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Abstract

Cu-TiO, photocatalysts were prepared by the sol-gel metGogper loadings from, 1.0 to

5.0 wt. % were used. The materials were annealeliffatent temperatures (from 400 to
600 °C) to study the formation of brookite and cepnic species. The photocatalysts
were characterized by X-ray diffraction, UV-vis, lRan and XPS spectroscopies;- H

temperature programmed reduction (TPRj), gWysisorption, and SEM—-EDS to quantify
the actual copper loadings and characterize moogiyolThe photocatalysts were evaluated
during the hydrogen photocatalytic production usangethanolic solution (50 % v/v) under

UV and visible radiation. The best hydrogen progurctvas performed by Ti-Cu 1.0 with



an overall hydrogen production that was five tintegher than that obtained with
photolysis. This sample had an optimal thermal tineat at 500 °C, and at this
temperature, the GO and brookite/anatase ratio boosted the photgt@tguroduction of
hydrogen. In addition, a deactivation test wasiedrout for the most active sample (3O
Cu 1.0), showing unchanged Hroduction for three cycles with negligible Cuiviation.
The activity of hydrogen-through-copper productiggported in this research work is
comparable with the one featured by noble metats that reported in the literature for

doped TiQ materials.
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Cu-TiO,, Water Splitting, CeO, Anatase — Brookite Ratio, Copper lixiviation, diy H,
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1. Introduction

Due to the lifestyle in modern societies, fossilfuhave become an important energy
source due to the use of motorized vehicles, whigin tons of fuels causing high levels of
atmospheric pollution (Dincer, 2000). From this gperctive, the humankind needs new
types of environmentally friendly energy sourceshwino toxic wastes, low costs, and

mainly that can be obtained from renewable sowsoehk as water.

The Fujishima and Honda (Fujishima and Honda, 19V&Xer splitting discovery using a
TiO, photoelectrode has been modified and applied €wee in many kinds of scavenger

solutions to enhance hydrogen production by thitgatatalytic method.



The TiG, semiconductor in the anatase crystalline phasea ltasduction band that is more
positive than the redox potential 0$/8,0 (1.23 V), i.e., the necessary energy to carry out
the water splitting, which is 1.23 eV {8l;) 2 Hzg) + 1/2Qyg). It is important to mention
that the TiQ rutile crystalline phase does not have this opfcaperty due to the position
of the conduction band energy (Kudo and Miseki, ®OMoreover, although there are
reports on brookite-anatase mixtures that have shugher photocatalytic activities than
those displayed by the single Li@natase phase or anatase/rutile mixture, thererdye
few reports on the tailoring of the brookite/anateagtio in TiQ mixtures using a controlled
synthetic method (Tay et al., 2013). Brookite al&s a conduction band that is more
positive than the redox potential of water (Kudal adiseki, 2009), but Ti@ anatase
presents the disadvantage of electron-hole pagmbmation during the FHphotocatalytic
process. To avoid this problem, the introductioswfface or structural defects through the
insertion of noble or transition metals has beappsed since low Fermi levels of noble
metals provide electron transfers from 7i® the loaded noble metal (Xu et al., 2010),
resulting in a more efficient separation of chacgeriers, thus enhancing the potential of
hydrogen generation. Moreover, the doping of ;JT&eates defect states such as surface

oxygen vacancies in the semiconductor.

Several reports have shown that the surface fumaiation of TiQ with nanoparticles of
precious metals such as gold, platinum or palladieto. (Ni et al., 2007) has displayed
high hydrogen photocatalytic production, howevegse elements are expensive and, in
some cases, scarce. An alternative to avoid thke bagt of using noble metals is the
selection of other low cost metals such as cop@#ioi and Kang, 2007). Specifically,

CwO is a simple metal oxide semiconductor with lomda@ap energy. As shown in an



energy correlation between the band gap model oOCand the redox potentials of
relevant electrode reactions in an aqueous solwtopH 7, the conduction and valence
band edges of GO, which are separated by band gap energies frorto2.2 eV, seem to
be available for the reduction and oxidation ofevatespectively (Hara et al., 1998).

In this manuscript, the use of Cu-TiQatalystsin the photocatalytic production of
hydrogen is studied. Some new insights regardieguse of the sol-gel method to dope
TiO, with copper ions and its effects on the crys&bihd brookite/anatase ratio tailored by
different calcination temperatures, is discussdte €nhancement of the water hydrogen
photocatalytic production was achieved with theropt anatase/brookite ratio in presence

of Cu**/Cu?* ions without apparent lixiviation of copper ions.

