
INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Cite this: Inorg. Chem. Front., 2021,
8, 3491

Received 31st October 2020,
Accepted 23rd May 2021

DOI: 10.1039/d0qi01311k

rsc.li/frontiers-inorganic

M/TiO2 (M = Fe, Co, Ni, Cu, Zn) catalysts for
photocatalytic hydrogen production under UV and
visible light irradiation†

L. Díaz, a,b V. D. Rodríguez,*c,b M. González-Rodríguez, a,b

E. Rodríguez-Castellón, *d M. Algarra, d P. Núñez a,b and E. Morettie

In order to improve the photocatalytic response of TiO2 to UV and visible light for hydrogen photopro-

duction, low cost M/TiO2 semiconductor catalysts were prepared by the impregnation method of five

different first row transition metals (M = Fe, Co, Ni, Cu or Zn) on a commercial titania support. The

maximum hydrogen production efficiency was achieved for the Cu/TiO2 photocatalyst, with ∼5000 and

∼220 µmol h−1 g−1 H2 production rates for UV and visible irradiation, respectively. Ni/TiO2 and Co/TiO2

also showed a significant photocatalytic activity when UV light was used. The best performing catalyst,

Cu/TiO2, was characterized by TEM and XPS measurements. The data showed that Cu was highly dis-

persed over the TiO2 support and the copper species existed as both reduced Cu0/Cu+ and oxidized

Cu2+ on TiO2. Besides, during the hydrogen production reaction, the reduced Cu was partially oxidized to

Cu2+ by the transfer of photogenerated holes under UV or visible light irradiation. With UV and visible

lamps, the H2 production rates were higher than those obtained with non-impregnated TiO2 by factors of

16 and 3, respectively. These results demonstrated that a Cu/TiO2 photocatalyst could be considered a

promising low-cost alternative to the well-known Pt/TiO2 system for hydrogen production, making the

Cu-based catalyst an ideal cost-effective candidate for this reaction.

Introduction

Minimizing environmentally harmful emissions and reducing
the dependence on fossil fuels can be achieved by sustainable
energy sources. Hydrogen can be an ideal sustainable energy
carrier because it is readily available, has a high energy density
and has a minimal environmental impact compared with
fossil fuels.1,2 Moreover, the storage capabilities, energy
density versatility, transportability and environmental impacts
of hydrogen are considered to be very important aspects in the
assessment of its viability and use.3 However, for hydrogen to
become a common source of energy there need to be techno-

logical developments that facilitate the reduction of costs with
innovative renewable hydrogen production methods.4

Hydrogen can be obtained from many different sources that
include fossil resources, such as coal and natural gas, as well
as renewable resources, such as biomass and water. Currently,
the most developed and most used technology for hydrogen
production is the reforming of hydrocarbon fuels.
Nonetheless, to decrease the dependence on fossil fuels,
several hydrogen generation technologies are being developed,
including chemical, biological, electrolytic, photolytic, and
thermo-chemical generation.5,6

Splitting water into hydrogen and oxygen could be the key
technology in future hydrogen production. Photocatalytic
water splitting is one of the most attractive methods since
hydrogen can be produced from water and sunlight. In this
regard, TiO2 is the most used photocatalyst for hydrogen pro-
duction from water. The main concern is the lack of photo-
catalytic activity under visible light irradiation. In fact, TiO2

works only under UV light irradiation due to the wide band
gap (3.2 eV for the anatase polymorph and 3.0 eV for the rutile
one) and its photocatalytic performance is not sufficient for
utilization since the amount of UV light contained in solar
light is low (ca. 5%).7 Consequently, many efforts have been
devoted to the synthesis of photocatalysts responding to
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visible light. Some research groups have reported that TiO2-
based photocatalysts modified with transition metal com-
pounds on the surface respond to visible light.8–11

Certain metals, such as Pt, Au, Pd and Ag, can be deposited
on TiO2 to increase the hydrogen production rate by photocata-
lysis, but these metals are expensive. Fig. 1 shows the scheme
of the reaction of photocatalytic water splitting through
irradiation of Pt/TiO2. Photons are absorbed by the semi-
conductor-based photocatalyst to form electron–hole pairs. If
the energy of the incident light is higher than the band gaps
of the semiconductors, electrons and holes can be separated
into the conduction (CB) and valence (VB) bands, respectively.

