photoreforming by combining Cu,0 (i.e. p-
type semiconductor) and TiO, (i.e. n-type semiconductor) has
recently emerged. Preparation, reaction mechanism, photo-
catalytic and chemical stability are just some of the topics
which have so far received the highest attention. On the other
hand, poor information on the efficiency for hydrogen gen-
eration of such materials has been generally recorded. Liter-
ature findings on all these aspects was herein critically
reviewed with the aim of clarifying some controversial in-
dications found, with the purpose of helping achieve further
advances in the development of efficient and cheap photo-
catalysts for hydrogen generation through solar organic
photoreforming.

Cu,0 as semiconductor and p-n type
heterojunction with titania

Cu,0-based materials are employed for a wide range of ap-
plications, such as sensing, desulfurization, disinfection,
organic synthesis, photodegradation, photovoltaics, and
photocatalysis[13,39—51]. In particular, recent literature find-
ings indicate a growing interest towards Cu,0 as cocatalyst on
titanium dioxide for photocatalytic hydrogen evolution
[52—-54] with performances comparable with Ag and Au
[55-57].

Cu,0 is a typical p-type semiconductor exhibiting a narrow
band gap of 2.2 eV, whereas TiO, is an extensively investigated
n-type semiconductor. Their combination may resultin a p—n
heterojunction, which can (i) absorb radiation within the solar
spectrum [58—60] and (ii) increase photogenerated charge
carrier separation, leading to higher photocatalytic effi-
ciencies [61—-63].

Within the crystalline structure of n-type TiO, and p-type
Cu,O the majority of charge carriers are negative electrons
and positive holes, respectively. As soon as the p-n hetero-
junction 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 Fig. 1 [64,65]. 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 to Cu,0 to TiO,.

Preparation of Cu,0/TiO, composite materials

From literature indications, the preparation methods of Cu,0/
TiO, composite photocatalysts primarily differ in terms of
TiO, type used. On the basis of 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—TiO,), 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 Cu,0, Cu(ll) 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 sulfate.
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 para-
graphs. 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. impregna-
tion/calcination, photodeposition, electrochemical deposi-
tion, 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.

Reducing agents

Glucose
Several authors employed glucose as reducing agents in the
preparation procedure of Cu,O/TiO, photocatalysts for
hydrogen evolution [60,66—68]. Segovia-Guzman [66] et al.
prepared Cu,0/TiO, 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,
CuCl,, 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 demon-
strated 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. [67] prepared Cu-loaded mesoporous TiO,
nanoparticles (MTA) with different Cu,0 content by chemical
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Fig. 1 — Energy band diagram of Cu,0 and TiO, before and after contact [45].

reduction deposition method. Typically, a fixed amount of
MTA was dispersed in a Cu (II) nitrate ethanol solution, which
was subsequently stirred at 40 °C. Reduction of Cu(II) on MTA
surface was performed by suspending the Cu/TiO, 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 photo-
catalytic 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 pro-
duction rate per unit mass of photocatalyst, the best result
between Cu,0/TiO, composites prepared via glucose-based
reduction method was recorded by Cheng et al. [68]. The Au-
thors employed Cu,O-decorated mesoporous TiO, beads
(Cu,0/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,.

Hydroxylamine

Zhen et al. [69] prepared Cu,O/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), 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 Cu,0 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/
Cu,O/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 photo-
catalyst 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-TiO,
and 3 times that of a reference Cu%TiO, sample.

Hydrazine

Zhu et al. [70] reported the formation of Cu,0/TiO, nanotube-
array heterogeneous structures by coating Cu,0 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 CuSO, and
glucose to ensure adequate absorption. TiO, NTAs were then
soaked with deionized water to remove excessive CuSQ,.

Subsequently, the coated TiO, NTAs substrates with Cu®"
monolayer were dipped into a different aqueous mixture
containing No,H, and NaOH, in which Cu?* was reduced to
Cu,0 monolayer. The reduction process was again followed by
soaking with deionized water. All such procedures were per-
formed at 40 °C in a thermostatic bath. The resulting Cu,0/
TiO, 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,0/TiO, NTAs was used as the photoanode in a Na,SO4-
ethylene glycol electrolyte solution. The photoanode was
subjected to continuous irradiation under illumination in-
tensity of 100 mW/cm? by a solar simulator coupled to an AM
1.5G filter. The highest photoefficiency value collected was
equal to 6.2 mmol/h cm?, which was 2.5 times that of TiO,
NTAs (pure anatase phase).

Thiosulfate

Le et al. [71] obtained Cu,0/TiO, nanorod arrays (TNA) through
a growth method based on cyclic impregnation. In particular,
two samples of TNA film on fluorine doped tin oxide glass
substrates were immersed into four distinct solutions (i.e.
0.1 M CuSO, and 0.1 M Na,S,05 mixture, highly purified water,
0.1 M NaOH and highly purified water) for 5 s sequentially. The
immersing process was repeated for 10 or 30 cycled times,
respectively. At the end of this sequence, the two samples
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Table 1 — Several articles on Cu,0/TiO, composite materials.

