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Abstract 

Cu-TiO2 photocatalysts were prepared by the sol-gel method. Copper loadings from, 1.0 to 

5.0 wt. % were used. The materials were annealed at different temperatures (from 400 to 

600 °C) to study the formation of brookite and copper ionic species. The photocatalysts 

were characterized by X-ray diffraction, UV-vis, Raman and XPS spectroscopies, H2-

temperature programmed reduction (TPR), N2 physisorption, and SEM–EDS to quantify 

the actual copper loadings and characterize morphology. The photocatalysts were evaluated 

during the hydrogen photocatalytic production using an ethanolic solution (50 % v/v) under 

UV and visible radiation. The best hydrogen production was performed by Ti-Cu 1.0 with 
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an overall hydrogen production that was five times higher than that obtained with 

photolysis. This sample had an optimal thermal treatment at 500 °C, and at this 

temperature, the Cu2O and brookite/anatase ratio boosted the photocatalytic production of 

hydrogen. In addition, a deactivation test was carried out for the most active sample (TiO2-

Cu 1.0), showing unchanged H2 production for three cycles with negligible Cu lixiviation. 

The activity of hydrogen-through-copper production reported in this research work is 

comparable with the one featured by noble metals and that reported in the literature for 

doped TiO2 materials.  

 

Keywords 

Cu-TiO2, Water Splitting, Cu2O, Anatase – Brookite Ratio, Copper lixiviation, Cyclic H2 

Production. 

 

1. Introduction 

Due to the lifestyle in modern societies, fossil fuels have become an important energy 

source due to the use of motorized vehicles, which burn tons of fuels causing high levels of 

atmospheric pollution (Dincer, 2000). From this perspective, the humankind needs new 

types of environmentally friendly energy sources with no toxic wastes, low costs, and 

mainly that can be obtained from renewable sources such as water. 

The Fujishima and Honda (Fujishima and Honda, 1972) water splitting discovery using a 

TiO2 photoelectrode has been modified and applied ever since in many kinds of scavenger 

solutions to enhance hydrogen production by this photocatalytic method. 
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The TiO2 semiconductor in the anatase crystalline phase has a conduction band that is more 

positive than the redox potential of O2/H2O (1.23 V), i.e., the necessary energy to carry out 

the water splitting, which is 1.23 eV (H2O(l) � H2(g) + 1/2O2(g)). It is important to mention 

that the TiO2 rutile crystalline phase does not have this optical property due to the position 

of the conduction band energy (Kudo and Miseki, 2009). Moreover, although there are 

reports on brookite-anatase mixtures that have shown higher photocatalytic activities than 

those displayed by the single TiO2 anatase phase or anatase/rutile mixture, there are only 

few reports on the tailoring of the brookite/anatase ratio in TiO2 mixtures using a controlled 

synthetic method (Tay et al., 2013). Brookite also has a conduction band that is more 

positive than the redox potential of water (Kudo and Miseki, 2009), but TiO2 anatase 

presents the disadvantage of electron-hole pair recombination during the H2 photocatalytic 

process. To avoid this problem, the introduction of surface or structural defects through the 

insertion of noble or transition metals has been proposed since low Fermi levels of noble 

metals provide electron transfers from TiO2 to the loaded noble metal (Xu et al., 2010), 

resulting in a more efficient separation of charge carriers, thus enhancing the potential of 

hydrogen generation. Moreover, the doping of TiO2 creates defect states such as surface 

oxygen vacancies in the semiconductor.  

Several reports have shown that the surface functionalization of TiO2 with nanoparticles of 

precious metals such as gold, platinum or palladium, etc. (Ni et al., 2007) has displayed 

high hydrogen photocatalytic production, however, these elements are expensive and, in 

some cases, scarce. An alternative to avoid the high cost of using noble metals is the 

selection of other low cost metals such as copper (Choi and Kang, 2007). Specifically, 

Cu2O is a simple metal oxide semiconductor with low band gap energy. As shown in an 
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energy correlation between the band gap model of Cu2O and the redox potentials of 

relevant electrode reactions in an aqueous solution at pH 7, the conduction and valence 

band edges of Cu2O, which are separated by band gap energies from 2.0 to 2.2 eV, seem to 

be available for the reduction and oxidation of water, respectively (Hara et al., 1998). 

In this manuscript, the use of Cu-TiO2 catalysts in the photocatalytic production of 

hydrogen is studied. Some new insights regarding the use of the sol-gel method to dope 

TiO2 with copper ions and its effects on the crystallite and brookite/anatase ratio tailored by 

different calcination temperatures, is discussed. The enhancement of the water hydrogen 

photocatalytic production was achieved with the optimal anatase/brookite ratio in presence 

of Cu1+/Cu2+ ions without apparent lixiviation of copper ions. 