Photoexcited carriers are transferred to surface active sites
and subsequently consumed by surface redox reactions; mass
diffusion of reactants and products should concurrently
proceed. Recombination of photoexcited carriers occurs along
with these reactions. Hence, the charge separation in photo-
catalyst particles and the redox reactions on their surface must
proceed within the lifetime of photoexcited carriers for suc-
cessful water splitting.12,13 However, the addition of organic
compounds (alcohols, organic acids and azo-dyes) or biomass
derivatives (glycerol and carbohydrates) as sacrificial reagents
in the catalyst dissolution favours the photocatalytic activity. In
this reforming process, the oxidation of organic molecules and
the reduction of H+ to H2 occur. For example, when methanol
is used as a sacrificial reagent, methanol photoreforming
occurs (CH3OH + H2O → 3H2 + CO2), where H2 is obtained,
and the sacrificial agents are mineralized.14,15 However, most
of these transition metal oxide-containing photocatalysts are
generally found to remove contaminants from water.

Loading TiO2 with noble metals such as Pt, Pd or Au is an
active research field for hydrogen production,16,17 as it is an
effective way to enhance the photocatalytic efficiency of TiO2

by reducing the fast recombination of photogenerated charge
carriers. But unfortunately, it is unsuitable for large-scale
energy production due to the high cost of the precious metals
and their limited availability. Therefore, the modification of
TiO2 with non-noble metals (Cr, Fe, Co, Ni, Cu, and Zn) could
be a viable alternative, decreasing the band gap of TiO2 and
extending the photoresponse range of the TiO2 matrix to the

visible region.18–22 Different modification methods have been
used over TiO2 with different phases, morphologies, and
microstructures (as nanocrystals or nanofibers).

Recent experimental results have demonstrated that Cu is a
good candidate to replace Pt as an efficient and cost-effective
co-catalyst for H2 production. Copper species have been incor-
porated into TiO2 by many different methodologies, such as
sol–gel, impregnation, microemulsion and electroless
plating.23–26 It is difficult to control the active species and
their size during the synthesis and post treating processes,
and thus, the optimal Cu loading amount can vary from one
process to another, and the active species are still in discus-
sion.27 However, it was found that the hydrogen-through-
copper production was increased with respect to bare TiO2 by
a factor of 4.23

On the other hand, the efficiency reached is usually
expressed in terms of the hydrogen generation rate by the
mass unit of the catalyst. But this rate depends on the experi-
mental setup and cannot be used to compare the results
obtained by different authors for different photocatalysts. In
this sense, we consider it useful to compare the experimental
results obtained with a new photocatalyst with those obtained
with a well-known commercial one, such as TiO2 P25 from
Degussa. Moreover, some authors present the results in terms
of the obtained quantum yield, which is given by the ratio of
hydrogen generated (2 × hydrogen molecules) to the number
of incident photons. Thus, Montoya et al. obtained a quantum
efficiency of 0.4% for TiO2 P25 by using a 450 W Hg lamp.19

This parameter depends on the experimental setup, the lamp
spectrum, etc. Therefore, it is not useful to compare the results
of different authors.

