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ABSTRACT 

In the present work two H2 evolution photocatalysts were prepared employing two different oxides, 

TiO2 and zirconium titanate (ZrTiO4), as support of the various copper phases. For both the supports 

the same Cu loading (0.5% w/w) was adopted, but two different impregnation procedures have been 

followed leading to different forms of Cu in the final composite material that are: i) Cu(II) species 

dispersed on the oxide surface; ii) Cu2O particles dispersed on the oxide surface. 

The present paper based on the parallel use of photocatalytic test and spectroscopic analysis performed 

in catalytic conditions illustrates the evolution of photocatalytic systems occurring during the H2 
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evolution reaction tests, pointing out that the as prepared materials represent a pre-catalyst and they are 

modified during irradiation leading to the real working systems different from the starting ones. 

The here presented spectroscopic analysis aims to contribute to the living debate on the oxidation state 

of copper in mixed Cu/oxide materials and on its role in hydrogen evolution under photocatalytic 

conditions. 

 

1. INTRODUCTION 

The increased demand of energy resources coupled with the necessity to face environmental pollution 

led to a growing interest in H2 production.
1
 Among the possible strategies to produce H2, both water 

photo-splitting and photo-reforming of small hydrocarbons are attracting a continuously growing 

interest. Up to date, several different materials have been proposed as candidates for these 

applications.
2
   

Among the possible materials suitable for photocatalytic applications, titanium dioxide still remains the 

most investigated one, mainly because of its peculiar physical and chemical properties.
3
 In spite of the 

great potential of this material in several photocatalytic applications, H2 production does not efficiently 

proceed on titanium dioxide, at least in its bare form, mainly due to the rapid recombination of the 

photogenerated charge carriers and the insufficient reduction potential at the conduction band edge. To 

increase the rate of H2 formation several strategies have been developed, e.g. by co-catalysts (Pt, Au 

…) addition or by coupling the solid with other semiconducting materials with suitable band 

potentials.
4-7

 

The modification of semiconducting oxides with copper represents a strategy of great interest due to 

the remarkable H2 evolution rates attained under irradiation and for the low cost of copper with respect 

to other co-catalysts such as platinum and gold. Nevertheless, up today, there is not a general consensus 
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in the interpretation of the mechanism behind the relatively high efficiency of Cu/TiO2. This is mainly 

due to the capability of copper to easily attain different oxidation states and to the fact that the 

preparation pathway can affect the ratio among these different forms of Cu.  

As far as the different forms of copper and the related activities are concerned, the following 

information can be drawn from the available literature. 

a) Cu(II) species. The presence of cupric ions on the surface of Cu-modified oxides is indicated by 

some authors as the origin of the photoactivity of these materials under visible light. Such activity 

is ascribed to the charge transfer from the oxide valence band to the Cu
2+

 surface states, which in 

turn, generate Cu
+
 species capable of one-electron transfer to adsorbed species to some extent.

8,9
 

Concerning H2 evolution, however, the surface sites and the involved mechanism are still under 

debate and conflicting models can be found in the literature. The sole presence of isolated Cu
2+ 

ions, in fact, is not enough to explain the high activity of Cu(II) modified materials since the 

reduction potential for the Cu
2+

/Cu
+
 redox couple is positive (0.16 V).

8
 To overcome this 

contradiction, since CuO is reported to be active in the H2 photoproduction,
10

 it  was proposed 

however that the decoration with Cu(II) ions of an oxide surface, such as TiO2, can lead to the 

formation of CuO-like (CuOx) structures.
11

 Nevertheless, up today there is not a general consensus 

about the mechanism operating in presence of this oxide. Some authors in fact claim that CuO is 

not able, in principle, to photo-produce H2 due to the unfavourable conduction band potential and 

fast recombination of the charge carriers,
12-15

 It is also reported however that the surface 

impregnation procedure, usually adopted to prepare this kind of composite materials, can lead to 

the formation of a thin layer of CuO at the surface of the supporting oxide. This kind of layer, due 

to quantum size effects, should be characterized by a larger band gap than that of bulk CuO with 

the conduction band edge shifted to a more negative potential so enabling the enhancement of H2 

evolution rate.
16,17

 Recently it has also been proposed that, during the photocatalytic process, the 
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surface CuOx species are converted in low oxidation forms of copper (Cu
+
)
18-20

 and Cu2O 

represents the real active species.
21,22

  

b) Cu(I) species. Several studies have shown that the presence of cuprous oxide (Cu2O) on the surface 

of materials such as TiO2 or ZnO drastically enhances the H2 evolution rate with respect to the bare 

material. Again Cu2O is a semiconducting oxide (Eg 2.0-2.5 eV) but, differently from the case of 

cupric oxide, the high H2 evolution rate, in this case, is unambiguously ascribed to the features of 

the formed oxide-oxide heterojunction. In this case, in fact, the band gap alignment of the two 

oxides improves the charge carriers separation and, consequently, the H2 evolution capability.
19,21-

24
    

c) Metallic Cu. Copper nanoparticles supported on oxides were widely studied as catalysts for carbon 

monoxide oxidation and more recently, Surface Plasmon Resonance (SPR)-driven photocatalysis 

has been demonstrated in titania/copper systems under visible-light irradiation.
25

 As far as H2 

photo-production is concerned some papers show that, in the presence of metallic Cu, the H2 

evolution rate increases suggesting that copper can act as a co-catalyst also this form, promoting 