 

2. Experimental section 

2.1.  Sol – gel TiO2 synthesis 

Sol-gel-TiO2-Cu photocatalysts were prepared by means of a controlled sol-gel process 

using titanium (IV) isopropoxide (Sigma-Aldrich, 97%) as titanium precursor and copper 

nitrate trihydrate (II) (Sigma-Aldrich, 98%) as copper precursor (doping agent); ethanol (Le 

Cap Group, 96%) and distilled water were used as solvents. According to a reported sol-gel 

synthesis (Hinojosa et al., 2012), an appropriate amount of nitrate salt was dissolved in 

water to obtain 1.0, 2.5, and 5.0 wt. % of copper. The TiO2-Cu catalysts were prepared by 

adding 75.6 mL of titanium isopropoxide dropwise to a 22.9-mL ethanol/18-mL water 

solution to which the copper precursor solution was added into a 4-neck-round-bottom flask 

(1 L) equipped with magnetic stirrer and thermometer. The alkoxide/ethanol/water molar 

ratio was 1/3/8. Later on, the solution was stirred vigorously at 50°C during the addition of 
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the reagents. Subsequently to this step, the solution was gradually heated up to 70 °C. The 

gelled product was aged for 48 h at 70°C. The solvents and unreacted precursors were 

slowly removed at 80 °C and dried overnight under vacuum at 100 °C. Finally, the 

materials were thermally treated at different temperatures in an interval ranging from 400 to 

600 °C for 4 h at a rate of 2 °C min-1. The samples were identified as Ti-Cu X, where X 

represents the copper load (wt. %). 

 

2.2. Characterization techniques 

The thermally treated samples were characterized by X-ray diffraction in order to identify 

crystalline phases using an X-ray diffractometer SmartLab RIGAKU with CuKα radiation 

(1.5404 Å); the crystalline phases were corroborated with Raman spectroscopy, using a 

Micro-Raman Renishaw spectrometer equipped with a He-Ne laser (633 nm).  

Diffuse reflectance UV–vis spectra of the photocatalysts were obtained using a Cary 5000 

(UV-vis-NIR) spectrophotometer; spectralon teflon (from Agilent) was used as a reference 

blank and the band gap energy was determined by using the Kubelka-Munk method. The 

physical adsorption of N2 at -196 °C was carried out using a Quantachrome Autosorb 1 

automatic instrument on previously out-gassed samples at 150 °C. The Brunauer-Emmett-

Teller method (BET method) was used to calculate the specific surface area. Temperature 

programmed reduction was performed in a ChemBET TPR/TPD chemisorption analyzer by 

Quantachrome Instruments within a temperature interval ranging from room temperature to 

600 °C with a rate of 10 °C/min and flow of 30 mL min-1 of H2 (10%) / Ar (gas). An energy 

dispersive X-ray spectroscopy (EDS) detector (ESEM FEI-QUANTA 200) was used for the 
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semiquantitative determination of copper content in the photocatalysts. SEM images were 

obtained by Dual Beam FIB/SEM: FEI Helios Nanolab 600i.  

XPS was performed with an XPS, Multiab 2000 system with an X-ray AlKα (1486.6 eV) 

source operated at 15 KV and 1 mA, 400W and 1 ma. The binding energy was determined 

by using carbon C (1 s) as reference line (284.6 eV). Peak fitting was done by using the 

XPS fitting program XPSPEAK 41 with Shirley background. 

 

2.3. Water splitting test 

The photocatalytic activity of the Ti-Cu materials was evaluated in a home-made 

cylindrical glass reactor with an inner quartz tube equipped with a UV pen ray Hg lamp (λ 

= 254 nm, I0 = 4400 microwatts/cm2) and visible radiation Kr lamp (λ = 450 nm). This 

glass reactor had a full operation volume of 250 mL and the scavenger solution consisted of 

water-ethanol (100:100 mL, 50 vol. % of H2O), where ethanol was purchased from Le Cap 

Group (96%). In all the experiments, 50 mg of photocatalyst powder were used and the 

suspension was stirred for 20 minutes while it was purged with nitrogen to remove the 

dissolved oxygen from the solution. After oxygen was removed, the reactor system was 

sealed and the UV lamp was turned on. Hydrogen determination was done every hour for 8 

h in a gas chromatograph by Thermo Scientific with thermal conductivity detector and 

packed column by Thermo Scientific TracePLOT TG-BOND Msieve 5A. The system was 

calibrated previously in order to quantify the hydrogen production.  

Once the reaction finished, the photocatalysts were recovered and dried at 80 °C for 8 h and 

then analyzed by X-ray diffraction to elucidate the possible structural changes in the 

materials. 
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For the stability test, three cycles of 8 h each were carried out for the selected most active 

photocatalyst (Ti-Cu 1.0), which was calcined at 500 °C. After running the experiments, the 

UV lamp was turned off, the produced hydrogen was released and the reaction system was 

purged with nitrogen until the hydrogen chromatographic signal was zero. Afterwards, the 

reactor system was sealed, after 8 h, and the lamp was turned on again to start the next 

cycle and so on until the third cycle was completed.  

Finally, the copper lixiviation in the Ti-Cu 1 sample was determined for a period of 24 h of 

water splitting reaction from the final solution by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) using a 730-ES spectrometer from Varian Inc. 

 

3. Results and discussion 

3.1. Characterization of Materials  

3.1.1. X-ray diffraction 

Figure 1 shows the diffractogram patterns of the Ti-Cu samples. Independently of the 

copper loading, the presence of the anatase crystalline phase (JCPDS 21-1272) was 

detected. The brookite crystalline phase (JCPDS 29-1360) was also detected and grew 

along with the increase in copper load in TiO2, see Figure 1a. Diffraction peaks related to 

copper presence are shown in Figure 1b. At around 36 and 42º, two peaks related to the 

crystallographic planes of Cu2O were detected (JCPDS 05-0667), (111) and (200), 

respectively. At around 40º, a crystallographic plane, (111), related to the growth of CuO 

was detected (JCPDS 45-0937).  