In a previous paper, we modified TiO2 nanoparticles by
photodeposition of different percentages of Pt to obtain the
best performance for hydrogen production. The effects of the
reaction temperature and the sacrificial reagent (methanol,
ethanol, or isopropanol) on the photocatalytic activity of Pt/
TiO2 were also studied.28 In this work, a series of M/TiO2

photocatalysts (M = Fe, Co, Ni, Cu and Zn) were prepared by an
impregnation method to improve the photoresponse of TiO2 to
UV and visible radiation for hydrogen photoproduction and
also by replacing noble metal co-catalysts, such as Pt, which
are relatively scarce and very expensive. In this sense, Earth-
abundant elements, such as the proposed transition metals,
could be appropriate alternatives if they show reasonable
photocatalytic activity. The results obtained with TiO2 P25 by
using the same experimental setup are presented as a refer-
ence of the accomplished efficiency. Moreover, the results for
Pt/TiO2 obtained with the same experimental setup are also
presented for comparison purposes.

Results and discussion
Influence of the transition metals supported on TiO2

Traditionally, noble metal nanoparticles (Pt, Pd, Au, Rh, and
Ag) have been used as cocatalysts in the photoreforming

Fig. 1 Schematic diagram of the water-splitting reaction on Pt/TiO2 as
a heterogeneous photocatalyst.
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process for H2 production. It is well known that the presence
of a cocatalyst can enhance photoactivity, providing additional
reaction sites and favouring charge migration and separation.
The latter promotional effect can be related to the formation
of a Schottky barrier originating from the difference in the
Fermi levels between the metal nanoparticles and the semi-
conductor (i.e. TiO2). This allows the injection of photogene-
rated electrons from the conduction band of the semi-
conductor into the metal.29 Until now, few studies on the use
of non-noble metals as cocatalysts have been reported.30–33 To
analyse the photocatalytic behaviour of the prepared M/TiO2

photocatalysts (M = Fe, Co, Ni, Cu, and Zn) under both visible
and UV light irradiation, TiO2 was loaded with 2 wt% of
selected transition metals.

Hydrogen production profiles for TiO2 impregnated cata-
lysts are shown in Fig. 2 and compared with the TiO2 P25
photocatalyst, without impregnation, using in both cases the
same reactor system and the same operating conditions. As
expected, bare titania did not show any remarkable activity,
neither under UV nor under visible light irradiation. Overall,
these impregnated photocatalysts presented a better photo-
catalytic activity for hydrogen production under UV light than
that observed under visible light. As shown in Fig. 2, when UV
light was employed, the highest hydrogen production was
obtained for Cu/TiO2, followed by Ni/TiO2 and Co/TiO2, which
showed much higher H2 production than the bare TiO2.
However, Fe/TiO2 and Zn/TiO2 showed a very poor photo-
catalytic activity, even lower than that displayed by pure TiO2.

When visible light was used, Cu/TiO2 emerged again as the
system providing the best photocatalytic activity (Fig. 3). The
H2 production obtained with this material is about three times
higher than that obtained with bare TiO2. Conversely, the
materials impregnated with Ni, Co, Zn and Fe exhibited lower
hydrogen production than the pure TiO2. Broadly, the Cu/TiO2

photocatalyst showed the best performance for hydrogen pro-
duction, under both UV and visible light irradiation, achieving
hydrogen production rates of 5000 and 220 µmol h−1 g−1,
respectively.

With both lamps, UV and visible, these H2 production rates
are higher than those obtained with non-impregnated TiO2 by
factors of 16 and 3, respectively. Furthermore, H2 production
rates using UV light with Ni/TiO2 and Co/TiO2 photocatalysts
were also high, see Fig. 2, achieving values of 2300 µmol h−1

g−1 and 2250 µmol h−1 g−1, respectively.

Effect of Cu loading on TiO2

The effect of the Cu content impregnated on the TiO2 matrix
was examined by varying the percentage of Cu between 0.1 and
9 wt% to identify the optimal loading of the best performing
cocatalyst. Usually there is an optimum cocatalyst loading
towards enhanced photoactivity which varies depending on
the cocatalyst used. Catalytic activity, in the beginning,
increases with increasing cocatalyst amount on the surface of
the semiconductor support.