2. Experimental section

2.1 Sol — gel Ti@ synthesis
Sol-gel-TiG-Cu photocatalysts were prepared by means of araltaut sol-gel process
using titanium (IV) isopropoxide (Sigma-Aldrich, ®j as titanium precursor and copper
nitrate trihydrate (1) (Sigma-Aldrich, 98%) as ¢y precursor (doping agent); ethanol (Le
Cap Group, 96%) and distilled water were used b&sts. According to a reported sol-gel
synthesis (Hinojosa et al., 2012), an appropria@unt of nitrate salt was dissolved in
water to obtain 1.0, 2.5, and 5.0 wt. % of copfére TiO,-Cu catalysts were prepared by
adding 75.6 mL of titanium isopropoxide dropwise &a22.9-mL ethanol/18-mL water
solution to which the copper precursor solution wddged into a 4-neck-round-bottom flask
(1 L) equipped with magnetic stirrer and thermomeide alkoxide/ethanol/water molar

ratio was 1/3/8. Later on, the solution was stivegbrously at 50°C during the addition of



the reagents. Subsequently to this step, the salutas gradually heated up to 70 °C. The
gelled product was aged for 48 h at 70°C. The smévand unreacted precursors were
slowly removed at 80 °C and dried overnight undacuwum at 100 °C. Finally, the

materials were thermally treated at different terapges in an interval ranging from 400 to
600 °C for 4 h at a rate of 2 °C rfinThe samples were identified as Ti-Cu X, where X

represents the copper load (wt. %).

2.2. Characterization techniques

The thermally treated samples were characterized-kgy diffraction in order to identify
crystalline phases using an X-ray diffractometeraB8bab RIGAKU with Cukx radiation
(1.5404 A); the crystalline phases were corroboratith Raman spectroscopy, using a
Micro-Raman Renishaw spectrometer equipped witle-dNH laser (633 nm).

Diffuse reflectance UV-vis spectra of the photolyata were obtained using a Cary 5000
(UV-vis-NIR) spectrophotometer; spectralon tefléoih Agilent) was used as a reference
blank and the band gap energy was determined Img ke Kubelka-Munk method. The
physical adsorption of Nat -196 °C was carried out using a Quantachrommssiub 1
automatic instrument on previously out-gassed sasnagt 150 °C. The Brunauer-Emmett-
Teller method (BET method) was used to calculagesiecific surface area. Temperature
programmed reduction was performed in a ChemBET/TPR chemisorption analyzer by
Quantachrome Instruments within a temperaturevateanging from room temperature to
600 °C with a rate of 10 °C/min and flow of 30 mlinth of H, (10%) / Ar (gas). An energy

dispersive X-ray spectroscopy (EDS) detector (ESEHMQUANTA 200) was used for the



semiquantitative determination of copper contenthm photocatalysts. SEM images were
obtained by Dual Beam FIB/SEM: FEI Helios Nanol&®i6

XPS was performed with an XPS, Multiab 2000 systeith an X-ray AlKo (1486.6 eV)
source operated at 15 KV and 1 mA, 400W and 1 rha.binding energy was determined
by using carbon C (1 s) as reference line (284.% B¥ak fitting was done by using the

XPS fitting program XPSPEAK 41 with Shirley backgnal.

2.3. Water splitting test
The photocatalytic activity of the Ti-Cu materialgas evaluated in a home-made
cylindrical glass reactor with an inner quartz téggipped with a UV pen ray Hg lamp (
= 254 nm, ¢ = 4400 microwatts/cf) and visible radiation Kr lampi(= 450 nm). This
glass reactor had a full operation volume of 250ant the scavenger solution consisted of
water-ethanol (100:100 mL, 50 vol. % o$®), where ethanol was purchased from Le Cap
Group (96%). In all the experiments, 50 mg of pbatalyst powder were used and the
suspension was stirred for 20 minutes while it \wasged with nitrogen to remove the
dissolved oxygen from the solution. After oxygenswamoved, the reactor system was
sealed and the UV lamp was turned on. Hydrogermrrmétation was done every hour for 8
h in a gas chromatograph by Thermo Scientific witermal conductivity detector and
packed column by Thermo Scientific TracePLOT TG-BIDMsieve 5A. The system was
calibrated previously in order to quantify the hyglen production.
Once the reaction finished, the photocatalysts werevered and dried at 80 °C for 8 h and
then analyzed by X-ray diffraction to elucidate tpessible structural changes in the

materials.