H2 evolution as in the case of other noble metals.
15,21,26-30

 Some authors also report that during the 

H2 photoformation process on Cu2O modified materials the formation of metallic copper can 

occur.
23,24

  

The present work is based on the joint use of Electron Paramagnetic Resonance (EPR) spectroscopy 

and UV-Visible Diffuse Reflectance Spectroscopy (DRS) to investigate the state and the role of copper 

compounds deposited (0.5% w/w) on two distinct semiconducting oxides. In the systems under 

investigation both Cu
2+

 ions (3d
9
) and the paramagnetic centres, originated by the stabilization of 

photogenerated charge carriers in the supporting oxide, can be investigated by EPR spectroscopy. As to 

the other possible copper based species (Cu(I) and Cu(0)), these can be appropriately studied by optical 

spectroscopy (DRS) since they have specific absorption in the visible region. 
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Two different oxides were chosen as support of the various copper phases, namely TiO2 and zirconium 

titanate (ZrTiO4), in order to investigate the role of different oxidic supports on the charge carriers fate 

and H2 evolution rate. The interest in zirconium titanate is due to its conduction band potential which is 

slightly more negative than that of TiO2, thus a higher reductive potential of photoexcited electrons is 

expected, making this material a possible candidate for hydrogen evolution via water photoreduction.  

For the surface modification of the bare oxides with Cu, the same loading has been adopted for each 

sample (0.5% w/w), but two different impregnation procedures have been followed leading to different 

forms of copper in the final composite material that are: i) surface impregnation of the oxides with a 

Cu(NO3)2 solution. In this case the resulting starting material is essentially based on Cu(II) species 

dispersed on the oxide surface; ii) surface impregnation with pre-formed Cu2O oxide.  

The present paper illustrates the evolution of photocatalytic systems based on a semiconducting oxide 

(either TiO2 or ZrTiO4) modified at the surface, as described above, with copper containing species. It 

will be shown in the following that the starting materials (or pre-catalysts) undergo dramatic 

modifications during irradiation leading to working systems quite different from the starting ones. 

The here presented spectroscopic analysis aims to contribute to the living debate on the oxidation state 

of copper in mixed Cu/oxide materials and on its role in hydrogen evolution under photocatalytic 

conditions. 

2. EXPERIMENTAL 

2.1. Samples preparation 

The two oxide adopted as copper support (TiO2 and ZrTiO4) were prepared according to the Sol-

Gel synthesis reported in previous works.
31,32

 In a second step the modification with copper (0.5% 

w/w) was obtained via the two procedure below reported. 
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The Cu2O-TiO2 (hereafter Cu2O-T) and Cu2O-ZrTiO4 (hereafter Cu2O-ZT) powders were prepared 

by Cu(II) chemical reduction (via Benedict reaction) followed by a deposition procedure. To 10 ml of 

Cu(NO3)2·3H2O water solution (7.9·10
-3

 M) 0.06 g of glucose and 15 ml of NaOH 2.4·10
-3

 M were 

added. The solution was stirred for 50 min at 343 K. At the end of the reaction, a red suspension was 

formed (suspension A). In this step of the preparation procedure, the glucose reduces the Cu
2+

 ions to 

Cu
+
 ions and the corresponding oxide (Cu2O) is formed. 1 g of oxide (TiO2 or ZrTiO4) was suspended 

in 20 ml of deionized water and the suspension was sonicated at 333 K for 10 min (suspension B). 

Suspension A was added to suspension B and stirred for 10 min at 343 K. The so obtained pale pink 

powder was filtered and washed three times with water and ethanol in order to remove the reaction 

residues and finally dried at 343 K. 

The Cu
2+

-TiO2 (hereafter Cu
2+

-T) and Cu
2+

-ZrTiO4 (hereafter Cu
2+

-ZT) powders were prepared by 

the wet impregnation method. 1 g of oxide (TiO2 or ZrTiO4) was suspended in 20 ml of deionized 

water and the suspension was sonicated at 333 K for 10 min. 10 ml of Cu(NO3)2·3H2O 7.9·10
-3

 M were 

added to the oxide suspension and sonicated for 50 min at 333 K. The so obtained suspension was 

stirred at 353 K until the formation of a dried pale blue powder. The powder was calcined in air at 623 

K for 4 h and then washed three times with water.  

Summarizing, since the copper loading was kept constant in all cases we investigated in this work four 

different systems, namely Cu
2+

/T, Cu2O/T (based on TiO2) and Cu
2+

/ZT, Cu2O/ZT (based on ZrTiO4). 

2.2. Characterization methods 

2.2.1. Characterization of the as prepared samples 

The powder X-ray diffraction (XRD) pattern was recorded with a PANalytical PW3040/60 X'Pert 

PRO MPD diffractometer using a copper Kα radiation source. The diffraction patterns were obtained in 

the 2θ range between 20° and 80°. The X'Pert High-Score software was used for data handling. 
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The UV-Visible Diffuse Reflectance (DR-UV-Vis) spectra of the prepared solid were recorded 

using a Varian Cary 5000 spectrometer. A Polytetrafluoroethylene (PTFE) sample was used as the 

reference. The spectra were recorded in the 200–800 nm range at a scan rate of 240 nm/min with a step 

size of 1 nm. The measured reflectance was converted with the Kubelka-Munk function. 

The specific surface area was measured with a Micromeritics ASAP 2020 apparatus using the 

Brunauer–Emmett–Teller (BET) model for N2 adsorption measurements. Prior to N2 adsorption, the 

sample was outgassed at 573 K for 2 h. 