Then a further increase in the cocatalyst loading normally
results in a decrease in the overall photocatalytic activity. This
fact has been attributed both to shading effects, caused by the
excess cocatalyst loading, and to an increase of the particle
size with increasing cocatalyst content, with detrimental
effects in charge recombination and specific surface area.34

The results obtained for hydrogen production under UV
irradiation over Cu-based photocatalysts are shown in Fig. 4.
As reported before, bare TiO2 presents an extremely low hydro-
gen production, which is limited by the rapid recombination
of the photogenerated electron–hole pairs. When a small
amount of copper, 0.1 wt%, was loaded on the semiconductor
surface, a significant improvement in photocatalytic activity
was achieved. The increase in the Cu content, from 0.1 to
0.5 wt%, resulted in a remarkable enhancement in hydrogen
production. Then, between 0.5 and 3.0 wt% of Cu content,
hydrogen production for these Cu loadings is possibly due to
the fact that the active sites on the TiO2 are sufficient and the
cocatalyst can trap the photogenerated charges and assist in
the charge separation appropriately. However, a further
increase in the Cu content beyond 3 wt% (namely, 6.0 and
9.0 wt%) led to a decrease in the hydrogen production, prob-
ably due to several combined effects: (a) the percolation effects
are over, that is, the active sites on the TiO2 surface begin to

Fig. 2 Hydrogen production for impregnated M/TiO2 photocatalysts (M
= Fe, Co, Ni, Cu, Zn), 2 wt% M, under both visible and UV light
irradiation.

Fig. 3 Hydrogen production for 2 wt% impregnated M/TiO2 photocata-
lysts (M = Fe, Co, Ni, Cu, Zn) under visible lamp irradiation.
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decrease because they are highly occupied by the Cu species,
and (b) opacity and light scattering by the excessive Cu species
agglomeration result in a decreased passage of irradiation.35,36

Therefore, when UV irradiation was employed for photo-
catalytic hydrogen production, the optimum Cu content on
TiO2 was in the range of 0.5–3.0 wt%, achieving the highest
hydrogen production (4700–5100 µmol h−1 g−1).

The effect of the Cu content of Cu/TiO2 samples on photo-
catalytic hydrogen production using visible light was also
studied. The results are presented in Fig. 5. The hydrogen pro-
duction was two-fold when TiO2 was impregnated with
0.1 wt% Cu. When the Cu content was increased from 0.1 to
1.5 wt%, the hydrogen production enhanced, achieving a
maximum production for a Cu content of 1.5 wt%. For a
copper loading higher than 1.5 wt%, the photocatalytic activity
decreased. With higher Cu contents, from 1.5 to 9.0 wt%,
lower H2 production was obtained. As discussed above, an
excessive titania coverage by copper did not improve the ability
of TiO2 to photogenerate hydrogen since a too large amount of
Cu species led to agglomeration on the semiconductor

surface, decreasing the light absorption of TiO2 and partially
blocking its sensitization.37 Furthermore, it is known that
excessive metal sites may act as recombination centres.38

Consequently, when visible light was used for the photo-
catalytic hydrogen production, the optimum Cu content was
1.5 wt%, achieving the highest hydrogen production of about
220 µmol h−1 g−1, a value much lower than that obtained
under UV light.

A noticeable delay of H2 production onset in Cu impreg-
nated TiO2 compared to bare TiO2 is observed in Fig. 4 and 6,
which increases with the Cu content. This delay could be
associated with an initial photoreaction caused by the visible
lamp, which is not appreciable with the UV lamp. Also, in
Fig. 2, Co impregnated TiO2 shows delay under the UV lamp.

In Fig. S1† it is clear that 1.5% of the Cu sample shows the
highest hydrogen production under visible light irradiation,
and that high Cu contents (6.0 and 9.0%) give rise to low
hydrogen production, even lower than the pristine support, as
explained above. Under ultraviolet irradiation, samples with
medium Cu contents (0.5, 1.0, 2.0 and 3.0%) show similar
high hydrogen productivity; however, higher Cu contents (6.0
and 9.0%) give rise to lower productivity.