The XRD patterns for the Ti-Cu 1.0 sample calcined at temperatures ranging from 400 to 

500°C are shown in Figure 1c. Again, the anatase crystalline phase prevails with the 
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presence of low intensity peaks related to the brookite crystalline phase at temperatures 

below 500 °C. Figure 1d shows the temperature effect on the evolution of copper oxides. At 

temperatures up to 550 ºC, the (200) plane corresponding to Cu2O disappears, while the 

(111) plane related to CuO is evidently visible. Therefore, at low calcination temperatures, 

the formation of Cu2O is favored while at higher temperatures, the formation of CuO is 

promoted. 

Additionally, at low calcination temperatures, the peak width of the (101) plane is wider, 

which indicates the formation of fine brookite crystallites. However, with the increasing 

calcination temperatures, the intensity of the (101) plane increases and becomes narrower, 

which is due to the growth of crystallites (Yu et al., 2003). Despite high calcination 

temperatures, it is important to mention that the rutile crystalline phase is not present, 

which is due to the fact that copper restricts the growth of anatase and shifts to higher 

temperatures its transformation to rutile (Bokhimi et al., 1997). 

 

3.1.2. Effect of annealing temperature and copper loading  

An additional study to elucidate the brookite/anatase ratio was done using the following 

equation (Zhang and Banfield, 2000): 

 

Where the kA and kB coefficients have values of 0.886 and 2.721, respectively, and WB 

represents the brookite/anatase crystalline phase ratio. AA represents the intensity of the 
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anatase (101) peak and AB the intensity of brookite (121) peak (Zhang and Banfield, 2000). 

In Table 1, the brookite percentage and its corresponding crystallite size are shown. 

According to the data presented in Table 1, it is observed that the brookite percentage 

increases with the copper content, therefore, the Ti-Cu 1.0 photocatalyst has the lowest 

brookite percentage (8.92 %) and the Ti-Cu 5.0 sample has the highest one (13.31 %).The 

crystallite size of the photocatalysts was determined using the Scherrer equation; likewise 

for the anatase crystalline phase and the different copper contents, see Table 1. The 

crystallite size also correlates with the percentage of brookite with sizes around 13.0 and 

17.5 nm, respectively. Therefore, the copper concentration has a direct relationship with the 

brookite growth, restricting, on the other hand, the anatase crystallite growth. As for the 

calcination temperatures, the higher the calcination temperature, the lower the brookite 

percentage, which passed from 17.55 % for the sample treated at 400 °C to 0.00 % for the 

sample treated at 600 °C. The opposite case occurs for the crystallite sizes: the lower the 

brookite percentage, the bigger the crystallite size, Table 1.  

The average size is around 17 nm, except for the Ti-Cu 2.5 photocatalyst with a size of 20 

nm. For the case of the Ti-Cu 1.0 sample calcined at different temperatures, the crystallite 

size ranged from 8 to 40 nm: the higher the calcination temperature, the higher the 

crystallite size, Table 3. The temperature increase caused the crystallites to grow since they 

gain more energy than the growth activation energy (Zhang et al., 2000).  

 

3.1.3. Raman spectroscopy 
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Raman spectra of the photocatalysts are shown in Figure 2. With this technique, the 

presence of anatase as main crystalline phase was corroborated; in Figure 2a-b, the 

vibrational Raman modes for anatase are not labeled, which occur at 396, 515 and 638 cm-1 

and are assigned to B1g, Ag + B1g and Eg, respectively (Ohsaka et al., 1978) and also to the 

presence of the brookite crystalline phase. In the same figure, two strong vibrational modes 

related to brookite are shown, assigned and labeled as B1g and B2g, which occurred at 320 

and 366 cm-1, respectively (Tompsett et al., 1995).  

With the help of the main vibrational mode (Eg) that occurred at 144 cm-1, evidence of the 

possible Cu doped TiO2 was found.  Figure 2c shows the Eg vibrational mode of the Ti-Cu 

photocatalyst with different copper contents, where the position of this band is at around 

143.4 cm-1 in all the cases with a full width at half maximum (FWMH) from 10 to 11 cm-1, 

Table 2. 

In the case of the copper photocatalysts calcined at different temperatures, Figure 2d, a 

wide variation in the FWHM is observed; the band position is modified from 142.3, 142.8, 

143.4, and 144.6 to 145 cm-1 for 400, 450, 500, 550, and 600 °C, respectively, Table 3. This 

shift toward high wavenumbers is related to the structure modification as a function of the 

calcination temperature and brookite/anatase ratio, which is due firstly to a shortening 

and/or rigidity of the Ti-O bond of this Eg vibrational mode caused by the increase in 

surface oxygen vacancies formed by the incorporation of Cu2+ into the TiO2 lattice, which 

reduces the O/Ti rate (Zhu et al., 2007). Due to this incorporation, the FWHM is also 

disturbed, where at a higher calcination temperature, a smaller FWHM is obtained. Phonon 

confinement and non-stoichiometry effects are responsible for the blueshift and broadening 

of the lowest-frequency Eg Raman mode (Yu et al., 2003). The non-stoichiometry is due to 
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the creation of surface oxygen vacancies produced by the Cu2+ incorporation into the TiO2 

lattice.  