I II 111 v \Y% VI ViI VIII XI
Preparation method Cu,0 H, generation TiO, type Co- Sacrificial Lamp filter Efficiency of H, Reference
identification mechanism catalyst agent generation
technique
TNTs by hydrothermal method; copper PL, XRD p-n heterojunction  Home prepared None Glycerol Direct sunlight Not reported, best hydrogen [84]
modified TiO, by impregnation method between 10 a.m. and 3 evolution rate 48 mmol/h g
p.m.
TiO, thin films deposited on quartz glass by XPS, XRD p-n heterojunction  TiO, thin film None None None (300 W Xenon Not reported, highest H, [128]
electron beam evaporation at T = 200 °C; lamp) production 2.76 10~ mmol
Cu,0 layers grown by laser ablation under UV light after 6 h
TiO, by hydrothermal method; CuOy by DRIFTS, DRUV, p-n heterojunction  Anatase None Methanol None (300 W Xenon Not reported, highest H, [85]
wetness impregnation method and HRTEM, XPS, simulated solar light) production 0.621 mmol/h g
calcination at T = 400 °C at in air XRD
Copper foam-based nanodots composites HRTEM, XPS,  p-n heterojunction; Not specified CFE None None HER onset potential: 18 mV, [65]
prepared by immersion-heating XRD Fermi levels (Copper potential: 114 mV and
procedure and calcination at 300 °C formation foam- 10 mA/cm?
based
nanodots
composite)
Cu,0/TiO, catalysts prepared by the EDX, ICP-OES, p-n heterojunction Home prepared None Methanol Cut-off filter A > 420 nm Not reported, highest H, [118]
alcohol-thermal method STEM—-EDS, (300 W Xenon lamp)  production 24.84 mmol/h g
XPS, XRD
Three different preparation methods: PL, Raman, Not reported Commercial TiO, None Methanol Sun condition Not reported, highest H, [86]
Impregnation and calcination at TEM, XPS, XRD, P25 production 0.891 mmol/h)
T = 350 °C; Microwave reduction method
and several washing with ethanol;
Photodeposition method
Electrodeposition method for Cu,0 film XRD p-n heterojunction; Not specified WS, None Cut off filter Not reported, best [72]
synthesis; Au/Cu,0/TiO, electrode Fermi levels (A > 420 nm) (Xenon  photocurrent obtained was
fabricated by dip-coating method; Au/ formation lamp- Light intensity 10 mA/cm? at over-potential
Cu,0/TiO,/WS, photocathode fabricated 100 mW/cm?) of —0.33 V vs RHE under
by stirring, centrifugation, and washing visible light
procedure
TiO,/Cu,0 core/shell NWAs prepared by ~ EDS, HRTEM,  p-n heterojunction; Rutile None None None (300 W Xenon Not reported, best [127]
hydrothermal method and chemical bath XPS, XRD Fermi levels lamp- Light intensity  photocurrent obtained was
deposition formation 100 mW/cm?) 2.50 mA/cm?, with H,
production 32 mmol/h cm?
Bismuth modified TiO, prepared by sol-gel DRUV, FESEM, Bi,O; minimizes Commercial TiO, Bi,O3 Glycerol Solar simulator (300 W Not reported, highest H, [105]
method; impregnation of copper on XPS, XRD, electrone-hole P25 Xenon lamp- Light production 3.678 mmol/h
bismuth deposited TiO, and calcined at recombination intensity 40 mW/cm?)
T =400 °C
Cu,0 nanowires prepared by deposition Raman, XRD Not reported Amorphous RuOx- None Solar simulator (300 W solar-to-hydrogen [76]
method and coating of a layer of Cu,0 Gay03 Xenon lamp- Light conversion efficiency ~3%

onto Cu,0 nanowire by electrodeposition;
TiO, coating by deposition method

intensity 100 mW/cm?)

(continued on next page)
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Table 1 — (continued)

I I III v A% VI VII VIII XI
Preparation method Cu,0 H, generation TiO, type Co- Sacrificial Lamp filter Efficiency of H, Reference
identification mechanism catalyst agent generation
technique
Cu(Il)/TNT by impregnation and heating at XRD p-n heterojunction  Home prepared None Glycerol 1.5 a.m. solar Not reported, best [89]
T =200 °C irradiance of white photocurrent obtained was
light (1000 W Hg/Xe-  3.40 mA/cm? with H,
Light intensity production 0.127 mmol/h
100 mW/cm?) cm?
Cu,0 sheets prepared by thermal oxidation XRD Not reported Not specified Ga,04/ None AM 1.5 G filter 1.75% at 0.5 V over Au/Cu,0/ [49]
of thin copper foils; Ga,03 and TiO; layers RuO, Ga,03/TiO,/RuOy;
deposition by thermal atomic Layer 1.9% at 0.45 V over Dual
deposition system; RuOy prepared by Cu,0-based photocathodes
photoelectrodeposition
Cu,0 sensitized TNAs fabricated by cyclic XPS, XRD Not reported Home prepared None Glycerol Cut off filter A > 400 nm Not reported, highest H, [71]
impregnation growth method TNAs (300 W Xenon Lamp)  production 4.8 10~* mmol/h
cm?
nanoclusters prepared by green DRUV, FESEM, p-n heterojunction = Commercial TiO, None Glycerol Not reported (400 W Not reported, highest H, [66]
microwave-assisted method with glucose PL, Raman, P25 metal halide lamp) production 4.70 mmol/g
or onion skin waste TEM, XPS, XRD after 24 h
Cu,0 grown on Au/Cr/FTO/Glass substrate Raman, XPS,  Not reported Anatase Pt None AM 1.5 G Solar Not reported, best [77]
by potentiostatic electrodeposition; Cu,0 XRD simulator (Light photocurrent obtained was
film coated with graphene and TiO, layers intensity 100 mW/cm?) —3 mA/cm? at 0.0 V vs RHE
by atomic deposition; Pt loaded on all the
devices
Cu,0 film fabricated by electrochemical DRUV, PL, SEM, Z-scheme system Commercial TiO, Au Methanol, Cut off filter (300 W Not reported, highest H, [78]
deposition on copper substrate; The TEM, XPS, XRD P25 glucose Xenon lamp) production *0.0125 mmol/
Cu,0/Au film prepared by cm?
photodeposition; Cu,0/TiO, and Cu,0/
Au/TiO, films prepared by painting TiO2
solution onto Cu,0 or Cu,0/Au films
Cu/Cu,0/Cu/TiO, prepared by selective DRUV, FESEM, p-n heterojunction = Commercial TiO, Cu/Eosyne Triethanolamine Cut-off UV filter (300 W AQE = 45.7% at 520 nm [69]
reduction with hydroxylamine HRTEM, PL, P25 Xenon lamp-Light
Raman, SEM, intensity 100 mW/cm?)
TEM, XRD
A Cu,0 film prepared by electrochemical XPS, XRD Not reported Commercial TiO, None Methanol UV-B and UV-C cut-off Not reported, highest H, [79]
deposition on copper substrate and P25 AM 1.5 filter (Xenon production 12.70 mmol/L
coating with TiO, lamp-Light intensity
78 mW/cm?)
Cu—TiO, photocatalysts prepared by Sol-gel TPR, XPS, XRD Not reported Home prepared None Ethanol None Not reported, highest H, [129]
method Anatase/Brookite production 3.865 mmol/h g
The Cu,0 films were synthesized by DRUV, FESEM, Not reported Not specified Cu None Cut off filter AM 1.5 Not reported, best [80]
electrodeposition method XPS, XRD (300 W Xenon-Light photocurrent obtained was
intensity 100 mW/cm?) —2.04 mA/cm? at 0 V vs RHE
TiO,—MOF-199 composite prepared by DRUV, HRTEM, p-n heterojunction Anatase Cu Glycerol None (100 W UV lamp- Not reported, highest H, [110]
hydrolysis; Cu/Cu,0 over TiO, by PXRD, XPS and shifting of the A = 365 nm) production 15.13 mmol/h g