Continuous Wave Electron Paramagnetic Resonance (CW-EPR) experiments were performed with 

a Bruker EMX spectrometer operating at X-band (9.5 GHz), equipped with a cylindrical cavity 

operating at 100 kHz field modulation. All the spectra were recorded in vacuum condition at 77 K in a 

EPR cell that can be connected to a conventional high-vacuum apparatus (residual pressure < 10
−4

 

mbar). In all cases the parameters setup was Modulation Amplitude 0.2 mT and microwave power of 

10 mW. 

2.2.2. Photocatalytic test 

The hydrogen evolution tests were performed in a 100 ml quartz reactor with a rubber septum for 

bubbling and sampling. 0.1 g of photocatalyst were suspended in a 10% v/v methanol aqueous solution 

(72 ml H2O and 8 ml of methanol) and sonicated for 10 min. The irradiation source was a 150 W 

Hamamatsu L2274 Xe lamp with a UV irradiance of 400 W/m
2
. A magnetic stirrer was placed at the 

bottom of the reactor to keep the particles in suspension during the experiment. Prior to illumination, 

nitrogen was purged into the reactor for 30 min to remove dissolved oxygen. The photocatalytic 

hydrogen activity was then studied by illuminating the suspension for 4 hours. To evaluate hydrogen 

generation, a 200 µl gas sample was taken every 30 min from the reactor head space through a rubber 

septum. The gas samples were then injected into a Perkin Elmer Clarus 500 gas chromatograph (GC) 

Page 7 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8 

 

equipped with HayeSep Q (80/100) column and thermal conductivity detector (TCD). Nitrogen was 

used as the GC carrier gas, at a flow rate of 1.0 ml/min. 

2.2.3. Characterization of irradiated materials 

The EPR spectra of the powders upon irradiation and in vacuum condition were recorded in the 

EPR cavity illuminated by a 1600 W Newport Xe lamp (irradiance 300 W/m
2
). The samples were kept 

at 77 K in liquid nitrogen.  

The EPR spectra characterization along the H2 evolution process were obtained irradiating, with a 

500 W Newport Hg-Xe lamp (irradiance 100 W/m
2
) 10 mg of sample dispersed in 100 µL of 

water/methanol solution (10% v/v) in an EPR tube. Prior to illumination, the EPR cell was evacuated to 

remove O2 while keeping the sample at low temperature in order to avoid the evaporation of the 

water/methanol solution.  

The experiments were performed stepwise. After each irradiation step the sample was rapidly frozen 

from RT to 77 K and transferred in the EPR cavity to record the spectrum. 

The parameters used for all the EPR spectra were Modulation Amplitude 0.2 mT and microwave power 

of 10 mW. 

The DR-UV-Vis investigations during H2 evolution process were performed irradiating with a 500 W 

Newport Hg-Xe lamp (irradiance 100 W/m
2
) 0.4 g of samples suspended in 2 ml of water/methanol 

solution (10% v/v) in a quartz cell for DR-UV-Vis measurements. After irradiation, prior to the spectra 

acquisition the sample were let to sediment on the bottom of the cell. The DR-UV-Vis spectra were 

recorded in the 200–2500 nm range at a scan rate of 240 nm/min with a step size of 1 nm. Since the 

samples could not be stirred during irradiation, after every irradiation step the samples were sonicated 

in order to disperse the powders homogenously. 
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3. RESULTS AND DISCUSSION  

3.1. Structural and optical characterization. 

Fig. 1 reports the XRD and the UV-Visible DRS characterization of the two sets of Cu modified 

samples (T and ZT respectively) compared with the corresponding pristine materials. XRD 

diffractograms indicate that, for both oxidic supports (Fig. 1 A and B), the procedures adopted for the 

surface modification with copper do not alter the crystallographic features of the oxides. Also the 

surface area is not affected by the two modification procedures (Table 1).  

It is worth to note that the presence of the additional fraction of copper species can be detected by XRD 

in the case of the materials decorated with the Cu2O particles only. Both Cu2O-T and Cu2O-ZT 

samples, indeed, show a very weak additional diffraction peak at about θ= 36.5° due to the (111) 

reflection of the Cu2O lattice. This indicates that, even though the Cu loading adopted for the two 

surface modification procedures is the same (0.5% w/w), the surface distribution of the copper is 

different in the two kinds of materials. In the case of materials prepared via wet impregnation (Cu
2+

-T 

and Cu
2+

-ZT, panel A) copper is dispersed on the oxide surface, whereas in the case of the Cu2O-T and 

Cu2O-ZT samples the formation of supported Cu2O particles (with a consequent oxide-oxide interface) 

is evident.  

Table 1. Structure, BET specific surface area and energy gap values of copper-modified TiO2 and ZrTiO4 based samples. 

Sample Label 
Cu loading 

(%w/w) 
Support Structure 

B.E.T.  