 

3.1.4. XPS analysis 

The XPS analysis was carried out to determine the chemical and electronic structure of 

copper in the Ti-Cu photocatalysts. Figure 3 shows a representative peak-fit of the Cu 2p3/2 

core level and its corresponding shake-up satellites. Satellite peaks characteristic of Cu2+ 

photocatalysts are found at around 945 and 962.5 eV, see supplementary information S1, 

which can be seen as the dominant peaks in Ti-Cu 5.0 (500°C). In particular, the peak-fit 

for the Ti-Cu 5.0 (500°C) sample exhibited the largest core shake-up satellites with respect 

to the Ti-Cu 1.0 (500°C), Ti-Cu 1.0 (550°C) and Ti-Cu 1.0 (600°C) samples, indicating a 

clear surface oxidation process for Cu during the annealing process. Deconvolution line 

shapes using a Shirley background were used to fit peaks, where the Cu+1 state was found 

at 932 eV and the Cu+2 state was located at 933 eV. The used curve-fitting parameters are 

in agreement with those reported by Chusuei et al., 1999, and Huang et al., 2009. The ratio 

of the sum of the areas of the deconvoluted peaks was used to estimate the amount of Cu+2 

transformed into Cu+1 by the Ti-Cu samples. The XPS results confirmed the Cu+1 and Cu+2 

oxidation states of copper present on the Ti-Cu surface. This result was also supported by 

XRD and other studies reported elsewhere (Huang et al., 2009, Sinatra et al., 2015). 

According to the annealing temperature increments, the Cu+/Cu2+ rate decreased, see 

intensities in Figure 3. Also, when the copper content was increased, this rate was strongly 

affected, diminishing notably. Therefore, at low copper contents (1wt.%) and calcination 

temperature of 500 ºC, the formation of Cu2O on the TiO2 surface is guaranteed. The 
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shake-up satellite, which was ascribed to the open shell structure 3d9 L (L is for ligand), led 

to multiple splitting of Cu+ in Cu 2p3/2 at 935 eV and 2p1/2 at 955 eV (Perry and Taylor, 

2006, Borgohain  et al., 2002, Ghijsen et al., 1988, Chen et al., 2012, Sinatra et al., 2015). 

On the other hand, the contribution of Cu2+ was increased by the annealing temperature, 

which also increased the metal loading on TiO2. 

 

3.1.5. UV-vis spectroscopy 

The band gap energy (Eg) of each photocatalyst is shown in Table 1. Bare TiO2 has an Eg 

of 3.4 eV, Ti-Cu 1.0 of 3.3 eV, Ti-Cu 2.5 of 3.2eV, and finally Ti-Cu 5.0 of 2.3 eV, Table 

2. The reduction of the Eg value was closely related to the increase in the copper content in 

TiO2 due to the creation of trap levels between the conduction and valence bands of TiO2 

(Nagaveni et al., 2004).  

The Ti-Cu 1.0 photocatalyst, calcined at different temperatures, showed no evident changes 

in the Eg values (3.2 and 3.3 eV). Although CuO and Cu2O absorb in the visible region due 

to Eg values of 1.2 and 2.0 eV (Yu et al., 2007), respectively. The formation of copper 

oxides is negligible due to the high TiO2 content; therefore, TiO2 could mask the low band 

gap of the copper oxides, not showing any shift toward the visible region due to the 

temperature effect.  

With this spectroscopic technique, it can be assumed that copper incorporation exerts a 

surface effect on the modified TiO2, the band gap energy, and apparently, the calcination 

temperature, and therefore, the brookite/anatase ratio does not play a specific role in this 

optical property. Figure 1S shows the UV-vis spectra of the Ti-Cu photocatalysts and 
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changes can be observed when copper loadings are increased or at different calcination 

temperatures. 

 

3.1.6. Temperature programmed reduction 

The temperature programmed reduction thermograms are shown in Figure 4. Figure 4a 

shows the effect of the variation of the copper loading; for copper loadings of 1.0 wt. %, a 

low intensity peak with a width from 180 to 250 °C is visible. This peak is associated with 

the Cu2+ � Cu+ reduction, which is related to the copper oxide, CuO, Cu2+ � Cu1+ 

reduction (Kundakovic and Stephanopoulos, 1998, Fierro et al., 1996). In addition, the Ti-

Cu 2.5 and Ti-Cu 5.0 samples show a well-defined reduction peak that starts at 160 and 

ends at 210 °C; this peak is also related to the Cu2+ � Cu+ reduction. The shoulders 

observed for the Ti-Cu 5.0 sample at 225 and 275 °C are associated with the continuous 

reduction of Cu+ to Cu0 species (Beutel et al., 1996). 

The behavior of the Ti-Cu 1 photocatalyst calcined at temperatures between 400 and 600 

°C is shown in Figure 4b. The calcination temperatures of 500, 550, and 600 °C reveal a 

well-defined reduction peak associated with the Cu2+ ion reduction centered at 195.8 °C 

(Chen et al., 2012, Nagaveni et al., 2004, Li et al., 2008) while at calcination temperatures 

of 400 and 450 °C, lower intensity peaks at temperatures between 280 and 450 °C with 

maximal intensities at 340 and 400 °C are observed; these peaks may be associated with the 

Cu+ � Cu0 reduction, but shifted to higher temperatures with respect to the other samples. 