calcination

Fermi level due to the

presence of Cu
nanoparticles
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Hydrogen titanate nanotubes prepared by HRTEM, H2- p-n heterojunction  Anatase, Rutile, None Methanol None (300 W Solar Not reported, highest H, [87]
hydrothermal method; CuO,/TiO, TPR, XPS, XRD Brookite, P25 simulator) production 3.203 mmol/h g
composite prepared by impregnation
method and calcination at T = 400 °C

Cu—TiO, thin films deposited on quartz XPS, XRD p-n heterojunction  Anatase None Methanol None (300 W Xenon  Not reported, highest H, [119]
glass substrates by RF reactive magnetron and the Fermi levels lamp) production 2.80 10~ mmol/
sputtering formation h cm?

Cu-loaded photocatalyst prepared by XPS Cu,0 injects Commercial TiO, CuO Glycerol 400 nm UV cut-off Not reported, highest H, [92]
impregnation and calcination additional P25 filter/300 W Xe lamp  production 2.240 mmol/h g

photoexcited under UV—Vis light and
electrons into the 0.100 mmol/h g under visible
TiO, CB, thus TiO, light

produces hydrogen

TiO, nanotubes fabricated by SEM, XPS, XRD p-n heterojunction; Anatase None None None (100 W Hg lamp) Not reported, highest H, [81]
electrochemical anodization; Cu,O- Fermi levels production 300 uM/cm? after
doped TNAs prepared by square wave formation 4 h and photocurrent
voltammetry electrochemical deposition obtained was 4.50 mA/cm?
method under bias potential of 1 V

Cu0,/TiO, thin films on quartz glass XPS Not reported Anatase CuO Methanol None (300 W Xenon  Not reported, highest H, [93]
substrates prepared at T = 450 °C by RF lamp) production *5.30 10~ >mmol/
reactive magnetron sputtering h cm?

Metal oxide cluster modified TiO, XPS, XRD Not reported Home prepared None Methanol Cut-off filter Not reported [130]
nanoplates prepared by hydrothermal 250 nm < A < 380 nm
method (300 W Xenon lamp)

TiO2—Cu20 NWA grown on FTO glass FESEM, HRTEM, Not reported Home prepared None None No filter (300 W Xenon 0.71%, photocurrent density [18]

substrate by hydrothermal synthesis TEM, XPS, XRD lamp) (bias) obtained was 4.66 mA/

cm?

Cux0/TiO, composite prepared by DRUV, PXRD, p-n heterojunction Home prepared Cu Ethylene glycol- Sun condition Light Not reported, highest H, [88]

impregnation method and calcination at Raman, XPS TiO,, Commercial Propanol, intensity 1.15 10°lx, production 79.80 mmol/h g
T =350 °C TiO, P25 for ethanol,
comparison methanol for
comparison
Cu,0 photocathode by electrodeposition =~ XRD Not reported Home prepared None None Cut off filter 420 nm  Not reported [82]
method on FTO substrates; TiO, (ABET Solar
stabilization layers on Cu,O Simulators)
photocathodes by ELAMOD process
Cu-loaded TiO, catalysts obtained by DRUV, EDS, HR- p-n heterojunction = Home prepared Cu Methanol Cut off filter 360 nm  AQE = 13.5% at 365 nm [67]

<\ <780 nm Or

A > 420 nm (300 W
Xenon lamp)

AM 1.5G filter (Solar
simulator- Light
intensity 100 mW/cm?)

chemical reduction deposition method TEM, NIR, XRD

Cu,0 coating layer deposited onto TiO, tube EDX, XRD
walls by multiple-cycle chemical
absorption and reduction method

Ethylene glycol Not reported, highest H, [70]

production *6.2 mmol/h cm?

p-n heterojunction;
Fermi levels
formation

Home prepared None

(continued on next page)
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Table 1 — (continued)