For the stability test, three cycles of 8 h eachenearried out for the selected most active
photocatalyst (Ti-Cu 1.0), which was calcined & 8G. After running the experiments, the
UV lamp was turned off, the produced hydrogen vedsased and the reaction system was
purged with nitrogen until the hydrogen chromatpgia signal was zero. Afterwards, the
reactor system was sealed, after 8 h, and the lmagpturned 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 salapvas determined for a period of 24 h of
water splitting reaction from the final solution byductively coupled plasma optical

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

3. Resultsand discussion
3.1. Characterization of Materials

3.1.1. X-ray diffraction

Figure 1 shows the diffractogram patterns of theCwlii samples. Independently of the
copper loading, the presence of the anatase dmgstgbhase (JCPDS 21-1272) was
detected. The brookite crystalline phase (JCPD338B) was also detected and grew
along with the increase in copper load in Ji®ee Figure la. Diffraction peaks related to
copper presence are shown in Figure 1b. At arouhdr®l 42°, two peaks related to the
crystallographic planes of @D were detected (JCPDS 05-0667), (111) and (200),
respectively. At around 40°, a crystallographicnpla(111), related to the growth of CuO

was detected (JCPDS 45-0937).

The XRD patterns for the Ti-Cu 1.0 sample calciaédemperatures ranging from 400 to
500°C are shown in Figure 1c. Again, the anatagstaltine phase prevails with the
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presence of low intensity peaks related to the lteccrystalline phase at temperatures
below 500 °C. Figure 1d shows the temperature effieche evolution of copper oxides. At
temperatures up to 550 °C, the (200) plane correBpg to CuO disappears, while the

(111) plane related to CuO is evidently visibleefidfore, at low calcination temperatures,
the formation of CyO is favored while at higher temperatures, the &irom of CuO is

promoted.

Additionally, at low calcination temperatures, theak width of the (101) plane is wider,
which indicates the formation of fine brookite dajites. However, with the increasing
calcination temperatures, the intensity of the jllane increases and becomes narrower,
which is due to the growth of crystallites (Yu dt, 2003). Despite high calcination
temperatures, it is important to mention that thele crystalline phase is not present,
which is due to the fact that copper restricts gnewth of anatase and shifts to higher

temperatures its transformation to rutile (Bokhenal., 1997).

3.1.2. Effect of annealing temperature and copper loading

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

equation (Zhang and Banfield, 2000):

kpA
W, = 5B
kA, + A + kgAg

Where the k and lg coefficients have values of 0.886 and 2.721, respdy, and W

represents the brookite/anatase crystalline phaise ¥\, represents the intensity of the



anatase (101) peak ang #e intensity of brookite (121) peak (Zhang anafizdd, 2000).

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

According to the data presented in Table 1, ithseoved that the brookite percentage
increases with the copper content, therefore, th€ul1.0 photocatalyst has the lowest
brookite percentage (8.92 %) and the Ti-Cu 5.0 $aras the highest one (13.31 %).The
crystallite size of the photocatalysts was deteeaiinsing the Scherrer equation; likewise
for the anatase crystalline phase and the diffecaqper contents, see Table 1. The
crystallite size also correlates with the perceatafjbrookite with sizes around 13.0 and
17.5 nm, respectively. Therefore, the copper camagan has a direct relationship with the
brookite growth, restricting, on the other hande #natase crystallite growth. As for the
calcination temperatures, the higher the calcimatemperature, the lower the brookite
percentage, which passed from 17.55 % for the satnghted at 400 °C to 0.00 % for the
sample treated at 600 °C. The opposite case ofoutbe crystallite sizes: the lower the

brookite percentage, the bigger the crystallite siable 1.

The average size is around 17 nm, except for theuT2.5 photocatalyst with a size of 20
nm. For the case of the Ti-Cu 1.0 sample calcinatifierent temperatures, the crystallite
size ranged from 8 to 40 nm: the higher the calmnatemperature, the higher the
crystallite size, Table 3. The temperature increagesed the crystallites to grow since they

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

3.1.3. Raman spectroscopy



Raman spectra of the photocatalysts are shown garé&i2. With this technique, the
presence of anatase as main crystalline phase wasborated; in Figure 2a-b, the
vibrational Raman modes for anatase are not lapeleith occur at 396, 515 and 638tm
and are assigned to Ay + B1g and E, respectively (Ohsaka et al., 1978) and also¢o th
presence of the brookite crystalline phase. Instrae figure, two strong vibrational modes
related to brookite are shown, assigned and lakedey and Bg, which occurred at 320

and 366 cril, respectively (Tompsett et al., 1995).

With the help of the main vibrational mode, Ehat occurred at 144 chevidence of the
possible Cu doped TiQvas found.Figure 2c shows the Eg vibrational mode of the Wi-C
photocatalyst with different copper contents, whitre position of this band is at around
143.4 cnit in all the cases with a full width at half maxim@fWMH) from 10 to 11 cr,

Table 2.