This shift is associated with well-dispersed copper into the TiO2 lattice. According to the 

literature, the copper reduction goes as follows CuO � Cu2O � Cu0 (Kim et al., 2003). 
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It is important to mention that either Cu2+ or Cu+ species are slightly detected by XRD due 

to the low copper concentration, but they were well detected by the TPR technique and well 

corroborated the Cu+/Cu2+ ratio by XPS spectroscopy. 

For the Ti-Cu 1.0, Ti-Cu 2.5 and Ti-Cu 5.0 samples, three reduction peaks were observed, 

which were ascribed to the reduction of CuO and Cu2O species on TiO2 (Guangjun et al., 

2011). The peaks observed at 183.7, 202.8 and 221.8 were attributed to the reduction of 

CuO. Likewise, the little shoulder observed at 279 °C in the Ti-Cu 5.0 sample was assigned 

to the reduction of crystalline CuO (Wan et al., 2008). Finally, Figures 4a and 4b show that 

as the copper load is increased and the annealed temperature is enhanced, a shift towards 

lower temperatures leading to the formation of Cu2+ species occurs, which is in agreement 

with the results observed by XPS. 

 

3.1.7. N2 adsorption-desorption 

With the help of the nitrogen adsorption-desorption technique, the surface area of the 

photocatalysts was corroborated, and the BET areas are reported in Tables 2 and 3 for the 

different copper contents and different annealing temperatures, respectively. In the case of 

different copper contents, at higher concentrations, a lower surface area is observed. The 

sol-gel TiO2 has values of 64.6, 1.0 wt. %, 59.5, 2.5 wt. %, 40.0, and 5.0 wt. % of 35.2 

m2/g, Table 2. As for the different-annealing-temperature photocatalysts, the higher the 

calcination temperature, the lower the surface area, starting at 115.3 m2/g for 400 °C, and 

ending with a surface area of 14.0 for the catalyst treated at 600 °C, Table 3. 

According to the isotherms presented in Figure 5, a type IV isotherm was obtained for the 

materials, which is representative of mesoporous solids such as titania due to a high P/Po 
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ratio (Choi et al., 2004). Regarding the types of hysteresis loops, the H2 type represents the 

hysteresis generated by the Ti-Cu 0.0, Ti-Cu 1.0, and Ti-Cu 1.0 samples treated at 400, 

450, and 550 °C; this kind of loops is representative of narrow necks, and wide bodies such 

as ink-bottle pores. In the case of the Ti-Cu 2.5 and Ti-Cu 5.0 samples, the representative 

hysteresis loops are of the H4 type, which is associated with narrow, slit-like pores; finally, 

the Ti-Cu 1-0 treated at 600 °C presents H3 hysteresis loops, which are characteristic of 

slit-like pores (Sing et al., 1985). 

An additional analysis was carried out to calculate the normalized surface area, NSBET, 

according to the following equation (Vradman et al., 2005): 

NSBET = (SBET of catalysts) / (1-x)*(SBET of support). 

where NSBET is the normalized surface area, SBET of catalysts is the surface area of the catalysts, 

X is the weight fraction of copper loading, and SBET of support is the surface area of the 

catalysts. 

The results are shown in Tables 2 and 3. The normalized surface area data suggest that a 

value close to 1 indicates that the copper introduction caused minimal reduction in the 

surface area, thus insignificant reduction in the normalized surface area. These effects are 

observed in Ti-Cu 1.0 annealed at 400, 450, and 500 °C with values of 0.95, 0.94 and 0.93, 

respectively. On the other hand, the normalized surface area was affected when the metal 

loading was increased to 2.5 and 5.0 wt.%; likewise, when the annealing temperature was 

600°C, the normalized surface area was decreased notably. 

 

3.1.8. Semiquantitave chemical composition, EDS 
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The semiquantitative determination of the chemical composition of copper in the 

photocatalysts was carried out by the SEM–EDS technique. The results of the Cu 

composition are presented in Table 2. The EDS analyses show that the mean atomic 

percentages of copper were quite similar to the nominal values. The semiquantitative 

copper loadings were 1.01, 2.49, and 4.63 wt. % for the Ti-Cu 1.0, Ti-Cu 2.5, and Ti-Cu 

5.0 samples, respectively. The EDS spectra taken from different regions of the same sample 

indicate that the Ti-Cu nanopowders were obtained with controlled copper doping 

concentrations and uniform copper ion distributions. In Figure 2S, the typical morphology 

of TiO2 can be seen, which corresponds to agglomerates of spherical nanoparticles, which 

independently of the copper loadings preserve the same morphology.  

The XPS results confirmed the existence of Cu2O, and the Raman spectroscopy confirmed 

the presence of Cu2+ doping the TiO2 framework, producing surface oxygen vacancies that 

can favor the photocatalytic process. 

 

3.1.9. Hydrogen production test 

The previously characterized materials were evaluated in the hydrogen photocatalytic 

production. Figure 6 shows the results for the Ti-Cu materials with different copper 

loadings (from 0 to 5 wt. %), and calcined at 500 °C. Each curve corresponds to the 

hydrogen production rate for 8 h of reaction test and after the subtraction of the hydrogen 

production obtained by water photolysis. According to these results, the optimal copper 

loading is 1.0 wt. % with a H2 production of 3865 µmol g-1h-1; this quantity corresponds to 

four times more H2 production with respect to photolysis. For copper contents of 2.5 and 
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5.0 wt. %, lower hydrogen production rates of 2290 and 2856 µmol g-1h-1 were obtained, 

respectively. It is important to mention that bare TiO2 presents a very low hydrogen 

production of 963 µmol g-1h-1, just above the hydrogen production obtained by the water-

ethanol photolysis, which means that even with a low copper loading, the hydrogen 

production was enhanced remarkably due to the copper incorporation into the TiO2 lattice. 