I I III v A% VI VII VIII XI
Preparation method Cu,0 H, generation TiO, type Co- Sacrificial Lamp filter Efficiency of H, Reference
identification mechanism catalyst agent generation
technique
Cu,0 microcrystals obtained with EPR, XRD Electron-hole pair None None Formaldehyde  Cut off filter A > 420 nm Not reported, highest H, [131]
autoclaves, heating, precipitation, formation or (commercial TiO, (Xenon lamp-Light value 82.2 pmol after 3 h
washing and distillation method reduction of P25 as reference) intensity 50 mW/cm?)
formaldehyde and
capture of oxygen
from Cu,O
Cu/TiO, photocatalysts prepared by None Cu/TiO, NPs absorbs Commercial TiO, None Glycerol Cut-off filter Not reported, highest H, [120]
photoreduction method the whole range of P25 A > 420 nm (500 W production 0.24 mmol/h g
visible light Xenon lamp- Light
intensity 1.5 mW/cm?)
Cu modified TiO, nanorods prepared by None Electron-hole pair Home prepared None Glycerol Direct sunlight Not reported, highest H, [3]
wet-impregnation method formation production 0.0503 mmol/h g
Not reported, photoreduction of Pt on the None Cu,0 as antenna Not specified Pt Methanol None (Tungsten lamp) Not reported, highest H, [113]
catalyst surface capturing the production *1.82 mmol/h g
radiation, electrons
are transferred from
CB of Cu,O to Pt
Cu,0/TiO, nanotube arrays prepared by =~ None Not reported Home prepared None None AM 1.5 G solar Not reported [132]
electrochemical deposition method simulator (100 mW/
cm?)
The Cu,0/TiO, photocatalysts prepared by DRUV, XPS, p-n heterojunction = Commercial TiO, None Methanol, None (500 W Xenon AQE =4.32% [74]
reduction method XRD, P25 ethanol, lamp)
glycerol,
ethylene glycol
The Cu,0—TiO, photoelectrodes prepared XPS Not reported Not specified None Glucose Not reported Not reported highest H, [133]
by spray pyrolysis process and sputter production ~0.122 mmol/h
coating of thin layer of TiO, cm?
Cu,0/TiO, particles prepared by glucose  AES spectra, Similar mechanism Commercial TiO, None Ethanol None (300 W Xenon Not reported, highest H, [60]
solvothermal method HRTEM, XPS,  to Z-scheme P25 lamp) production 0.668 mmol/h g
XR
Mesoporous TiO, beads produced by metal- XPS, XRD The Cu,0 Home prepared None Methanol None (400 W high- Not reported, highest H, [68]
salt based hydrothermal process; Cu,0- nanocrystals as pressure Hg lamp) production 223 mmol/h g
decorated mesoporous catalysts electron-hole
prepared by chemical bath deposition separation centre
process
The Cu,0/TNA composites obtained by XRD p-n heterojunction = Home prepared None Glycerol Cut-off filter (Xenon  Not reported, highest H, [83]

electrochemical deposition of Cu,0 in a
three-electrode cell

lamp)

production 8.9 mmol/h cm?
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The Cu,0 grid deposited on TiO, thin films GIXRD
by microsphere lithography strategy and
Pt addition by deposition method

Cu,0 on titania nanotubes by XRD
electrodeposition method

Cu,0/TiO, composite prepared by ethanol- HR-TEM, XPS,
induced deposition method and XRD
calcination at T = 350 °C

Cu,0 through chemical reduction with
ascorbic acid; Au deposition through
photo reduction process

The Cu,0—TiO, prepared by self-assembly XRD, XPS
approach in presence of AOT except that
the addition of TiO2. After stirring for 3 h,
the solution was kept at 80 °C for 4 h, then
centrifuged, washed and dried.

Cu,0 prepared by oxidation of Cu®in 6 h. Au TEM, SEM,
—Cu,0 prepared by partial galvanic Raman, XPS,
replacement reaction. Mixing of Cu,0 or UV—Vis
Au—Cu,0 with TiO,, deposition onto a
glass substrate dipped in isopropanol for
10 min, cleaned through plasma for
10 min and drying in oven at 100 °C for
15 min.

XRD, XPS

Cu,0—TiO, prepared by sol-gel method, BET, EDX, TEM,
after illumination Cu doped TiO,was SEM, XRD,
reduced to Cu,O—TiO,. DRUV-Vis,

Raman, EPR, PL

Cu,0 and Cu,0/TiO, photocathodes XRD, FESEM,
prepared by electrodeposition of Cu,0  SEM, XPS,
and deposition of titanium Raman, R,
tetrapropoxide. The rGO/NiFe-LDH DRUV-—vis
composite catalyst was synthesized by
hydrothermal method. Cu,0/TiO,/rGO/
NiFe-LDH photocathodes prepared by
dip-coating method.

Cu,0/TiO, prepared by magnetron XRD, XPS, AES

sputtering method; The deposition
temperature was 550 °C for 12 h,
obtaining TiO, arrays. Deposition of CuOx
by sputtering copper, with controlled flow
rate of oxygen.

absorption, ICP

Not reported

Not reported

p-n heterojunction

p-n heterojunction

and SPR of Au

p-n heterojunction

p-n heterojunction

Reduction of Cu to
Cu,0 and p-n
heterojunction

p-n heterojunction

Enhanced
performance
attributed to metallic
Cu, produced during
the irradiation

Home prepared Pt

TiO, nanotubes None

Commercial TiO, None

P25

Home prepared Au
TiO, nanorods

Home prepared None
TiO,

Anatase Au

Isopropyl titanate None

Titanium
tetraisopropoxide

Anatase None

rGO/NiFe

Methanol

None

Ethylene glycol

Ethanol

Methanol

Ethylene glycol

Methanol

0.5 M Sodium
sulfate

Methanol

None (Xenon lamp)

Cut-off filter A > 500 nm Not reported

(TS428 lamp

350 nm < A < 2500 nm)
None (Xe lamp

320 nm < A < 780 nm)

Not reported, highest H, [134]
production 0.06 mmol/h

[73]