As mentioned earlier, Pt is the most efficient cocatalyst on
TiO2 for photocatalytic hydrogen production. For this reason,
comparative studies of the hydrogen production rate under UV
irradiation of 2.0 wt% Cu or Pt impregnated TiO2 were per-
formed. The obtained results are shown in Fig. 6. The Pt-TiO2

photocatalyst was prepared by photodeposition, following the
procedure proposed by several authors.39,40 The highest cata-
lytic activity was obtained for Pt/TiO2; however, Cu/TiO2

achieved ∼80% of the H2 production rate of Pt/TiO2. This fact
suggests the great potential of the Cu/TiO2 photocatalyst in
hydrogen production if the metal prices are compared.41

Cu/TiO2 characterization

The TEM images of 2 wt% Cu/TiO2 and 9 wt% Cu/TiO2

samples, chosen for a comparative study, are very similar, as

Fig. 4 Effect of Cu content on photocatalytic hydrogen production
under UV light irradiation.

Fig. 5 Effect of Cu impregnated content of TiO2 on photocatalytic
hydrogen production under visible light irradiation.

Fig. 6 Comparison of the catalytic activity of bare commercial TiO2,
2 wt% Cu/TiO2 and 2 wt% Pt/TiO2 in the hydrogen photoproduction
under UV irradiation.
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shown in Fig. 7. They show the starting TiO2 crystalline
nanoparticles, without evidence of Cu-associated nano-
particles. The clear lattice fringes indicate the crystallinity of
the samples and a d-spacing of 0.35 nm in all TEM images,
in agreement with that of the (101) plane of anatase TiO2.

42

The lack of nanoparticles corresponding to the agglomera-
tion of Cu species observed from the TEM images confirms
the high dispersion of Cu species on the titania surface.
EDX analysis of both Cu/TiO2 systems shows two strong fluo-
rescence signals (Fig. 8a and c), indicating the presence of
Cu species. In addition, to clarify the distribution of the Cu
species on the TiO2 surface, X-ray elemental mapping ana-
lysis was carried out, as shown in Fig. 8b and d. These
figures show that the spatial distribution of Cu is in good
agreement with the O and Ti mappings, confirming that the
Cu species are highly dispersed on the surface of TiO2

43

according to that reported by Chen et al.,44 who prepared a
CuO/TiO2 system by a complex precipitation method and
suggested that a CuO monolayer was deposited on the
titania surface. Under these conditions, electron diffraction,
carried out in the HRTEM equipment, does not reveal the
presence of the Cu species, which are localized as thin films
over TiO2 nanoparticles.

The chemical states of Ti and Cu elements on the TiO2

surface were analysed by X-ray photoelectron spectroscopy
(XPS). Two catalytic materials were studied before the photo-
catalytic reaction: 2 and 9 wt% Cu/TiO2; the latter was also
studied after the reaction. For this purpose, the material was
separated from the reaction medium by centrifugation and then
dried for 24 hours in air at room temperature. As shown in
Fig. 9, all the catalysts show the characteristic doublet Ti 2p3/2
and Ti 2p1/2 at binding energies of 458.7 and 464.3 eV, respect-
ively, revealing that titanium atoms exist as Ti4+ in the lattice of
TiO2.

45,46 No significant variation was observed between the Ti
2p binding energies of TiO2 and Cu/TiO2 catalysts, indicating
the Cu was deposited on the TiO2 surface rather than being
incorporated into the TiO2 lattice.46 Furthermore, the Cu 2p
core level spectra of these materials are shown in Fig. 10.

The two catalysts present two peaks at 932.7 and 952.5 eV,
both of them corresponding to reduced Cu0/Cu+, together with
peaks at 935.0 and 954.9 eV (main peaks) and 941.5, 944.0
and 962.2 eV (satellites) due to Cu2+.47,48

Fig. 8 EDX analysis of (a) 2 wt% Cu/TiO2 and (c) 9 wt% Cu/TiO2 element
mapping of O, Ti and Cu for (b) 2 wt% Cu/TiO2 and (d) 9 wt% Cu/TiO2.