In the case of the copper photocatalysts calcirtedifferent temperatures, Figure 2d, a
wide variation in the FWHM is observed; the bangipon is modified from 142.3, 142.8,
143.4, and 144.6 to 145 chfior 400, 450, 500, 550, and 600 °C, respectivE@nle 3. This
shift toward high wavenumbers is related to thacstre modification as a function of the
calcination temperature and brookite/anatase ratluch is due firstly to a shortening
and/or rigidity of the Ti-O bond of this Evibrational mode caused by the increase in
surface oxygen vacancies formed by the incorparafoCif* into the TiQ lattice, which
reduces the O/Ti rate (Zhu et al., 2007). Due is thcorporation, the FWHM is also
disturbed, where at a higher calcination tempeeatarsmaller FWHM is obtained. Phonon
confinement and non-stoichiometry effects are resipteafor the blueshift and broadening

of the lowest-frequencygfRaman mode (Yu et al., 2003). The non-stoichioynistdue to
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the creation of surface oxygen vacancies produgettido Ci* incorporation into the Ti©

lattice.

3.1.4. XPS analysis

The XPS analysis was carried out to determine ttemacal and electronic structure of
copper in the Ti-Cu photocatalysts. Figure 3 shawspresentative peak-fit of the Cw2p
core level and its corresponding shake-up satellatellite peaks characteristic of?Cu
photocatalysts are found at around 945 and 962,5se¥ supplementary information S1,
which can be seen as the dominant peaks in Ti-C5R0°C). In particular, the peak-fit
for the Ti-Cu 5.0 (500°C) sample exhibited the émtgcore shake-up satellites with respect
to the Ti-Cu 1.0 (500°C), Ti-Cu 1.0 (550°C) andQu- 1.0 (600°C) samples, indicating a
clear surface oxidation process for Cu during theealing process. Deconvolution line
shapes using a Shirley background were used peéiks, where the Clstate was found
at 932 eV and the Clistate was located at 933 eV. The used curvedifiarameters are
in agreement with those reported by Chusuei ei@B9, and Huang et al., 2009. The ratio
of the sum of the areas of the deconvoluted pealssused to estimate the amount of‘Cu
transformed into Ct by the Ti-Cu samples. The XPS results confirmed@i* and Cii?
oxidation states of copper present on the Ti-Céiasar This result was also supported by
XRD and other studies reported elsewhere (Huangl.et2009, Sinatra et al., 2015).
According to the annealing temperature incremetits, CU/CU?* rate decreased, see
intensities in Figure 3. Also, when the copper eahtvas increased, this rate was strongly
affected, diminishing notably. Therefore, at lowpper contents (1wt.%) and calcination
temperature of 500 °C, the formation of,Ouon the TiQ surface is guaranteed. The

11



shake-up satellite, which was ascribed to the sl structure 3tL (L is for ligand), led

to multiple splitting of Cliin Cu 2p,; at 935 eVand 2p,; at 955 eV (Perry and Taylor,
2006, Borgohainet al., 2002, Ghijsen et al., 1988, Chen et 81122 Sinatra et al., 2015).
On the other hand, the contribution of‘Cwas increased by the annealing temperature,

which also increased the metal loading onzTiO

3.1.5. UV-vis spectroscopy

The band gap energy (Eg) of each photocatalystas/s in Table 1. Bare Tihas an Eg
of 3.4 eV, Ti-Cu 1.0 of 3.3 eV, Ti-Cu 2.5 of 3.2edhd finally Ti-Cu 5.0 of 2.3 eV, Table
2. The reduction of the Eg value was closely relatethe increase in the copper content in
TiO, due to the creation of trap levels between thedgotion and valence bands of TiO

(Nagaveni et al., 2004).

The Ti-Cu 1.0 photocatalyst, calcined at differemperatures, showed no evident changes
in the Eg values (3.2 and 3.3 eV). Although CuO @ugD absorb in the visible region due
to Eg values of 1.2 and 2.0 eV (Yu et al., 200@gpectively. The formation of copper
oxides is negligible due to the high LiGontent; therefore, Ticould mask the low band
gap of the copper oxides, not showing any shiftamwthe visible region due to the

temperature effect.

With this spectroscopic technique, it can be assuthat copper incorporation exerts a
surface effect on the modified TiCthe band gap energy, and apparently, the caicmat
temperature, and therefore, the brookite/anatase daes not play a specific role in this

optical property. Figure 1S shows the UV-vis speatf the Ti-Cu photocatalysts and

12



changes can be observed when copper loadings ereaged or at different calcination

temperatures.