AQE = 28.6% at 365 nm [59]

AM 1.5 G filter (300 W Not reported, highest H, [135]

Xenon lamp)

300 W Xe lamp

production 8.548 mmol/h g

Not reported, highest H, [114]
production 0.5 mmol/h g

Cut-off filter A > 360 nm Not reported, highest H, [57]

(100 W UV lamp-

8 mW/cm?); Cut-off
filter A > 430 nm (300 W
Xe lamp)

production 12 mmol/h g

None (300 W Xe lamp) Not reported, highest H, [106]

AM 1.5 G solar
simulator (100 mW/
cm?)

production 16.25 mmol/h g

0.41% at 0.25 V vs RHE [75]

None (300 W Xe lamp - Not reported, highest H, [117]
300 nm < A < 2500 nm) production 3.7 10— >mmol/h
2

(continued on next page)
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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.

XI
Reference

é = As regards the best photocatalytic activity for hydrogen
- - o0 evolution found by using this method, a maximum photo-
o & efficiency value of about 4.8 10~* mmol/h cm? was recorded
f g 7 g by adopting glycerol as sacrificial organic species and a 300 W
e g k=% 5 Xenon Lamp endowed with a UV-cut off filter (A > 400 nm).
E Ef g g =) 5 Such maximum photoefficiency for hydrogen evolution was
5 g § g = about 4-fold higher than that of pure TNAs (rutile phase).
I 28
2 E = Electrochemical deposition
% 28
- = As shown in Table 1, Column I, electrochemical deposition
g fo bl % method was adopted by plenty of authors in the literature
e g &= E survey to prepare Cu,0/TiO, composites for photocatalytic
E i g *’; Eu = hydrogen evolution [49,72—83], most of whom employed
% g o 5 § Cu,0/TiO, as an effective and low-cost photocathode mate-
= é E E E rial in photoelectrochemical cells.
S8a S Zhang et al. [83] 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 elec-
= ué §u 5 5 trode were employed as auxiliary and reference electrodes,
g w E ::s respectively.
” ko) 3 A suitable electrolyte was prepared by dissolving a fixed
= = amount of CuSO, in a lactic acid solution, whose pH was
, 4‘; u adjusted by adding proper quantities of NaOH. Electrodepo-
=13 E‘f [:;' sition charges of 500 mC were applied on the stirred elec-
9 & ] trolyte during the deposition process. Different types of

Cu,O/TNA samples were synthesized by varying the depo-
sition potential applied vs Ag/AgCl. The obtained samples
were then dried at 50 °C in vacuum. SEM images, as well as

v
TiO, type

§ XRD spectra, revealed the presence of octahedral Cu,O par-

§ ticles on the TNA surface. The best photocatalytic perfor-

< N mances were obtained by using methanol as sacrificial agent

o ) o} and a light source (Xenon lamp) with a UV cut-off filter. In

2 E S T @ E; such conditions, 8.9 mmol/h cm? of hydrogen were pro-

- gé 5 I E :N duced, indicating a remarkable activity of the electrode
B §D§ :‘9’ 50 5 'fz Og employed. Such maximum photocatalytic hydrogen evolu-
8 & % % :ltio g g tion rate recorded over Cu,O/TNA photocatalyst was about

I\ < %’ £ g 42 times higher than pure TNA (mixed anatase-rutile phase).

Impregnation/calcination

Amongst most commonly adopted Cu,0O/TiO, preparation
techniques, wet impregnation followed by calcinations
should be definitely mentioned. Impregnation was used in
several studies from the literature survey to merge TiO, (i.e.
commercial or home prepared) and Cu,0 nanoparticles, al-
ways followed by calcination under various temperature and
atmosphere conditions and for different treatment times
[84—89).

Liu et al. [87] prepared Cu,0/TiO, photocatalysts
employing TiO, with different phase structures as well as P25
as supports via an incipient wetness impregnation/calcina-
tions 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(NOs), in
aqueous solution at room temperature, and was then dried

AES, DRUV-Vis separation of

11
CUZO
identification
technique

method, followed by thermal reduction
strategy, at 300 °C for 2 h with H, flow.
Copper-related species were deposited
hydrothermal method. The Cu,0/(001)
TiO,@ Ti3C,Tx hybrids were synthesized
via a modified solvent reduction method.

XP
onto TiO, via photodeposition route.
The (001) TiO,@ TisC,Tx was prepared by a XRD, TEM, XPS, Migration and spatial Anatase

TiO, nanostructures via hydrothermal

_
™
Y
=
£
=
s
[=]
<
I
i
o
)
©
1=

Preparation method
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Fig. 2 — XRD signals of Cu(0) (a), Cu,O (b), and CuO (c).

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. [89] employed a wet chemical treatment to
obtain Cu,0/TiO, nanostructures by using crystallized aligned
TiO, nanotubes (TNTs) and a solution containing Cu(NOs),
and NaOH. For a typical preparation procedure, fixed amounts
of Cu (NOs), and crystalline aligned TNTs were suspended and
stirred in aqueous solution. NaOH was then added dropwise 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 of the as pre-
pared Cu,0/TiO, composites, a maximum value of hydrogen
production equal to 79.8 mmol/h g was achieved by Praveen
Kumar et al. [88] by adopting ethylene glycol as sacrificial
organic agent under direct solar light irradiation with an
average light intensity of 1.15 10° lx. The Cu,0/TiO, photo-
catalyst prepared by Praveen Kumar et al. [88] exhibited
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Fig. 3 — XPS spectra of Cu/Gu,0/Cu/TiO,, Cu/TiO,, Cu,0/
TiO,, and CuO/TiO, adapted by Zhen et al. [49]: (1) CuO/
TiO,; (2) Cu/TiOy; (3) Cu/Cu,0/Cu/TiO,; (4) Cu,0/TiO,.
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Fig. 4 — Raman spectra of CuO and Cu,0.