Fig. 9 XPS spectra of Cu 2p for 2 wt% and 9 wt% Cu/TiO2 samples.

Fig. 7 TEM images of the Cu/TiO2 photocatalysts: (a and b) 2 wt% Cu
and (c and d) 9 wt% Cu.
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The deconvolution into these peaks for the 2% Cu/TiO2

spectrum is shown in Fig. 10. The ratios of reduced to oxidized
Cu are 1.6 and 0.7 for 2.0 and 9.0 wt% Cu/TiO2, respectively,
and the last one decreases to 0.4 after the reaction. These
results indicate that Cu is partially oxidized from the reduced
Cu species to Cu2+ by the photocatalytic reaction. Short
irradiation times were used when acquiring the Cu 2p spectra
to avoid the photoreduction of the Cu species. For this reason,
the Cu LMM signal is very noisy and the assigning of the oxi-
dation state for the reduced copper species is not possible.
The XPS spectra provide us with very valuable information
since the characterization of the surface confirms the simul-
taneous presence of Cu+/Cu2+ species. The existence of these
two species on the surface of the samples suggests that
anionic vacancies are generated.

These vacancies could generate electronic gaps, which
could determine the separation of charges, allowing greater
methanol degradation with respect to the bare TiO2.

The Cu metal and Cu2O semiconductor have been
reported as enhancers of the H2 production on TiO2

nanoparticles.24,47,49 These species are present in the catalysts
investigated before the photocatalytic reaction and could be
responsible for the large increase of the H2 production
observed in our Cu/TiO2 catalysts, with respect to the bare
TiO2. However, different authors have proposed that CuO clus-
ters also increase the H2 production on TiO2.

44,48 Therefore,
the observed CuO clusters, which are enlarged by the photo-
catalytic reaction, could also contribute to the increased H2

production. CuO and Cu2O present band gaps, of 1.3 and 2.1
eV, shorter than TiO2, which lead to absorption at 950 and
590 nm, respectively.

Therefore, these semiconductors present absorption of
visible light. Moreover, metallic Cu nanoparticles also present
absorption in the visible range associated with surface
plasmon resonance. Visible absorption by the different species
of copper present on the samples would be responsible for the
observed enhancement of the visible-light photoactivity.

The possible mechanisms for the redox reactions with
photoreforming are as follows:19

TiO2 þ photon ! e� þ hþ ð1Þ

e� þ Cuþ=Cu2þ ! reducedCu

2hþ þ CH3OH ! CH2Oþ 2Hþ ð2Þ

2e� þ reduced Cuþ 2Hþ ! H2 þ reduced Cu ð3Þ

The band gaps obtained for different Cu-containing tested
materials are shown in Table 1. These were determined from
the UV-Vis diffuse reflectance spectra (Fig. S2 and S3†).

The impregnation of the TiO2 structure with the Cu species
led to the reduction of the band gap, achieving a lower value
of 3.03 eV for the sample with 0.5 wt% of Cu.

In Fig. 11, a comparison of the photoluminescence spectra
of bare titania and Cu/TiO2 photocatalysts with copper load-
ings of 2 and 9 wt% is reported. After irradiation at 340 nm, it
is observed that the material displays a broad emission band
centered at ca. 420 nm, regardless of whether the system con-
tains Cu or not (Fig. 11). This level identified as Fermi level,
which did not show any shift for doping effect, with an energy
of 2.952 eV, was observed in the size control of Cu nano-
particles (Fig. 7).50 It can be noticed that when the Cu concen-

Table 1 Band gaps of the studied copper-containing catalysts and of
the pristine P25 support

Cu/TiO2 Band gap (eV)

P25 3.20
P25-Cu0.1 3.12
P25-Cu0.5 3.03
P25-Cu1.5 3.05
P25-Cu2 3.10
P25-Cu3 3.05
P25-Cu6 3.14
P25-Cu9 3.16

Fig. 10 XPS spectra of Cu 2p for 2 wt% and 9 wt% Cu/TiO2 samples.
Deconvolution into the main and satellite peaks is shown.