As for the induction period for the samples treated at 500 ºC, see Figure 6ab, Ti-Cu 1.0 

continued having the highest rate of hydrogen production (99 µmol h-1); the Ti-Cu 2.5 and 

Ti-Cu 5.0 samples showed a similar rate of 50 µmol h-1 while the poorest sample, the bare 

TiO2, featured a rate of 32 µmol h-1. It is important to mention that the Ti-Cu 0.0 sample 

showed negligible activity because of the rapid recombination of conduction band electrons 

and valence band holes and as a result of the absence of H. recombination centers for 

hydrogen evolution (Majeed et al., 2016). 

In addition, copper incorporation creates an optimal brookite/anatase ratio since brookite 

and mainly the Cu2O formation lead to the photocatalytic production of hydrogen because 

Cu2O is a semiconductor with small band gap energy. Cu2O shows an energy correlation 

between the band gap and the redox potentials of relevant electrode reactions in an aqueous 

solution. The conduction and valence band edges of Cu2O, which are separated by band gap 

energies from 2.0 to 2.2 eV, seem to be adequate for easing the reduction and oxidation of 

water, respectively (Hara et al., 1998, Li et al., 2015). Thus, maybe a pn-junction could be 

achieved due to the combination of Cu2O and an n-type semiconductor, TiO2, which results 

in higher photocatalytitc activity due to the presence of an electrostatic field at the junction, 

faciliting the charge separation between electrons and holes (Sarkar et al., 2013, Wang et 

al., 2010, Shifu et al., 2009). Some authors explain this situation with help of 
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photoluminescence spectroscopy (Yang et al., 2010). Other authors explain the pn-

heterojunction according to the induction of oxidation process of organic pollutants 

(Bessekhouad et al., 2005).  

Figure 6a-b shows the hydrogen production obtained when the fresh Ti-Cu 1.0 sample was 

annealed at different temperatures: 400, 450, 500, 550, and 600 °C. It is shown that the 

sample annealed at 500 °C has the highest hydrogen production with 3865 µmol g-1h-1, 

followed by the treatment at 550 °C with 2565 µmol g-1h-1; then, at 450 °C with 2118 µmol 

g-1h-1, and finally at 400 and 600 °C with a similar hydrogen production of 1600 µmol g-1h-

1 (after 8 h). It is important to note that after annealing at 500 °C, copper is present as Cu2O 

and CuO (Cu+, and Cu2+ species, respectively), which provides a high delocalization of the 

electronic density, improving the redox reactions related to water splitting – hydrogen 

production; it also avoids the recombination of photogenerated holes and electrons due to 

the possible pn-heterojunction that could be carried out by TiO2 and copper oxides.  

According to the induction period, see Figure 6bb, the highest rate of hydrogen production 

in the first reaction hour was followed according to this trend: 550 > 500 > 450 > 600 > 400 

ºC. However, once the reaction finished (8 h), the tendency changed to 500 > 550 > 450 > 

600 = 400 ºC. The change in the tendency is attributable to the copper oxides. Just above 

550 ºC, appeared the formation of CuO while at 500 ºC, the presence of Cu2O prevails. 

It is important to mention that there is an effective interfacial charge transfer in both species 

(Mondal et al., 2016). The Ti-Cu 1.0 – 500 °C sample has a 0.098 brookite/anatase ratio 

that enhances the hydrogen photocatalytic production or produces the highest hydrogen 

quantity due also to redox properties of the bookite phase; more specifically, due to the fact 

that its conduction band is more positive than the redox potential of the O2/H2O pair (Xu et 
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al., 2010). It has been reported that low brookite contents enhance dramatically the 

hydrogen photocatalytic production as seen here (Kandiel et al., 2010).  

Another important phenomenon that could occur in the copper photocatalysts is the one 

related to work function, which means that the electron transfer is facilitated from a 

material with a lower work function to another with a higher work function value, acting 

this last material as an efficient trap for the photogenerated electrons, preventing the e-/h+ 

recombination, and as consequence, improving the photocatalytic activity. The work 

function values of TiO2 (-3.90 eV) allow an efficient electron transfer from TiO2 to 

CuO/Cu2O (-4.35 eV) (Oros et al, 2014, Yang and Rhee, 2007). Maybe, the low copper 

loading in the TiO2 photocatalysts could act as a co-catalyst, improving the hydrogen 

photocatalytic production, where the copper load exerts an effect increasing the surface 

area; therefore, larger particles exert a shadow effect which implies a larger transportation 

of electrons and cannot participate in the photochemical process; thus, this shadow effect 

reduces the catalyst activity, at least on a per unit mass basis (Saupe et al., 2005).  