Fig. 5 — HRTEM of Cu,0 in Cu,0/TiO, composite [84].

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, irre-
spective of the preparation method, Cu,0/TiO, 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 Cu,0/TiO, photocatalysts prepared through via
reduction of cupric species by means of hydroxylamine. Sig-
nificant results may be also obtained by the adoption of an
electrochemical deposition method.

Characterization techniques for Cu,0/TiO,
composite materials

The main techniques adopted to characterize Cu,0/TiO,
composite materials are described hereafter. Two distinct
classes of characterization are reported for such materials:

1) Characterization techniques devoted to the unique iden-
tification of the oxidation state of copper, which is depos-
ited on the photocatalyst surface and responsible for the
co-catalytic activity. X-ray diffraction spectroscopy (XRD),
X-ray photoelectron spectroscopy (XPS), Raman Spectros-
copy, and High-resolution transmission electron micro-
scopy (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) Spectros-
copies and Photoluminescence (PL) belongin this category.

n

Copper species identification

XRD spectroscopy

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 Fig. 2, XRD data recorded using an analytical
method previously reported [90] indicate that:

i) The spectrum of Cu(0) presents the peaks correspond-
ing to an angle 26 [°] 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 [91];
The spectrum of Cu,0 is characterized by the presence
of some peaks 20 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] 0f 3.02, 2.4,
2.13, 1.74, 1.51, 1.35, 1.29, 1.23, 1.07, 0.98, 0.95, 0.87, and
0.82, respectively;

For cupric oxide nanoparticles (CuO), the peaks found in
the XRD spectrum at 26 values [°] of 35.44, 35.49, 38.72,
48.65, with d-spacing values [A] of 0.253, 0.252, 0.232,

ii

=

iif
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Fig. 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)*? versus photon energy hv for Cu,0 and Cu,0-TiO, composite [46].

and 0.187, respectively, well agree with JCPDS data
(JCPDS cards n. 65—2309).

XPS spectroscopy

The following remarks, matched with the spectra in Fig. 3
reported by Zhen et al. [69], 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 Cu(ll) [69]. The
double-peak between 940 eV and 945 eV is reported to be a
Cu(Il) satellite peak [69,76] but in the same position also Cu(l)
showed a low satellite peak. On the other hand, the typical
Cu(l) peaks of Cu,0 in Cu,0/TiO, are individuated at 932.2 and
952.0 eV.

On the basis of the consideration reported above, an
application of this technique was presented by Jung [92]: they
indicated that most part of copper in air-calcined Cu/TiO,
based photocatalysts is present in the form of Cu(ll) with a
peak at 934.1 eV, whereas a reduced presence of Cu(l) and
Cu(0) is generally recorded (the presence of Cu (II) can be due
to the oxidation of Cu (I) in air). On the other hand, when such
photocatalytic materials are reduced under hydrogen

Cu 0

€O, +H*

ORGANIC SPECIES
2H*+%0,

. : electron
H,0 [ : hole

Fig. 7 — Schematic illustration for the hydrogen evolution
reaction (HER) process over Gu/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.

Tio,

atmosphere, an increase in intensity of the peaks related to
Cu(I) and Cu (0) 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 Cu(l) and Cu(0) does not allow to un-
equivocally differentiate these two species and further spec-
troscopic indications are required (e.g. XRD, Raman, etc).

Raman spectroscopy

Limited literature information is available on Raman spec-
troscopy of Cu oxides [18,67,81,82,93]. Conflicting indications
about the correlation between copper species 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 [94—96] for Cu,0, whereas a peak at
around 280 cm ! is commonly attributed to the presence of
CuO [94,95,97—100]. Some of the most intense peaks capable
to unambiguously identify cupric and cuprous oxides ob-
tained according to an analytical procedure previously re-
ported [90] are shown in Fig. 4.

V vs NHE (eV)

-1

H+

(.

+2 -

+3 —

2H*+ 12 0,

Fig. 8 — Schematic reaction mechanism of HER process over
Au/Cu,0/TiO,/WS, photocathode proposed by Li et al. [52].
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ORGANIC SPECIES

2H*+%0,

. : electron

n : hole

Fig. 9 — HER process over Cu (0)/Cu,0/TiO,/WS, composite
photocatalysts under visible light irradiation.

TiO, H,0

HR-TEM

Several authors used HR-TEM analyses for structural and
morphological characterization of Cu/TiO, composite mate-
rials, 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 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 [59,69,101,102] in Cu,0/TiO, nanocomposites,
as shown in Fig. 5. The presence of Cu,0 nanoparticles in
Cu,0O/TiO, composites can be also clearly distinguished in
TEM images by their peculiar structure, which is reported to
have cubic shape [103]. On the other hand, as previously re-
ported [102], the presence of CuO in Cu/TiO, 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,O/TiO,
composites.

DRUV

Fig. 6(a) shows the typical UV—vis absorption spectra for pure
Cu,0 and Cu,0/TiO, composites, obtained according to an
analytical method previously reported [90]. 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). Fig. 6 (b) shows the energy gap
value estimated through the linearization of Tauc plot of (F(R)
hv)¥2 versus photon energy (hv). The energy gap value
resulting for Cu,O (i.e. =2.2 eV) is consistent with other
literature data [104]. Several authors [66,69,78,85,105]
employed such diagnostic technique to evaluate the absorp-
tion property as well as the photocatalytic activity of Cu,0/
TiO, composite materials. As shown in Fig. 6 (a), they reported
an increase in visible light absorption with respect to bare TiO,
above 430 nm due to the presence of Cu,O (as previously re-
ported). In addition, a reduction in energy gap value (see Fig. 6
(b)) over Cu,O/TiO, composite photocatalysts for hydrogen
evolution was recorded.