Fig. 11 Photoluminescence spectra of the obtained bare TiO2 and
titania modified with Cu (2 and 9 wt%), when excited at 340 nm.
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tration is optimized at 2 wt%, the Fermi level shows higher
energy as evidenced by the very intense band in terms of fluo-
rescence emission, which can be converted into electrons
photogeneration for higher H2 production.

It has been reported in the literature that the hydrogen photo-
production using copper-based systems is strongly affected by the
complex structural, morphological, and chemical features of
copper species26 and that the occurrence of the highly dispersed
Cu+/Cu2+ species is directly related to the higher performance of
the system for the H2 production reaction.51,52

In our work, it seems that, in the 2 wt% Cu/TiO2 sample,
both the optical properties and the structural-chemical pro-
perties contribute to enhancing the photocatalytic activity. This
copper loading, besides displaying a much higher fluorescence
band than the 9 wt% Cu/TiO2 sample, is also advantageous for
the investigated reaction since an excessive coverage of the
titania surface by the active phase has detrimental effects on the
ability of TiO2 to photogenerate hydrogen. In fact, a too large
amount of copper species could decrease the light absorption
ability of TiO2 and partially block its sensitization.37 This,
together with the fact that an excessive amount of metal par-
ticles may act as recombination centers,38 makes the sample
containing 2 wt% of copper the most suitable system for hydro-
gen photogeneration under UV light irradiation.

Experimental
Preparation of M/TiO2 photocatalysts

M/TiO2 (M = Fe, Co, Ni, Cu, Zn) catalysts were prepared by the
impregnation method. In a typical synthesis, a suitable
amount of the M precursor of Fe(NO3)3·9H2O (≥98%), Co
(NO3)2·6H2O (≥98%), Ni(NO3)2·6H2O (99.999%), Cu
(NO3)2·3H2O (≥99%) and Zn(NO3)2·6H2O (98%), supplied by
Sigma-Aldrich, was used without further purification. To
obtain 2.0 wt%, the nitrate metal loading was weighed and dis-
solved in ethanol (1.0 mL). As for copper, the loading was
varied between 0.1 and9.0 wt%. Each one of these solutions
was well mixed with 0.3 g of the solid photocatalyst titanium
dioxide (Degussa P25 TiO2), composed of rutile 20 wt% and
anatase 80 wt%. As a result, a paste was formed, which was
dried in an oven at 70 °C for 1 h and calcined at 350 °C for 8 h
in a box furnace. Pt/TiO2, used for comparison purposes, was
prepared as previously reported.28

Photocatalytic hydrogen production

Photocatalytic experiments for hydrogen production were
carried out in a novel and innovative confocal homemade
system (Fig. 12). The reactor and lamps are located at the focus
of an elliptic cylinder polished stainless-steel reflector. In this
way, all the light coming from the lamp is reflected towards
another focus, where the reactor is placed, achieving
maximum radiation on the reactor. The reactor has a boro-
silicate double wall, which allows controlling the photocatalyst
temperature by water circulation from a thermostatic bath.
This setup includes two lamps: a UV lamp (Philips, HPA

Synergy 300 W) and a visible lamp (Leuci, Classic Linear
Halogen, 500 W), which can be switched on independently. A
fan blade was placed beside the lamps to prevent overheating.
In a typical photocatalytic experiment, 150 mL of water and
50 mL of MeOH (25 vol%), as a sacrificial reagent, were added
into the reactor equipped with magnetic stirring. Besides,
0.2 g of photocatalyst were also added to study its efficiency for
hydrogen production. The reactor temperature was fixed at
20 °C by a continuous water flux through the reactor jacket
during the experiment.