3.1.6. Temperaturgorogrammed reduction

The temperature programmed reduction thermogramssiaown in Figure 4. Figure 4a
shows the effect of the variation of the coppeding; for copper loadings of 1.0 wt. %, a
low intensity peak with a width from 180 to 250 RCvisible. This peak is associated with
the Cd" > Cu reduction, which is related to the copper oxideOC C#* > Cu**
reduction (Kundakovic and Stephanopoulos, 1998rd-iet al., 1996). In addition, the Ti-
Cu 2.5 and Ti-Cu 5.0 samples show a well-definethcdon peak that starts at 160 and
ends at 210 °C; this peak is also related to th&" @u Cu" reduction. The shoulders
observed for the Ti-Cu 5.0 sample at 225 and 27@r¥&Cassociated with the continuous

reduction of Ctito Clf species (Beutel et al., 1996).

The behavior of the Ti-Cu 1 photocatalyst calciaédemperatures between 400 and 600
°C is shown in Figure 4b. The calcination tempeegwf 500, 550, and 600 °C reveal a
well-defined reduction peak associated with thé*Gon reduction centered at 195.8 °C

(Chen et al., 2012, Nagaveni et al., 2004, Li et20008) while at calcination temperatures

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

maximal intensities at 340 and 400 °C are obsertrexte peaks may be associated with the
cu" > cU reduction, but shifted to higher temperatures wétpect to the other samples.

This shift is associated with well-dispersed copipér the TiQ lattice. According to the

literature, the copper reduction goes as follow®&x C,,O > CU’ (Kim et al., 2003).

13



It is important to mention that either €wr Cu species are slightly detected by XRD due
to the low copper concentration, but they were wetected by the TPR technique and well

corroborated the CICU?* ratio by XPS spectroscopy.

For the Ti-Cu 1.0, Ti-Cu 2.5 and Ti-Cu 5.0 samptbisee reduction peaks were observed,
which were ascribed to the reduction of CuO andQCspecies on Tig(Guangjun et al.,
2011). The peaks observed at 183.7, 202.8 and 224r8 attributed to the reduction of
CuO. Likewise, the little shoulder observed at 2Z9n the Ti-Cu 5.0 sample was assigned
to the reduction of crystalline CuO (Wan et al.02p Finally, Figures 4a and 4b show that
as the copper load is increased and the annealguktature is enhanced, a shift towards
lower temperatures leading to the formation of ‘Gpecies occurs, which is in agreement

with the results observed by XPS.

3.1.7. N, adsorption-desorption

With the help of the nitrogen adsorption-desorptteohnique, the surface area of the
photocatalysts was corroborated, and the BET armaseported in Tables 2 and 3 for the
different copper contents and different annealgrggderatures, respectively. In the case of
different copper contents, at higher concentratianbower surface area is observed. The
sol-gel TiQ has values of 64.6, 1.0 wt. %, 59.5, 2.5 wt. %04@nd 5.0 wt. % of 35.2

m?/g, Table 2. As for the different-annealing-tempera photocatalysts, the higher the
calcination temperature, the lower the surface,astating at 115.3 ffg for 400 °C, and

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

According to the isotherms presented in Figura §pe IV isotherm was obtained for the
materials, which is representative of mesoporolisissuch as titania due to a high P/Po

14



ratio (Choi et al., 2004). Regarding the typesydtaresis loops, the H2 type represents the
hysteresis generated by the Ti-Cu 0.0, Ti-Cu 1@l &i-Cu 1.0 samples treated at 400,
450, and 550 °C; this kind of loops is represewatif narrow necks, and wide bodies such
as ink-bottle pores. In the case of the Ti-Cu 218 &i-Cu 5.0 samples, the representative
hysteresis loops are of the H4 type, which is dasedt with narrow, slit-like pores; finally,
the Ti-Cu 1-0 treated at 600 °C presents H3 hysi®ieops, which are characteristic of

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

An additional analysis was carried out to calculdite normalized surface area, gd§

according to the following equation (Vradman et 2005):

NSseT = (SgeT of catalyst}/ (2-X)-(SseT of suppor)-

where N$eris the normalized surface areaeHor caalystdS the surface area of the catalysts,
X is the weight fraction of copper loading, angeSor supportiS the surface area of the

catalysts.

The results are shown in Tables 2 and 3. The niwethkurface area data suggest that a
value close to 1 indicates that the copper intridoccaused minimal reduction in the
surface area, thus insignificant reduction in tbenralized surface area. These effects are
observed in Ti-Cu 1.0 annealed at 400, 450, and’60@ith values of 0.95, 0.94 and 0.93,
respectively. On the other hand, the normalizefbsararea was affected when the metal
loading was increased to 2.5 and 5.0 wt.%; likeywsleen the annealing temperature was

600°C, the normalized surface area was decreadaldiyo

3.1.8. Semiquantitave chemical composition, EDS

15



The semiquantitative determination of the chemicamposition of copper in the
photocatalysts was carried out by the SEM-EDS ftgclen The results of the Cu
composition are presented in Table 2. The EDS aralyhow that the mean atomic
percentages of copper were quite similar to the inalmvalues. The semiquantitative
copper loadings were 1.01, 2.49, and 4.63 wt. %HerTi-Cu 1.0, Ti-Cu 2.5, and Ti-Cu
5.0 samples, respectively. The EDS spectra taken élifferent regions of the same sample
indicate that the Ti-Cu nanopowders were obtainath wontrolled copper doping
concentrations and uniform copper ion distributidnsFigure 2S, the typical morphology
of TiO, can be seen, which corresponds to agglomeratsghafrical nanoparticles, which

independently of the copper loadings preserve dh@snorphology.