Area (m
2
 g

-1
) 

Eg  

(eV) 

TiO2 T - 100 % TiO2 anatase 65 3.22 

Cu
2+

- TiO2 Cu
2+

-T 0.5 100 %TiO2 anatase 59 3.21 

Cu2O- TiO2 Cu2O-T 0.5 100 %TiO2 anatase 59 3.21 

ZrTiO4 ZT - 100 % ZrTiO4 scrutinyite 62 3.81 

Cu
2+

- ZrTiO4 Cu
2+

-ZT 0.5 100 % ZrTiO4 scrutinyite 58 3.82 

Cu2O- ZrTiO4 Cu2O-ZT 0.5 100 % ZrTiO4 scrutinyite 59 3.81 
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The two procedures of surface modification drastically affect the optical properties of the oxidic 

supports. Samples Cu
2+

-T e Cu
2+

-ZT show pale green and light blue colour respectively, while the 

Cu2O-T and Cu2O-ZT samples show pale pink colour. The UV-Vis reflectance spectra of all modified 

samples (Fig.1 C and D) show, beside the band gap transition in the UV region, typical of the two 

supporting oxides, further absorption in the visible region. The two surface impregnated samples (Cu
2+

-

T and Cu
2+

-ZT, spectra C(c) and D(c) respectively) show two new absorption features, one in the 600-

800 nm wavelength range is related to the d-d transition of Cu(II),
19,33

 the other shows up in the 400-

500 nm range, partially overlapping the main band gap absorption, and is ascribed to the charge 

transfer from the valence band (VB) of the oxides to surface Cu(II) species.
8
 

The two samples decorated with Cu2O particles (Cu2O-T C(b) and Cu2O-ZT D(b)) show a stronger 

absorption in the 400-600 nm range with a specific absorption at 475 nm typical of Cu2O 

particles.
23,34,35

 Also in this case the absorbance in the 600-800 nm region is slightly higher than that of 

the bare materials. This second feature seems to suggest that, beside the Cu2O particles, also a small 

fraction of Cu(II) is present in these two samples. 

Table 1 summarizes the main features of the samples employed in this work. 
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Figure 1. XRD diffractrogams (panel A and B) and DR-UV-Vis spectra (panel C and D) of the bare oxides and the 

corresponding Cu modified materials. Panel A and C. TiO2 based materials: a) T, b) Cu2O-T and c) Cu
2+

-T. Panel B and D. 

ZrTiO4 based materials: a) ZT, b) Cu2O-ZT and c) Cu
2+

-ZT. The diffraction patterns shown in panel A are due to the 

anatase polymorph of TiO2 except for the feature shown in the inset which corresponds to the (111) reflection of cuprite 

(Cu2O). The diffraction patterns shown in panel B correspond to the scrutinyite structure (ZrTiO4). Again, the feature 

highlighted in the inset corresponds to the (111) reflection of cuprite (Cu2O). 

 

Figure 2. EPR spectra of the Cu modified samples recorded at low temperature under vacuum condition. a) Cu2O-T, b) 

Cu2O-ZT, c) Cu
2+

-T and d) Cu
2+

-ZT sample.  
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Cu
2+

 ions (3d
9
) bear one unpaired electron and for this reason they can be directly monitored by 

means of the EPR technique. The EPR spectra of the whole set of as prepared, copper modified 

samples recorded at 77 K under vacuum are shown in Fig. 2. All samples show EPR signals that appear 

as the typical fingerprint of Cu
2+

 species. These are much more intense in the case of materials 

prepared via wet impregnation (Fig. 2c and d). A typical Cu
2+

 signal exhibits an axial g tensor splitted 

in 4 hyperfine lines since the Cu nucleus has nuclear spin I=3/2 and the line multiplicity is n= 2I +1 = 

4. In all samples the EPR spectrum is characterized by similar spectroscopic features based on the 

overlap of a broad and asymmetric signal, which dominates the spectrum, with a second one due to a 

Cu(II) species having partially resolved hyperfine structure in the parallel component (g// = 2.35 and A// 

= 13.4 mT) and non-resolved in the perpendicular one. The first species (broad, unresolved signal) 

indicates the presence of a family of Cu
2+

 ions mutually interacting with each other via dipolar 

interaction. The second kind of paramagnetic species is ascribed to isolated Cu(II) ions. Values of the 

parallel hyperfine coupling constants similar to those found in this case were found also in the case of 

surface Cu
2+

 species on TiO2 in an amorphous phase, while in the case of Cu
2+

 incorporated in the TiO2 

matrix the reported A values are smaller (8-9 mT). 
8,9,36

  Cu
2+

 ions present in all samples are thus 

traceable to Cu
2+

 species (isolated or mutually interacting) dispersed on the T and ZT surface, while the 

presence of CuO bulk is unlikely. Clear evidence of CuO are reported for samples with Cu loading 

higher than that adopted in this work (0.5%w/w), furthermore the EPR features are certainly not due to 

CuO but rather to individual Cu
2+

 ionic species. Finally, DR-UV-vis spectra are not compatible with 

the presence of bulk CuO, which usually shows a continuous absorption in the range UV-vis-NIR. 

Peculiar is the fact that in Cu2O modified samples (Fig. 2 a and b), in principle expected to contain 

Cu(I) ions only, the presence of Cu(II) ions is also observed.  Since the EPR spectrum of bare, 

unsupported, Cu2O particles doesn’t show any Cu
2+

 signal (data not shown for sake of brevity), it can 

be inferred that the EPR signals observed for Cu2O-T and Cu2O-ZT (Fig. 2a, 2b) samples are not due to 
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Cu
2+

 defects in the original Cu2O nanoparticles, but, rather to a fraction of the starting Cu(I) ions that is 

unavoidably oxidized during the preparation procedure and that remains dispersed on the oxide surface.  