PL

In photocatalysis, investigation on absorption/emission
properties is essential to understand electronic interaction
between composite materials and charge transfer mechanism
for photocatalytic reactions. In order to gain a fully under-
standing on the electronic effect of copper species embedded
as co-catalysts, photoluminescence studies on Cu,0O—TiO,
materials have been performed by several authors in the
literature review [66,69,78,84,86,106]. PL spectra of Cu,0—TiO,
photocatalysts revealed a decrease in photoluminescence in-
tensity in with respect to bare TiO, [66,86], thus indicating that
cuprous oxide lowers the recombination likelihood of photo-
generated charge carriers. Indeed, the best photocatalytic
performances in terms of hydrogen generation were
commonly recorded over Cu,O—TiO, samples showing the
lowest PL intensity, as lower electron-hole recombination re-
sults in decreased light emission intensity, thus increasing
photocatalytic efficiency [107].

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 re-
ported 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 TiO, [108] are trans-
ferred firstly to TiO,, and subsequently to proton ions which
are reduced. At the same time, as shown in Fig. 7, photo-
generated holes are consumed by the sacrificial organic spe-
cies which oxidizes [87].

The possibility for Cu(I) of being reduced to Cu(0) species,
according to reaction ry, was also considered by some authors
as a possible explanation for a decrease in H, evolution pho-
toefficiency [67].

Cu(l)+e"—Cu(0) n,

On the other hand a prompt reoxidation of Cu(0), by holes
as expressed by reaction r,, was proposed by studies reporting
that the presence of Cu(l) remains unchanged on photo-
catalyst surface during hydrogen evolution reaction (HER)
[59,60].

Cu(0)+ h* =Cu() 1,

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 Cu(l)
on the TiO, surface upon irradiation.

The effects of selected co-catalysts, such as WS, [72], Pt
[77], BinO3 [105] and Ga,03 [49,109] on the performances of
Cu,0/TiO, materials for HER were also investigated, as re-
ported in Table 1, Column V. Itis reported that they essentially
help enhance photogenerated charge carrier separation, thus
reducing their likelihood of recombination.

As reported by Li et al. [72] for instance, the role of WS,
nanosheets in an Au/Cu,0/TiO,/WS, composite photocathode
for hydrogen evolution is that of accepting electrons for water
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reduction rapidly, thus promoting the separation process of
the electron—hole pairs for a higher photocurrent. As shown
in Fig. 8, under visible light irradiation (A > 420 nm), electrons
of Cu,0 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.

Metal copper is also reported to act as a cocatalyst in Cu(0)/
Cu,0/TiO, composites [67,69,80,88,110]. The double effect of (i)
promoting charge carriers separation and (i) improving
visible light absorption and photoactivity due to the localized
surface plasmon resonance (LSPR) of Cu nanoparticles is
related to the presence of Cu(0) [67]. The mechanism of
hydrogen evolution over Cu(0)/Cu,O/TiO, has been schemat-
ically illustrated in Fig. 9.

As regards the effect of TiO, type on the reaction mecha-
nism over Cu,0O/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 [67,111]. 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 [67,111].

Effect of pH

Some of the Authors reported in a previous paper [28] that pH
considerably affects photocatalytic hydrogen generation over
copper-modified TiO, catalysts.

It is widely acknowledged that moderate alkaline condi-
tions 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 H, evolution over Cu,O/TiO,
composites.

Indeed, Zhen et al. [69] 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 photo-
efficiency 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,O instability and sacrificial agent
(i.e. triethanolamine) protonation. Instead, under alkaline
conditions, extremely low proton concentration may consid-
erably slow down hydrogen generation rate.

Effect of sacrificial agent

Despite the main purpose of the photocatalytic processes
aimed to hydrogen production is water photosplitting [112],

only few studies considered in this review reported the pho-
tocatalytic hydrogen production in the absence of organic
species. In this respect, in the presence of Cu,0/TiO, com-
posite materials the effect of the sacrificial agent was evalu-
ated. As reported in Table 1 Column VI, methanol
[67,68,74,79,85,86,93,106,113—119] and glycerol
[3,66,71,83,84,89,92,105,110,120] are the most widely used or-
ganics for photocatalytic hydrogen production.

Li et al. [74] 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. [74],
the scavengers react with hydroxyl radicals, thus resulting in
enhanced activity in case of molecules with simplest
structure.

Praveen Kumar et al. [88] compared the photocatalytic ac-
tivity 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.

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 photo-
generated 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 weakness affecting literature on hydrogen
generation through photocatalytic processes.

Photoelectrochemical cells

Dotan et al. [121] defined the solar to hydrogen (STH) conver-
sion efficiency of photoelectrochemical solar cells according
to Eq. (1), where e Jg is the short-circuit photocurrent density,
nr the Faradaic efficiency for H, production, and P the incident
irradiation power density. Such parameters should be esti-
mated under standard solar irradiation conditions (AM 1.5 G),
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without any sacrificial agents, and pH or electrical bias be-
tween counter and working electrodes.