The XPS results confirmed the existence of@uand the Raman spectroscopy confirmed
the presence of Glidoping the Ti@ framework, producing surface oxygen vacancies that

can favor the photocatalytic process.

3.1.9. Hydrogen production test

The previously characterized materials were evatuah the hydrogen photocatalytic
production. Figure 6 shows the results for the Ui-@aterials with different copper
loadings (from O to 5 wt. %), and calcined at 5@ Each curve corresponds to the
hydrogen production rate for 8 h of reaction tesl after the subtraction of the hydrogen
production obtained by water photolysis. Accordiogthese results, the optimal copper
loading is 1.0 wt. % with a Hproduction of 3865 pmolt™; this quantity corresponds to

four times more K production with respect to photolysis. For coppentents of 2.5 and
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5.0 wt. %, lower hydrogen production rates of 228@ 2856 pumol gh* were obtained,
respectively. It is important to mention that bar®, presents a very low hydrogen
production of 963 umolth™, just above the hydrogen production obtained Ieywiater-
ethanol photolysis, which means that even with & topper loading, the hydrogen
production was enhanced remarkably due to the e¢dpperporation into the Ti@lattice.
As for the induction period for the samples treaaedb00 °C, see Figure 6ab, Ti-Cu 1.0
continued having the highest rate of hydrogen petidan (99 pmol H); the Ti-Cu 2.5 and
Ti-Cu 5.0 samples showed a similar rate of 50 piffolvhile the poorest sample, the bare
TiO,, featured a rate of 32 umof hlt is important to mention that the Ti-Cu 0.0 §den
showed negligible activity because of the rapidnalination of conduction band electrons
and valence band holes and as a result of the @bdsginH recombination centers for

hydrogen evolution (Majeed et al., 2016).

In addition, copper incorporation creates an ogtibraokite/anatase ratio since brookite
and mainly the CG© formation lead to the photocatalytic productidrhgdrogen because
Cw0 is a semiconductor with small band gap energgOCshows an energy correlation
between the band gap and the redox potentialdenfanet electrode reactions in an agqueous
solution. The conduction and valence band edg€su®, which are separated by band gap
energies from 2.0 to 2.2 eV, seem to be adequateafing the reduction and oxidation of
water, respectively (Hara et al., 1998, Li et 2015). Thus, maybe @n-junction could be
achieved due to the combination of,Ouand an n-type semiconductor, Fj@hich results

in higher photocatalytitc activity due to the pmese of an electrostatic field at the junction,
faciliting the charge separation between electmms holes (Sarkar et al., 2013, Wang et

al., 2010, Shifu et al., 2009). Some authors erplthis situation with help of
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photoluminescence spectroscopy (Yang et al., 200Qher authors explain the pn-
heterojunction according to the induction of oxidat process of organic pollutants

(Bessekhouad et al., 2005).

Figure 6a-b shows the hydrogen production obtawleen the fresh Ti-Cu 1.0 sample was
annealed at different temperatures: 400, 450, 5680, and 600 °C. It is shown that the
sample annealed at 500 °C has the highest hydrpgmtuction with 3865 umol th,
followed by the treatment at 550 °C with 2565 pmidh™; then, at 450 °C with 2118 pmol
g*h?, and finally at 400 and 600 °C with a similar hygen production of 1600 pmof'ly

! (after 8 h). It is important to note that aftenaaling at 500 °C, copper is present asdCu
and CuO (Ct, and Ca"* species, respectively), which provides a high cilpation of the
electronic density, improving the redox reactioetated to water splitting — hydrogen
production; it also avoids the recombination of folgenerated holes and electrons due to

the possiblgn-heterojunction that could be carried out by 7&Dd copper oxides.

According to the induction period, see Figure abile, highest rate of hydrogen production
in the first reaction hour was followed accordinghis trend: 550 > 500 > 450 > 600 > 400
°C. However, once the reaction finished (8 h),tdrelency changed to 500 > 550 > 450 >
600 = 400 °C. The change in the tendency is ataiide to the copper oxides. Just above

550 °C, appeared the formation of CuO while at®Dthe presence of gD prevails.