Combining XRD, DR-UV-Vis and EPR results it can be assumed that the samples prepared by wet 

impregnation (Cu
2+

-T, Cu
2+

-ZT) contain a dispersion of Cu
2+

 ions on the surface of the oxide supports. 

At variance, the Cu2O modified samples exhibit, in addition to a small fraction of Cu
2+

 dispersed on the 

surface of the supporting oxides, Cu2O particles anchored on the main oxide (T or ZT), thus originating 

a solid-solid interface (heterojunction).  

The electronic structure of the modified starting materials can be preliminarily modelled according to 

the schemes reported in Fig. 3. Both modification procedures induce the formation of surface isolated 

Cu
2+

 species (whose reductive potentials are located at +0.16 eV with respect to the H
+
/H2 reduction 

potential)
8
 more abundant in the case of the photocatalysts prepared via wet impregnation. The 

materials decorated with Cu2O nanoparticles are additionally characterized by a Cu2O/oxide 

heterojunction. 

 

Figure 3. Schematic representation of the band structure alignment of bare and Cu modified samples. The case here 

reported is that of TiO2 (T). In the case of zirconium titanate (ZT) the situation is analogous. 

 

3.2. Photocatalytic H2 evolution test 

The basic mechanism involved in H2 photoproduction in presence of a generic semiconducting oxide 

can be described by the following steps. First of all, the absorption of photons with energy equal to or 

larger than the band gap of the semiconductor and the electron-hole pairs formation (eq. 1).  
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OXIDE + hν → e
–

(CB) + h
+

(VB)  (1) 

The photogenerated electrons then reduce the hydrogen according to the following reactions 

2e
–

(CB) + 2H
+
 → H2   (2) 

e
–

(CB) + Ti
4+

 → Ti
3+

    (2a) 

2Ti
3+

 + 2H
+
 → H2 + 2Ti

4+
   (2b) 

Simultaneously photogenerated holes are involved in the oxygen evolution process.  

2h
+

(VB) + H2O → 1/2O2 + 2H
+
  (3) 

Even though photoactive oxides like TiO2 can be photoexcited under band gap irradiation (eq. 1), it is 

well known the H2O molecule cannot be efficiently photosplit on bare oxides. For this reason, co-

catalyst for both H2 and O2 evolution reactions (HER and OER respectively) are usually added to the 

semiconducting system. In the present case since we were focussed on the role of copper compounds in 

HER, photocatalytic H2 evolution was tested irradiating the samples in presence of a 10% v/v methanol 

aqueous solution, methanol playing the role of sacrificial reactant for oxidation. Adding of a fraction of 

this alcohol as a sacrificial agent represents a well-established procedure to scavenge the 

photogenerated holes so that the one can more easily focus on hydrogen evolution.
4,37

 It is worth to 

mention however that, in this case, a fraction of the photoformed H2 could derive from the 

photoreforming of methanol (that competes with the full mineralisation of the alcohol) according to the 

following reactions:
38,39

 

CH3OH	
���	
/�

������� 	HCHO+H2  (4) 

HCHO + H2O
���	
/�

������� 	HCO2H	+	H2  (5) 

HCO2H		
���	
/�

������� 	CO2+H2  (6) 

Fig. 4 reports the hydrogen evolution rate curves under UV-Vis irradiation for the whole set of Cu 

modified photocatalysts compared with the corresponding bare materials. For both oxides, the materials 
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modified with Cu2O are more active than the materials prepared via wet impregnation which, in turn, 

show higher activity that the bare materials. For both the bare oxidic matrices (T and ZT) H2 evolution 

is basically negligible. The modified TiO2 samples show higher activity than the corresponding ZrTiO4 

samples. With the only exception of Cu2O-T, which has a high H2 evolution rate since the beginning of 

irradiation, all Cu-modified materials show a low rate of H2 production in the first 30 min. After this 

time lag (connected to the photoinduced transformation of the materials, see below) the rate of 

photocatalytic H2 production increases with a roughly linear trend reaching a plateau in the case of 

Cu2O-T only.  

 

Figure 4. Hydrogen evolution rate (mmol g
-1

 h
-1

) obtained with (A) TiO2 based samples; (B) ZrTiO4 based samples. a) bare 

oxides, b) Cu
2+

-oxides and c) Cu2O-oxides.  

 

3.3. Characterization of the photocatalysts under irradiation 

3.3.1. EPR characterization at the solid-gas interface 
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Previous studies have shown that Cu(II) centres in TiO2 can act as traps for photogenerated electrons 

and the same behaviour occurs in the photocatalysts investigated in the present work.
14,33,40

 Upon UV 

irradiation in vacuum at 77 K (red spectra in Fig. 5) for the whole set of samples the EPR intensity of 

the Cu(II) species decreases due to the reduction of the paramagnetic Cu
2+

 centres to diamagnetic 

forms of copper (Cu
+
/Cu

0
). The initial processes can be described as follows: 

e
–

(CB) + Cu
2+

 → Cu
+
    (7) 

In metal oxide the photogenerated holes usually get stabilized on a lattice oxygen producing O
•–

 ions 

which are, at least in part, EPR detectable.
41

 In the present case the relatively weak O
•–

  signal is buried 

under the Cu
2+

 one which falls in the same spectral region. 

It is worthy to note that, by interrupting irradiation (blue spectra in Fig. 5), the behaviour of the two 

samples modified with cuprous oxide (Cu2O-T and Cu2O-ZT, Fig. 5A and C respectively) differs from 

that of the samples prepared via wet impregnation (Cu
2+

-T and Cu
2+

-ZT, Fig. 5B and D respectively). 