It is important to mention that the overall hydrogen produced by the copper photocatalysts 

is considerable with respect to other Pd, Pt or Au on TiO2 photocatalysts analyzed under the 

same conditions with 5644, 2317, and 6242 µmol g-1h-1 (Hinojosa et al., 2016) with respect 

to 2958 µmol g-1h-1 of the Ti-Cu samples analyzed here. The two first values were obtained 

by our group and have not yet been published. Therefore, the results reported in the present 

work give an indication of the possibility of preparing new materials that are cheaper than 

noble-metal-based catalysts, which represents 124-time-higher savings with the use of 

copper catalysts with regard to gold catalysts.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 

 

According to the copper loading and calcination temperature optimization, the Ti-Cu 1.0 

sample annealed at 500 °C was submitted to a stability test using the same ethanolic 

solution. After three cycles of reaction, no deactivation of the photocatalysts was observed, 

and similar hydrogen production was produced after each cycle, around 4000 µmol g-1h-1 in 

each cycle, Figure 6c. This result is a key issue for practical application.  

Due to the band-gap of the copper materials, the TiO2 with different copper contents were 

evaluated during the water splitting reaction under visible radiation, see Figure 7. In this 

case, the effect exerted by the copper incorporation during the H2 evolution is obviously 

remarkable. The bare TiO2 shows no hydrogen production, while the rest of the samples 

show H2 production of 437, 400, and 345 µmol g-1h-1 for the Ti-Cu 1.0, 2.5, and 5.0 

samples, respectively. Therefore, the copper incorporation at different loadings diminished 

the band gap energy, which allowed the photocatalytic hydrogen production under visible 

light, where the values are above those reported in the literature for doped TiO2 materials 

(Dholam et al., 2009, Kato and Kudo, 2002, Khan et al., 2008).  

To corroborate the copper stability into the TiO2 materials during the photocatalytic 

experiments, the materials were recovered after the reaction and characterized by X-ray 

diffraction. After reaction, the materials maintained the same structural conformation, and 

also the copper oxides did not show any alteration after being irradiated, see Figure 8. 

To confirm the structural stability of copper in the TiO2 lattice, the reaction solution was 

analyzed by ICP and an overall copper lixiviation of 0.036 mg L-1 after the 24-h-reaction 

test was observed. This last information corroborates the structural stability of the 

photocatalyst, indicating that copper is strongly bound to the TiO2 lattice, where this value 

is 70 times lower than the initial copper concentration of 2.5 mg L-1, which corresponds to 
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the 1 wt.% of 50 mg of photocatalyst dissolved in 200 mL of ethanolic solution. It is 

important to mention that TiO2-Cu materials have already been used in a similar reaction, 

but high lixiviation of copper during the water splitting process has been reported (Kudo 

and Miseki, 2009). 

Finally, in Figure 9, according to normalized surface areas and the photocatalytic activity, 

the following graphs were done. Here, it is evident that with the lowest copper content 

(doping agent), the highest H2 production was achieved, and also at 500 °C, we also had the 

highest H2 production, which corresponds to the minimal/optimal annealing temperature. 

Optimal conditions for the synthesized materials were 1 wt.% of doping agent and 

annealing temperature at 500 °C for this kind of catalyst. 

  

4. Conclusions 

In this work, an alternative Cu/TiO2 photocatalyst for hydrogen production by the water 

splitting reaction is presented. The advantages of copper doping during the gelling step are 

high activity, negligible copper lixiviation after several reaction cycles and lower cost of 

this catalyst in comparison with expensive novel metallic Pt, Pd or Au TiO2 photocatalysts. 

The high stability and hydrogen production of the Ti-Cu 1.0 material annealed at 500 °C 

(2957.6 µmol g-1h-1) was due to several aspects: i) a higher formation of Cu2O than CuO. 

Cu2O has a band gap energy that is similar to that of the redox potential, which is available 

for the reduction and oxidation of water, ii) optimal copper loading that led to an optimal 

brookite ratio into the TiO2 anatase crystalline phase, iii) copper performance to avoid the 

e-/h+ recombination and promote the charge transfer to enhance the redox reaction in the 
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water splitting reaction for hydrogen production, which is related to the work functions of 

both TiO2 and Cu+.  

Finally, these kinds of Cu/TiO2 photocatalysts are good candidates to be used under visible 

radiation due to a decrease in the band gap energy when the copper loading is incorporated 

into the framework in the photocatalysts.  
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Table 1. Percentage and crystallite size for the brookite phase in the Ti-Cu 
photocatalysts. 

Sample WB
1 

(%) 
B/A 

ratio2 

B  
Crystallite  

size 
(nm) 

Ti-Cu 0.0 3.18 0.033 17.85 
Ti-Cu 1.0 8.92 0.098 13.03 
Ti-Cu 2.5 8.94 0.098 13.62 
Ti-Cu 5.0 13.31 0.154 17.53 

Temperature 
Ti-Cu 1.0 

WB 
(%) 

B/A 
ratio 

B  
Crystallite  

size 
(nm) 

400 °C 17.55 0.213 9.46 
450 °C 14.17 0.165 10.87 
500 °C 8.92 0.098 13.03 
550 °C 5.48 0.058 19.86 
600 °C 0.00  --- 

1Brookite percentage, 2Brookite/Anatase ratio 

 

 

Table 2. Physicochemical properties of Ti-Cu photocatalysts with different copper 
contents, calcined at 500 °C. 