It is important to mention that there is an effeetinterfacial charge transfer in both species
(Mondal et al., 2016). The Ti-Cu 1.0 — 500 °C samiphs a 0.098 brookite/anatase ratio
that enhances the hydrogen photocatalytic produatioproduces the highest hydrogen
guantity due also to redox properties of the b@&ogliase; more specifically, due to the fact
that its conduction band is more positive thanrdaox potential of the £H,0 pair (Xu et
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al., 2010). It has been reported that low brooldetents enhance dramatically the

hydrogen photocatalytic production as seen heradlchet al., 2010).

Another important phenomenon that could occur i ¢bpper photocatalysts is the one
related to work function, which means that the tetect transfer is facilitated from a
material with a lower work function to another wahhigher work function value, acting
this last material as an efficient trap for the folgenerated electrons, preventing tfiia’e
recombination, and as consequence, improving thetophtalytic activity. The work
function values of TiQ (-3.90 eV) allow an efficient electron transfeorfr TiO, to
CuO/CuyO (-4.35 eV) (Oros et al, 2014, Yang and Rhee, ROBAybe, the low copper
loading in the TiQ photocatalysts could act as a co-catalyst, impigpuhe hydrogen
photocatalytic production, where the copper loadresxan effect increasing the surface
area; therefore, larger particles exert a shaddectefvhich implies a larger transportation
of electrons and cannot participate in the photogbal process; thus, this shadow effect

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

It is important to mention that the overall hydrogaoduced by the copper photocatalysts
is considerable with respect to other Pd, Pt ooAO'iO, photocatalysts analyzed under the
same conditions with 5644, 2317, and 6242 prnibi'gHinojosa et al., 2016)ith respect

to 2958 umol gh™ of the Ti-Cu samples analyzed here. The two fiedties were obtained
by our group and have not yet been published. Thwerethe results reported in the present
work give an indication of the possibility of prepey new materials that are cheaper than
noble-metal-based catalysts, which represents it#Htigher savings with the use of

copper catalysts with regard to gold catalysts.
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According to the copper loading and calcination gemature optimization, the Ti-Cu 1.0

sample annealed at 500 °C was submitted to a isyatebt using the same ethanolic
solution. After three cycles of reaction, no deaation of the photocatalysts was observed,
and similar hydrogen production was produced af#eh cycle, around 4000 pmeéttg'in

each cycle, Figure 6¢. This result is a key issugfactical application.

Due to the band-gap of the copper materials, ti@ With different copper contents were
evaluated during the water splitting reaction undsible radiation, see Figure 7. In this
case, the effect exerted by the copper incorporaliaring the H evolution is obviously
remarkable. The bare TiGhows no hydrogen production, while the rest ef shmples
show H production of 437, 400, and 345 pmothg for the Ti-Cu 1.0, 2.5, and 5.0
samples, respectively. Therefore, the copper irmatmpn at different loadings diminished
the band gap energy, which allowed the photocatahytdrogen production under visible
light, where the values are above those reportdteriterature for doped TiOmaterials

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

To corroborate the copper stability into the Ti@aterials during the photocatalytic
experiments, the materials were recovered afterr¢hetion and characterized by X-ray
diffraction. After reaction, the materials mainwéhthe same structural conformation, and

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

To confirm the structural stability of copper iretfiO, lattice, the reaction solution was
analyzed by ICP and an overall copper lixiviatidr0d36 mg * after the 24-h-reaction
test was observed. This last information corrolesrathe structural stability of the
photocatalyst, indicating that copper is strongbyid to the TiQ lattice, where this value
is 70 times lower than the initial copper concetaraof 2.5 mg [*, which corresponds to
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the 1 wt.% of 50 mg of photocatalyst dissolved B0 2nL of ethanolic solution. It is
important to mention that T®&Cu materials have already been used in a sinekaction,
but high lixiviation of copper during the water i$johg process has been reported (Kudo

and Miseki, 2009).

Finally, in Figure 9, according to normalized sedareas and the photocatalytic activity,
the following graphs were done. Here, it is evidérdt with the lowest copper content
(doping agent), the highestidroduction was achieved, and also at 500 °C, s f#d the

highest H production, which corresponds to the minimal/oirannealing temperature.
Optimal conditions for the synthesized materialsrevdé wt.% of doping agent and

annealing temperature at 500 °C for this kind ¢délyst.