In this second case after interrupting the light, the Cu(II) EPR intensity is fully recovered (indicating 

that the initial oxidation state is regained due to fast charge recombination) and no new signals are 

photoformed. In the case of Cu2O-T and Cu2O-ZT samples, at variance, the starting intensity of the 

Cu(II) signal is not fully recovered after light-off and a new weak signal (gaverage= 1.93), more intense 

in the Cu2O-T sample, appears. This signal, unambiguously ascribed to Ti
3+

 centres,  is originate by 

electron trapping on Ti
4+

 cations as described by the equation 2a.
42

  

Such difference indicates that the effect on charge carriers separation is remarkably different in the two 

cases and, in the case of Cu2O modified samples, a longer lifetime of the separated charge carriers is 

observed. In the case of Cu
2+

/oxide materials the more abundant Cu
2+

 sites (Fig. 2) act as sink for all 

photogenerated electrons. 
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Figure 5. EPR spectra of the as prepared Cu modified samples (black spectra), upon UV-Vis irradition in vacuum at 77 K 

(red spectra) and after turning off the light (blue spectra). Panel A and C: Cu2O modified samples. Panel B and D: Cu
2+

-

oxides samples. 

 

3.3.2.  EPR characterization at the Solid-Liquid interface 

In order to better understand the fate of the charge carriers and the role of the Cu species during 

H2 evolution, EPR measurements were performed, at regular intervals, during irradiation of sample 

suspensions in a 10% v/v methanol/water solution (same condition of the H2 evolution test). For each 

measurement the irradiation was stopped and an EPR spectrum was recorded, after each stop, having 

previously freezed the samples at 77 K in order to block the process and to increase the quality of the 

spectra. The EPR spectra during H2 evolution, reported in Fig. 6, represents an EPR picture of the 

working photocatalysts. Only three spectra (t = 0, 5 and 30 min) are shown for clarity. Inspection of the 

spectra in Fig. 6 indicates that the presence of Ti
3+

 in conditions of H2 evolution is much more evident 
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with respect to the case of vacuum irradiation (Fig. 5). In all cases Ti
3+

 is observed in the spectra and it 

is the dominant species in TiO2-based materials (Fig. 6 A, B).  

 

Figure 6. EPR spectra of the suspension of the as prepared Cu modified samples in water-methanol solution (black spectra), 

after 5 min of UV-Vis irradiation at RT (red spectra) and after 30 min of UV-Vis irradiation at RT (blue spectra). Panel A 

and C: Cu2O modified samples. Panel B and D: Cu
2+

-oxides samples. All the spectra were recorded at 77 K. 

Fig. 7 reports the integrated intensities of the EPR signals of the Cu(II) and Ti
3+

 species 

monitored in the whole experiment (60 min). The first evidence derived from Fig. 6 and Fig. 7 is that 

the working catalysts is considerably reduced with respect to the starting materials. The concentration 

of Cu
2+

, in all cases, drastically decrease (electron trapping, eq. 7) and, though at a different extent for 

the various samples, Ti
3+

 is formed again by electron trapping. 

The deeper extent of photoreduction recorded during H2 evolution is due, differently from the case of 

the irradiation under vacuum, to the presence of methanol in the liquid phase, which acts as hole 

scavenger, enhancing the lifetime of the photoformed electrons. In parallel, inspection of Fig. 6 and 

Fig. 7 also indicates that, in the case of TiO2 based samples, after 5 min the Cu(II) species completely 

disappear in Cu2O-T, whereas, for Cu
2+

-T containing more isolated cupric ions (Fig. 2), it reaches a 
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minimum in intensity. Apart for the concentration of Ti
3+

 ions which is systematically higher in T 

samples, the intensity trend of the two paramagnetic species (Cu(II) and Ti
3+

) is similar in the two cases 

(T, ZT). For both Cu2O-T and Cu
2+

-T, Ti
3+

 grows after 5 min irradiation in parallel to the Cu(II) 

decrease. In the case of the ZT based samples, Ti
3+

 centers show up later when the Cu(II) species tend 

to their minimum intensity. In the case of Cu2O-ZT, Ti
3+

 begins to grow up after 10 min of irradiation 

and for Cu
2+

-ZT after 20 min of irradiation. 

Summarizing, during irradiation in liquid phase during H2 evolution, the presence of an hole scavenger 

(CH3OH) emphasizes the role of photogenerated electrons. The working photocatalysts is rich of 

trapped electrons that, firstly, reduce Cu
2+

 ions and only later Ti
4+

 cations to Ti
3+

. In fact, Ti
3+

 centers 

show up only when the Cu(II) are exhausted or reach a minimum in intensity. 

 

Figure 7. EPR intensities of Cu
2+

 (straight lines) and Ti
3+ 

species (dashed lines) at different times of UV-Vis irradiation of 

Cu2O-oxides (panels A and C, red lines) and Cu
2+

-oxides (panels B and D, blue lines) in methanol/water suspension. 

3.3.3.     DR-UV-Vis characterization at the Solid-Liquid interface 

Page 19 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 

 

Fig. 8 reports the same experiment shown in Fig. 6 which is, in this case, followed by optical 

spectroscopy. The effect of irradiation on the oxidic materials (bare and Cu-modified), in the presence 

of a methanol/water solution (10% v/v), is shown after 30 and 60 min (curves b and c in Fig. 8, curve a 

refers to the starting material). The presence of the solution causes the onset of two absorption bands, 

ascribable to the infra-red active groups of the water/methanol solution, centered at about 1000 nm and 

1200 nm. which will not be further discussed in the following.  

