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ABSTRACT

Co-catalysts are well known for improving the charge carrier’s separation and

transfer to species in solution, and hence, the photocatalytic hydrogen pro-

duction. Thus, in this work, the effect of loading Cu and Pd species over the

WO3–TiO2 structure was evaluated. The structure of WO3–TiO2 was obtained by

direct hydrolysis of titanium isopropoxide (sol–gel method) in previously syn-

thesized WO3 nanoparticles (6 mol% of WO3), forming a composite that pro-

vided direct contact between WO3 and TiO2 nanoparticles. Subsequently,

0.5 wt% of copper or 0.5 wt% of palladium loadings was deposited onto WO3–

TiO2. The photocatalytic hydrogen production results show that the activity

increased with the presence of Cu and Pd species, reaching hydrogen produc-

tion rates of 1496 lmol g-1 h-1 and 5427.07 lmol g-1 h-1 for Cu/WT and Pd/

WT, respectively, as compared to WT structure (770.10 lmol g-1 h-1). To

understand this behavior, semiconducting properties of the synthesized mate-

rials were characterized by (photo)electrochemical techniques. The presence of

Cu and Pd in the structure moved the flatband position, increased the pho-

tocurrent and modified the open circuit potential under illumination toward less

negative values, indicating the formation of energy states in the interface

between WO3–TiO2 and the co-catalysts. These energy states at the hetero-

junction allow the transfer of photogenerated electrons toward co-catalysts,

preventing the recombination of photogenerated charge carriers.
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GRAPHIC ABSTRACT

Introduction

Developing renewable clean energy is an approach to

solve the global energy crisis, and photocatalytic

production of hydrogen is considered one of them

[1]. TiO2 is a semiconductor widely used in photo-

catalysis due to its high chemical stability, low cost

and nontoxic nature [2]. However, it provides low

photocatalytic efficiency due to the high recombina-

tion of photogenerated electron–hole pairs (e-–h?)

[3, 4].

Therefore, coupling TiO2 with other metal oxides

has been employed as a strategy to mitigate the

recombination of (e-–h?). In this sense, tungsten tri-

oxide (WO3) is an important semiconductor due to

the variety of its applications as electrochromic

device, gas sensor and photocatalyst [5]. The con-

struction of an efficient coupling of TiO2 with WO3

generates a favorable band alignment at the WO3–

TiO2 interface that allows charge separation [5–8].

However, it is important to ensure good contact

between WO3–TiO2 oxides, creating pathways for

(e-–h?) separation and improvement in the photo-

catalytic behavior of raw materials. In our previous

work, MxOy (ZnO or SnO2)-TiO2 structures with

different MxOy:TiO2 molar ratios (01:99, 03:97, 06:94,

12:88, and 20:80) were obtained by sol–gel method,

forming a composite that provided intimate contact

between MxOy and TiO2 by direct hydrolysis of tita-

nium isopropoxide over previously synthesized Mx

Oy nanoparticles, and the maximum photocatalytic
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activity was observed for 6 mol% of MxOy [9–11]. The

analysis performed by means of photoelectrochemi-

cal techniques showed that the interaction between

MxOy–TiO2 using this synthesis method provokes the

formation of energy states at the interface of MxOy-

TiO2 that improve the (e-–h?) separation [9–11]. On

the other hand, in order to obtain a good photocat-

alytic hydrogen evolution, besides separating the (e-–

h?), it is necessary to create active sites for the

reduction reaction. So, co-catalysts are needed to

improve the reduction and oxidation process on the

surface of a photocatalyst [11].

For this, the impregnation method can be used to

synthesize supported photocatalysts with different

co-catalysts since it is faster, inexpensive and in the

case of low content of co-catalyst, allows the control

of its dispersion on the surface. For example, some

researchers have recently found that impregnation of

TiO2 with Cu species had a satisfactory photocat-

alytic activity for H2 evolution, improving the charge

carrier separation and providing the active sites for

hydrogen production [12–15]. Ni et al. reported that

low Cu content improved hydrogen production since

these metallic nanoparticles are highly dispersed on

the TiO2 surface [16]. Chen et al. informed that low

CuO loading on TiO2 showed the best performance

for hydrogen generation since, at higher CuO con-

tents, agglomerations are formed, causing the detri-

ment of photocatalytic activity [17]. Also, Pd species

have been used in conjunction with TiO2 for photo-

catalytic reactions in order to improve the water

reduction process. Wu et al. reported an improved

hydrogen production due to a synergistic effect

between TiO2 and Pd. Pd nanoparticles are consid-

ered to act as active reduction sites, while methanol

acts as a sacrificial agent [18].