4. Conclusions

In this work, an alternative Cu/Tphotocatalyst for hydrogen production by the water
splitting reaction is presented. The advantagesopper doping during the gelling step are
high activity, negligible copper lixiviation aftexeveral reaction cycles and lower cost of
this catalyst in comparison with expensive novetaitie Pt, Pd or Au TiQ photocatalysts.
The high stability and hydrogen production of theCtl 1.0 material annealed at 500 °C
(2957.6 pmol gh™) was due to several aspects: i) a higher formaifo8wO than CuO.
Cw0 has a band gap energy that is similar to thétefedox potential, which is available
for the reduction and oxidation of water, ii) opéihtopper loading that led to an optimal
brookite ratio into the Ti@anatase crystalline phase, iii) copper performaacavoid the

e/h’ recombination and promote the charge transfemtaece the redox reaction in the
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water splitting reaction for hydrogen productiorhieh is related to the work functions of

both TiQ, and CUi.

Finally, these kinds of Cu/Tiphotocatalysts are good candidates to be used wisilgle
radiation due to a decrease in the band gap endrgp the copper loading is incorporated

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

photocatalysts.

B
Wg' | B/A | Crystallite
SEIEE (%) | ratio? 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-Cu5.0 |13.31| 0.154| 17.53
B
Temperature | W | B/A | Crystallite
Ti-Cu 1.0 (%) | ratio size
(hm)
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

'Brookite percentagéBrookite/Anatase ratio

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

Crystallite size | Raman FWHM | Surface area Cu Eg INSzer
(nm) (cm™ (m*gh wt. % | (eV)
Ti-Cu 0.0 17.7 10.4 64.6 34
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

lNSBET(NormaIized surface area) was calculate by usiegetfuation. NGt = (Sget of catalysts (1-X)*(Sger

of suppor)-

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

temperatures.
Crystallite size | Raman FWHM Surface area Eg INSzer
(nm) (cm™) (m* g*) (eVv)

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 1.0 550 245 9.8 40.7 3.2 0.91
Ti-Cu 1.0 600 39.62 8.58 14.0 3.2 0.78




'NSser (Normalized surface area) was calculate using the@on. NSer - (Sser of catalystd (1-X)*(SgeT of
suppory Surface areas for Ti-400 (122 gv'), Ti-450 (92 Mg, Ti-500 (64.6 rig™), Ti-550 (45 Mg™)

and Ti-600 (19 rhg™).

Table 4.Copper species ratio determinated by XPS specipysc

cu* cu®  cuticu®

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 11

5.0 Cu/Ti 500 44 56 0.8




Figure captions

Figure 1. Diffractogram patterns of Ti-Cu photocatalystshwi#) copper content, b)
inset of the 34 — 45° region, from 0.0 to 5.0 wt. &nealed at 500 °C, c) Ti-Cu 1.0

annealed at temperatures ranging from 400 to 60@ri@€d) inset of the 34 — 45° region

Figure 2. Raman spectra of vibrational modes of a) diffeyper contents annealed
at 500 °C, and b) Ti-Cu 1.0 annealed at differentgeratures. Fvibrational mode of
Ti-Cu photocatalysts with c) different copper cargeannealed 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-Cx 350, Ti-Cu 1.0 600, and
Ti-Cu 5.0 500 photocatalysts, b) deconvolution §fXCu 22 core level for Cli and
CU?*in Ti-Cu 1.0 500, Ti-Cu 550, and Ti-Cu 600 photadysts.

Figure 4. Temperature programmed reduction of Ti-Cu photdgstg with a) different
copper loadings and b) different calcination terapees for the Ti-Cu 1.0 sample, and

its corresponding deconvoluted insets.

Figure 5. Nitrogen adsorption-desorption isotherms for th€Ctiiphotocatalysts with a)
different copper loads and b) different calcinatitemperatures for the Ti-Cu 1.0

sample.

Figure 6. Photocatalytic hydrogen production for 8 h for theCu samples with aa)
different copper loadings, ab) induction period fitvese samples, ba) different
annealing temperatures, bb), induction period fasé samples, and c) stability test
during the hydrogen photocatalytic production fe«Cli 1.0 annealed at 500 °C

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

copper loadings under visible radiation (450 nm).

Figure 8. Diffractogram patterns of Ti-Cu photocatalystshagopper contents from 0.0
to 5.0 wt. %, annealed at 500 °C, recovered dfemtater splitting reaction.

Figure 9. Schematic representation of the normalized surfaea versus hydrogen
production of a) different copper loadings anneaéd500 °C, and b) Ti-Cu 1.0
annealed at different temperatures.
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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 8
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Figure 9
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Highlights

1. The sol-gel process allows the formation of brookite and Cu,O oxide.

2. The Ti-Cu 1.0/500 have the highest Cu**/Cu®* and optimal brookite/anatase ratio.

3. Cu,0 enhances the H, production due to correlation between Eg and redox potentials.
4. Ti-Cu 1.0/500 photocatalyst shows the highest H, production without Cu lixiviation.

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