Pan et al. [76] developed a Cu/Cu,0/Ga,05/TiO,/NiMo
photocathode with a coaxial nanowire structure based on
Cu,0/Ga,05-buried p-n junction. Such Cu,0-based photo-
cathode was employed together with a BiVO, photoanode for
unassisted solar water splitting, thus achieving a STH con-
version 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. [49] synthesized a novel Cu,0/Ga;03/TiO,/RuOy
photocathode for water splitting able to achieve a maximum
value of thermodynamically based energy conversion effi-
ciency of about 1.9% at around +0.45 V versus RHE. The solar
energy conversion efficiency was calculated using Eqg. (2),
where ] is the photocurrent under AM 1.5 G irradiation, Vrye is
the applied potential versus RHE, V(H'/H,) is the Nernst po-
tential for hydrogen evolution (0 V vs RHE), and P is the inci-
dent solar irradiance (100 mW/cm? for AM 1.5 G).

x 1.23(V) x ng

STH= (1)

p(mw
cm AM1.5G

I = |:VR.HE 7V<E—Z>}
B x 100%

2
Such efficiency value, as expressed by Eq. (2), was the best
found in the literature survey if compared with other Cu,0/
TiO, based photocathode structures under the same illumi-
nation conditions (i.e. AM 1.5 G), such as FTO/Au/Cu,0/AZ0O/
TiO,/Pt exhibiting an efficiency of 1.35% at 0.45 V [122—-126].
As reported in Table 1, a number of further studies
[18,65,69,72,77,80,89,127] expressed the maximum photo-
efficiency 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
[65,80]). 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.

Energy conversion efficiency =

Photocatalytic reactors

When evaluating photocatalytic hydrogen evolution activity
over Cu,0/TiO, composite materials, most of the researchers
in the literature survey only reported indications on H, gen-
eration rate, in some cases per unit mass of catalyst, and
compare such rate with the one recorded over basic catalyst
(e.g., bare TiO,)
[3,60,65,66,68,79,84—86,92,105,110,118,120,128,129]. Due to
such inconsistency between photoefficiency expressions and,
once again, unequal light irradiation conditions, Cu,0/TiO,
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. [88] obtained a value of 79.8 mmol/
h g over a Cu,0/Cu(0)/TiO, catalyst employed for the photo-
reforming of ethylene glycol under natural sunlight, with an
average light intensity of 1.15 10° Ix.

As listed in Table 1, column VIII [59,67,69,77], some authors
also reported the values of Apparent Quantum Efficiency
(AQE), as expressed by equation (3), where ry, (mol/time) the
rate of hydrogen generation.

_ 2 x Iy,
~ moles of incident photons/time

AQE

x 100 (3)

Zhen et al. [69] 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.

Conclusions

Cu,0-based materials are used for a number of applications,
such as sensing, desulfurization, disinfection, organic syn-
thesis, photodegradation, photovoltaics, and photocatalysis.
During last years, an intense scientific activity has been
recorded in the field of hydrogen generation through photo-
splitting and organic photoreforming by combining Cu,0 and
TiO,.

Cu,0 is a p-type semiconductor exhibiting a narrow band
gap (i.e. 2.2 eV), whereas TiO, is an extensively investigated n-
type semiconductor. Their combination result in a p-n heter-
ojunction, which (i) absorbs light radiation within the solar
wavelength range and (ii) lowers the likelihood of photo-
generated charge carrier recombination, thus improving the
photocatalytic efficiency.

Clear guidance on the main techniques commonly adopted
to characterize Cu,0/TiO, composite materials have been
herein described. In particular, details on characterization
techniques aimed at (i) defining copper oxidation state (i.e.
XRD, XPS, HR-TEM) and (ii) assessing the ability of Cu,O/TiO,
composites to absorb visible light irradiation and promote
charge carrier separation (i.e. DRUV and PL) have been re-
ported. As conflicting information on peaks in Raman spectra
capable of uniquely identifying different copper oxidation
states was found in the literature review, unambiguous data
on Cu,0 and CuO species recording a general consensus by
different Authors were thus selected.

Preparation method (e.g. chemical reduction, impregna-
tion/calcination, electrochemical deposition, etc.), effect of pH
and sacrificial organic species on HER, and chemical stability
of Cu,O0/TiO, composites have been critically reviewed.
Chemical reduction in the presence of titanium oxide via
selected reducing agents (i.e. glucose, hydroxylamine, hydra-
zine, etc) turned out to be one the most commonly employed
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preparation methods among the examples found during the
literature survey. At the same time, samples prepared ac-
cording to such method were capable to guarantee the highest
increase in photoefficiency for HER with respect to bare TiO,.
The increase in pH until moderately alkaline values results in
enhanced hydrogen production, due to high photocatalyst
stability and absence of cupric ion release in the aqueous
medium.

As regards the reaction mechanism, due to its capability to
absorb visible light irradiation, cuprous oxide is broadly
considered to act as energy antenna capable of transferring
photogenerated electrons to TiO, and subsequently to proton
ions which are reduced to hydrogen gas. Moreover, several
authors report that the presence of selected co-catalysts, such
as Cu (0), WS,, Pt, Bi,O3, and Ga,0s; helps enhance photo-
generated charge carrier separation, thus reducing their like-
lihood of recombination and promoting hydrogen evolution.

On the other hand, poor information on the efficiency for
hydrogen generation of such materials under visible light
irradiation has been recorded. The most relevant efficiency
values collected over Cu,0/TiO, photocatalysts, expressed
through different indicators depending on the experimental
setup adopted, have been reported. As regards photo-
electrochemical cells, it should be mentioned that a STH
conversion efficiency value of about 3% have been obtained
over a Cu/Cu,0/Gay03/TiO,/NiMo photocathode for unas-
sisted solar water splitting. As concerns photocatalytic re-
actors, an AQE value for H, evolution of 45.7% has been
collected over EY-sensitized Cu/Cu,0/Cu/TiO, photocatalyst
at 520 nm. Overall, this is one of the major weakness affecting
literature on hydrogen generation through photocatalytic
processes.

Finally, the present literature review aims at clarifying
some controversial indications found in the literature survey
on the preparation, characterization, and use of Cu,0/TiO,
composites for HER), thus establishing a sound basis on which
developing new efficient and cheap photocatalysts for
hydrogen generation through solar photocatalytic processes.
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