 Crystallite size 
(nm) 

Raman FWHM 
(cm-1) 

Surface area 
(m2 g-1) 

Cu  
wt. % 

Eg 
(eV) 

1NSBET 

Ti-Cu 0.0 17.7 10.4 64.6 --- 3.4 --- 
Ti-Cu 1.0 17.5 11.7 59.5 1.0 3.3 0.93 
Ti-Cu 2.5 20.0 10.8 40.0 2.5 3.2 0.63 
Ti-Cu 5.0 16.2 11.0 35.2 4.6 2.3 0.57 
1NSBET (Normalized surface area) was calculate by using the equation. NSBET = (SBET of catalysts / (1-x)*(SBET 

of  support). 

 

Table 3. Physicochemical properties of the Ti-Cu 1.0 photocatalyst calcined at different 

temperatures. 

 Crystallite size 
(nm) 

Raman FWHM 
(cm-1) 

Surface area 
(m2 g-1) 

Eg 
(eV) 

1NSBET 

Ti-Cu 1.0 400 8.2 16.3 115.3 3.3 0.95 
Ti-Cu 1.0 450 10.9 14.7 85.3 3.3 0.94 
Ti-Cu 1.0 500 17.5 11.7 59.5 3.3 0.93 
Ti-Cu 1.0 550 24.5 9.8 40.7 3.2 0.91 
Ti-Cu 1.0 600 39.62 8.58 14.0 3.2 0.78 
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1NSBET (Normalized surface area) was calculate using the equation. NSBET = (SBET of catalysts /(1-x)*(SBET of  

support). Surface areas for Ti-400 (122 m2
 g-1), Ti-450 (92 m2

 g
-1), Ti-500 (64.6 m2

 g
-1), Ti-550 (45 m2

 g
-1) 

and Ti-600 (19 m2 g
-1). 

 

Table 4. Copper species ratio determinated by XPS spectroscopy. 

 Cu1+ Cu2+ Cu1+/Cu2+ 
1.0 Cu/Ti 450 -- -- -- 
1.0 Cu/Ti 500 -- -- -- 
1.0 Cu/Ti 550 57 42 1.3 
1.0 Cu/Ti 600 54 46 1.1 
5.0 Cu/Ti 500 44 56 0.8 
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Figure captions 

Figure 1. Diffractogram patterns of Ti-Cu photocatalysts with a) copper content, b) 

inset of the 34 – 45º region, from 0.0 to 5.0 wt. %, annealed at 500 °C, c) Ti-Cu 1.0 

annealed at temperatures ranging from 400 to 600 °C, and d) inset of the 34 – 45º region 

Figure 2. Raman spectra of vibrational modes of a) different copper contents annealed 

at 500 °C, and b) Ti-Cu 1.0 annealed at different temperatures. Eg vibrational mode of 

Ti-Cu photocatalysts with c) different copper contents annealed at 500 °C, and d) Ti-Cu 

1.0 annealed at different temperatures. 

Figure 3. XPS spectra of a) Cu2p for Ti-Cu 1.0 500, Ti-Cu 1.0 550, Ti-Cu 1.0 600, and 

Ti-Cu 5.0 500 photocatalysts, b) deconvolution of XPS Cu 2p3/2 core level for Cu1+ and 

Cu2+ in Ti-Cu 1.0 500, Ti-Cu 550, and Ti-Cu 600 photocatalysts. 

Figure 4. Temperature programmed reduction of Ti-Cu photocatalysts with a) different 

copper loadings and b) different calcination temperatures for the Ti-Cu 1.0 sample, and 

its corresponding deconvoluted insets.  

Figure 5. Nitrogen adsorption-desorption isotherms for the Ti-Cu photocatalysts with a) 

different copper loads and b) different calcination temperatures for the Ti-Cu 1.0 

sample. 

Figure 6. Photocatalytic hydrogen production for 8 h for the Ti-Cu samples with aa) 

different copper loadings, ab) induction period for these samples, ba) different 

annealing temperatures, bb), induction period for these samples, and c) stability test 

during the hydrogen photocatalytic production for Ti-Cu 1.0 annealed at 500 °C 

Figure 7. Photocatalytic hydrogen production for the Ti-Cu samples with different 

copper loadings under visible radiation (450 nm). 

Figure 8. Diffractogram patterns of Ti-Cu photocatalysts with copper contents from 0.0 

to 5.0 wt. %, annealed at 500 °C, recovered after the water splitting reaction. 

Figure 9. Schematic representation of the normalized surface area versus hydrogen 

production of a) different copper loadings annealed at 500 ºC, and b) Ti-Cu 1.0 

annealed at different temperatures. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

0 1 2 3 4 5 6 7 8

0

20

40

60

80

100

120

140

160

180

H
yd

ro
ge

n 
pr

od
uc

tio
n,

 
µµ µµm

ol

Time, h

 Ti-Cu 0.0
 Ti-Cu 1.0
 Ti-Cu 2.5
 Ti-Cu 5.0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Figure 8 
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Figure 9 
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Highlights 

 

1. The sol-gel process allows the formation of brookite and Cu2O oxide. 

2. The Ti-Cu 1.0/500 have the highest Cu1+/Cu2+ and optimal brookite/anatase ratio. 

3. Cu2O enhances the H2 production due to correlation between Eg and redox potentials. 

4. Ti-Cu 1.0/500 photocatalyst shows the highest H2 production without Cu lixiviation. 

5. Cu catalysts represents a cost saving of 124 times in contrast with the noble metals. 

 

 