A continuous nitrogen flux of 13.2 mL min−1 through the
reactor was fixed by a mass flow controller (Bronkhorst,
EL-FLOW Select). For dynamical measurements of hydrogen
production, a mass spectrometer Omnistar of Pfeiffer Vacuum
Co. (Aßlar, Germany) was used that was connected in line with
the reactor.

Characterization of Cu/TiO2 photocatalysts

The morphology of Cu/TiO2 photocatalysts was characterized
using a transmission electron microscope (TEM 200 kV, Jeol
JEM 2100). Prior to the measurement, the samples were dis-
persed in absolute ethanol followed by ultrasonication for
15 min. Then a drop of the resulting dispersion was placed on
holey carbon coated copper TEM grids for analysis. XPS studies
were carried out on a physical electronics spectrometer (PHI
Versa Probe II Scanning XPS Microprobe) with monochromatic
X-ray Al Kα radiation (100 μm, 100 W, 20 kV, 1486.6 eV) and a
dual beam charge neutralizer. The spectrometer was calibrated
using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at
932.7, 368.2 and 84.0 eV, respectively. Under a pass energy of
23.5 eV, the Au 4f7/2 line was recorded with 0.73 eV FWHM at a
binding energy (BE) of 84.0 eV. The multiregion spectra were
referenced with the C 1s signal of adventitious carbon at 284.8
eV. The recorded spectra were always fitted using Gauss–Lorentz
curves. The atomic concentration percentages of the character-
istic elements of the surfaces were determined considering the

Fig. 12 Scheme of the reaction system used for photocatalytic hydro-
gen production under UV and visible light irradiation at room tempera-
ture (20 °C) and atmospheric pressure.
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corresponding area sensitivity factor for the different measured
spectral regions. Photoluminescence spectra were obtained by
excitation of the TiO2 tablets with light from a 300 W Xe lamp
passed through a 0.25 m double grating Spex monochromator.
Fluorescence was detected using a 0.25 m Spex monochromator
with a Hamamatsu R928 photomultiplier.

Conclusions

M/TiO2 modified-photocatalysts (where M = Fe, Co, Ni, Cu and
Zn) were prepared by an impregnation method in order to
replace the expensive noble metals with other cheaper tran-
sition metals for hydrogen production under both UV and
visible light irradiation at room temperature and atmospheric
pressure. When these transition metal elements were added to
a benchmark TiO2 (commercial P25), the maximum hydrogen
production efficiency was achieved for the Cu/TiO2 photo-
catalyst, with ∼5000 µmol h−1 g−1 and ∼220 µmol h−1 g−1 H2

production rates for UV and visible irradiation, respectively.
These values were much higher than those obtained with the
bare TiO2 by factors of 16 and 3 for UV and visible light
irradiation, respectively. Ni/TiO2 and Co/TiO2 also showed a
significant photocatalytic activity when UV light was used. The
best performing photocatalyst, Cu/TiO2, was further investi-
gated by varying the copper amount from 0.1 to 9.0 wt% to
identify the optimal cocatalyst loading. Two selected samples,
containing 2.0 and 9.0 wt% of copper, were characterized by
TEM and XPS. The results showed that Cu was highly dis-
persed over the TiO2 support and Cu species existed as both
reduced Cu0/Cu+ and oxidized Cu2+ on the surface of the
titania matrix. Besides, during the hydrogen production reac-
tion the ratio of the reduced to oxidized Cu decreased, most
probably due to the transfer of photogenerated holes under UV
or visible light. In the case of 2 wt% Cu/TiO2 sample, both the
optical properties, studied by photoluminescence, and the
structural-chemical properties contribute to enhance the
photocatalytic activity. A comparison was made with a Pt/TiO2

system, which is considered by far the most efficient cocatalyst
on TiO2 for photocatalytic hydrogen production. However, it is
worth noting that Cu/TiO2 achieved ∼80% of the H2 pro-
duction rate of Pt/TiO2, suggesting the great potential of such
a photocatalyst as a very promising low cost alternative to Pt-
based systems for hydrogen production.
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