 

 Figure 8. DR-UV-Vis spectra of the different systems in presence of methanol/water solution (10% v/v). a) as prepared 

samples, b) after 30 min of UV-Vis irradiation and c) after 60 min of UV-Vis irradiation. 
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As far as the bare materials (T and ZT in Fig. 8) are concerned a continuous absorption in the visible 

and NIR regions grows along the irradiation process which is due to Ti
3+

 ions formation.
43

 Zirconium 

titanate appears, as already discussed, less reducible than titanium dioxide.
32

  

Concerning Cu modified samples the spectra obtained during irradiation are complex due to the 

presence of copper species in various oxidation states (see Fig. 1). More in detail, in the case of the 

Cu2O containing samples (Cu2O-T and Cu2O-ZT in Fig. 8) the starting spectroscopic features of the 

Cu2O particles, in the region between 400 nm and 600 nm, are preserved after irradiation as indicated 

by the specific absorption at 475 nm. Simultaneously, after 30 minutes of irradiation, a further 

absorption peak at about 580 nm clearly appears in both cases. Such feature corresponds to the Surface 

Plasmonic Resonances (SPR) of metallic copper particles
44,45

 and unambiguously indicates that the 

reduction of the Cu species proceeds up to the zero oxidation state. Since the EPR spectra (Fig. 6 A and 

C) indicate that the Cu
2+ 

species undergo reduction during irradiation, the formation of metallic copper 

occurs at the expense of Cu
2+

 species dispersed on the surface of the samples. This implies the partial 

migration of the Cu(II) species through the solution and the subsequent reduction (vide infra) or, 

alternatively, the reduction to Cu(0) and the migration at the surface of these species with consequent 

aggregation of small metal particles. The latter process is favoured by the reduction to a neutral Cu(0) 

species not affected by the surface electric fields. 

In the case of Cu
2+

-T and Cu
2+

-ZT samples, after each irradiation step, a new absorption feature arises 

in the region between 400 nm and 600 nm similar to that reported for the Cu2O decorated materials. 

This feature suggests that the reduction of Cu(II) to Cu(I) occurs.
46

 This does not necessarily mean that 

true Cu2O particles are formed. The peculiar spectroscopic feature of bulk Cu2O at 475 nm is, in fact, 

absent. Most likely the isolated Cu
2+

 species are reduced to similar Cu
+
 ones. Furthermore, it is worth 

to note that after 60 min of irradiation, also in this case, the formation of metallic copper occurs. 
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Thus, in Cu2O containing materials (Cu2O-T and ZT) metallic copper particles are formed upon 

irradiation, beside Cu2O ones. Similar metallic Cu particles are present on the working Cu
2+

 based 

materials. In this case (Cu
2+

-T and ZT), however, Cu
+
 does not form Cu2O aggregates but, most likely, 

remains dispersed at the surface as supported Cu
+
 ions. 

3.4.     Charge carriers dynamics during H2 evolution reaction 

On the basis of the EPR and optical results, a description of both the chemical modifications of the 

catalysts occurring during irradiation and the hydrogen evolution mechanism can be proposed 

according to the schemes reported in Fig. 9 and Fig. 10, respectively. 

Since the experimental results suggest that the behavior of the ZT based samples is basically the same 

observed for the T based samples, although overall less effective, in the following the two sets of 

materials (T and ZT based samples) will be discussed together.   

All the investigated Cu-modified samples show, upon UV light irradiation, a higher hydrogen evolution 

than the corresponding bare materials. The mechanism operating on the two kinds of modified 

materials is very likely different in the two cases considering the different chemical nature of the 

copper in the starting samples (mainly Cu(II) in Cu
2+

-T/ZT and mainly Cu(I) in Cu2O-T/ZT).  

Concerning Cu
2+

 containing samples the EPR characterization shows that Cu
2+

 is easily consumed 

upon irradiation under vacuum (Fig. 5) and, even more efficiently, in the operative conditions of the 

photocatalytic reactions (Fig. 6). It is worth to note, furthermore, that Ti
3+

 ions can be photogenerated 

(eq. 2a) only when the Cu(II) amount is reduced (eq. 7) to a minimum value (Fig. 7). When the 

photocatalytic reaction reaches a steady state, Cu(II) is absent (Cu2O-T) or nearly absent in the 

systems. For this reason, the photocatalytic activity of Cu
2+

-T/ZT samples in H
+
 reduction, has to be 

ascribed to reduced copper species forming during the irradiation and not to cupric ions. The optical 

spectroscopy experiments indicate, indeed, that the formation of Cu(0) occurs mainly at the expenses of 
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isolated Cu
2+

 species which are progressively photoreduced to form, after migration on the surface, 

small Cu(0) aggregates (see Fig. 9, right-hand side).  

 

Figure 9. Chemical modifications occurring at the surface of the different Cu modified samples during H2 evolution 

reaction. 

 

Figure 10. Model of H2 evolution mechanism occurring on Cu
2+

-oxides (panel A) and Cu2O-oxides (panel B) respectively. 

The band position are reported on the basis of the energy values reported in refs 
47,48

. 

This occurs mainly in the case of Cu
2+

-T and Cu
2+

-ZT samples where only dispersed Cu(II) ions are 

present. The same process however occurs, at a minor extent, on the samples containing Cu2O particles 

that show a smaller but non-negligible concentration of dispersed Cu
2+

 ions (Fig. 2).  

In the latter case however, the formation of a further small amount of Cu(0) particles at the expenses of 

Cu2O ones cannot be excluded.  Cu oxides, in fact, can be dissolved in acid solutions to form Cu
2+ 
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(leaching), because of the formation of organic acids as a consequence of the partial oxidation of 

methanol (eq. 5) The formation of acid molecules favour the partial dissolution of copper oxides
49

 and 

the Cu
2+

 ions formed in so far can trap the excited electrons contributing to the formation of a further 

fraction of metallic Cu, which is deposited on the surface. Notably the Cu nanoparticles formed by 

photoreduction are only stable in the conditions of the photocatalytic reaction. In fact, along H2 

evolution the original pale colored materials become progressively darker, but exposing the 

methanol/water suspensions containing the photocatalysts to the atmosphere, they are progressively 

oxidized recovering the original colour. It is known in fact that copper metallic particle needs 

protection to avoid chemical corrosion.
25,50

 Nevertheless, a fraction of Cu2O aggregates remains 

unaffected at the surface, as indicated by the specific absorption at 475 nm (Fig. 8). The Cu
2+

- and 

Cu2O-materials differs therefore, in operative conditions, in terms of the presence of a Cu2O-oxide 

interface that is not present in the case of Cu
2+

-T and Cu
2+

-ZT systems while Cu(0) particles are present 

in both cases. This specific composition and the role of Cu2O are likely the reason of the superior 

activity of this kind of materials with respect to those prepared by wet impregnation.  

The mechanism of H2 evolution in the described photocatalysts can be tentatively discussed on the 

basis of the previously illustrated composition of the working systems and also considering the 

electronic energy of the species involved (Fig. 10). The presence of metallic copper, formed by 

reduction of Cu
2+

 under irradiation, is the key factor explaining the increased catalytic activity of Cu
2+

-

T and Cu
2+

-ZT materials with respect to the corresponding bare oxides (Fig. 10A). In these samples 

Cu(0) represents in fact the dominant Cu species. Metallic copper, contrarily to most prominent Pt or 

Pd co-catalysts for H2 photoevolution, is not considered among the best co-catalyst for hydrogen 

activation, mainly due to the weak Cu affinity for hydrogen chemisorption.
51,52

 Nevertheless, metallic 

copper takes part to important processes such as methanol synthesis from CO and H2
53,54

 and, although 
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further work is necessary for a full comprehension of the mechanism behind hydrogen photoevolution 

on Cu(0),
 
several Authors report that metallic Cu can act as a co-catalyst for hydrogen production.

26-29
  

In the case of Cu2O containing materials, which are more active than those based on Cu
2+

, the superior 

activity must be due to the maintenance of a fraction of this cuprous oxide phase in working conditions. 

A plausible mechanism is as follows. Irradiation causes a charge separation in both the Cu2O particles 

and the oxidic supports. Because of the relative position of the band potentials, the electrons transfer 

from the conduction band of Cu2O to that of the main photocatalytic oxide occurs (Fig. 10B). 

Simultaneously the photoformed holes in the valence band of T or ZT move to the Cu2O valence band 

inhibiting the charge carrier recombination. This mechanism explains the fact that the Ti
3+

 ions 

formation upon irradiation in vacuum (Fig. 5) is observed in this kind of materials only (Panel A, C) 

and not in the Cu
2+

 samples (Panel B, D). Summarizing, the synergic effect due to the presence of the 

Cu2O/oxide heterojunction and of metallic copper particles leads to a H2 evolution rate definitely 

higher than that obtained on Cu
2+

-T and Cu
2+

-ZT samples that contain copper metal particles only.  

 

Conclusive remarks. 

In this work the photochemistry of copper containing photocatalysts constituted by TiO2 and ZrTiO4 

has been investigated leading to a detailed picture of the composition of the various systems before the 

reaction and in working conditions. In parallel, the role of the different forms of copper in H2 evolution 

reaction has been proposed. 

The results obtained via the joint use of EPR and UV-Vis DRS spectroscopies clearly indicate that 

during the irradiation all the as prepared solids undergo a chemical transformation and metallic copper 

is generated. Consequently, the real photocatalyst involved in the H2 evolution reaction is different 

from the starting material in particular for the photocatalysts prepared via wet impregnation. 

Furthermore, in the materials decorated with Cu2O particles, charge carriers separation is more efficient 
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because of the presence of a Cu2O/oxide heterojunction which is preserved during the reaction. The 

better performance in H2 evolution for this kind of material is essentially due to the presence of the 

Cu2O phase. Additionally, a synergic effect caused by the presence of metallic copper particles beside 

the Cu2O ones cannot be excluded.  

Furthermore, the photoactivity of TiO2 based materials is systematically higher than that of the ZrTiO4-

based ones. This occurs in spite of the more negative potential of the titanate conduction band that in 

principle should favor H
+
 reduction on this photocatalytic oxide. The reason of this behavior has to be 

searched in the different capability of TiO2 to stabilize photogenerated electrons (Fig. 6) or, in other 

words, to be photoreduced. The presence, in working conditions, of a higher concentration of trapped 

electrons (Ti
3+

) witnesses a higher capability to limit the recombination of the charge carriers and, 

therefore, a superior tendency/ability to promote the photocatalytic reduction of hydrogen ions. 
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