Hence, WO3–TiO2 was synthesized with 6 mol% of

WO3 by the sol–gel method, creating a direct contact

between these oxides to then deposit Cu or Pd spe-

cies (0.5 wt%) onto the WO3–TiO2 structure by

impregnation method and evaluate its photocatalytic

activity for hydrogen evolution. Photoelectrochemi-

cal performance studies of synthesized materials and

their characterization allowed us to understand the

effect of metallic nanoparticles on charge transfer

processes and explain their photocatalytic behavior.

Experimental section

Reagents and chemicals

Sodium tungstate dihydrate (99% pure), dowex

50WX8 100–200 mesh, hydrochloric acid (37% pure),

titanium isopropoxide (97% pure), isopropyl alcohol

(99.9%), Pd(NO3)2*2H2O (99.9% pure) and

Cu(NO3)2*2.5H2O (99.9% pure) were purchased from

Sigma-Aldrich.

Milli-pore water with a resistivity of 18.2 MX cm-1

was used to prepare all aqueous solutions.

Synthesis of WO3 nanoparticles

Tungstate oxide nanoparticles were prepared by the

ion-exchange resin method (Dowex 50WX8, 100–200

mesh). The ion-exchange resin (Dowex 50WX8,

100–200 mesh) was packed in a burette of 30 mL and

activated with several washes of a concentrated HCl

solution. Then, it was left in the HCl solution over-

night to completely exchange the Na? by H?. After

the ion-exchange resin activation, several washes

were made with deionized water to eliminate excess

HCl and the presence of Cl-. Upon confirming the

Cl- elimination (silver nitrate test), a 0.1 M Na2WO4

solution was passed through the ion-exchange resin,

producing a clear solution of tungstic acid with a

pH * 1.8. The solution was kept under stirring for

30 min. A yellow-white precipitate appeared within

5 h. Then, the precipitated solid was dried at 80 �C
for 24 h. Finally, the WO3 nanoparticles were

obtained when the solid was treated at 500 �C for 2 h,

using an air flow of 0.5 ml min-1 per milligram of

photocatalyst (heating rate of 2 �C min-1).

Synthesis of WO3–TiO2 structure

The WO3-TiO2 structures were synthesized by the

sol–gel technique based on the synthesis method

previously reported by our research group [9–11].

The synthesis procedure was as follows: the WO3-

TiO2 structure with WO3 6 mol% was achieved by

adding 6 mol % of WO3 nanoparticles (previously

synthesized) to a solution with isopropyl alcohol and

titanium isopropoxide in a 4:1 molar ratio under

stirring. Then, to obtain full dispersion of WO3

nanoparticles, the formed suspension was sonicated

for 30 min, followed by stirring for a similar time

period. A solution with isopropyl alcohol and
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deionized water (1:1 molar ratio) was added to the

suspension under stirring with the purpose of

hydrolyzing isopropoxide over WO3 nanoparticles.

The suspension was then kept under stirring for

30 min to be homogenized. Finally, it was aged for

24 h and dried at 80 �C for another 24 h. The struc-

ture obtained, WO3–TiO2 (WT), was thermally trea-

ted at 350 �C for 2 h, using an H2 flow of

0.5 ml min-1 per milligram of photocatalyst (heating

rate of 2 �C min-1).

Synthesis of Pd–WT and Cu–WT structures

WO3–TiO2 (WT) structures, loaded with Pd and Cu

(0.5 wt%) composites, were prepared by the incipient

wetness impregnation (IWI) method. The WT com-

posite was suspended in aqueous solutions of either

Pd(NO3)2*2H2O to obtain a 0.5 wt% load for Pd–WT

or Cu(NO3)2*2.5H2O to get a 0.5 wt% load for Cu–

WT. The mixture was stirred for 16 h and dried at

80 �C for 8 h. Afterward, the dried photocatalysts

were thermally treated at 300 �C for 2 h, using an H2

flow of 0.5 ml min-1 per milligram of photocatalyst

(heating rate of 2 �C min-1).

Characterization

X-ray diffractograms of the oxides were measured in

air at room temperature using a Bruker D-8 Advance

diffractometer with the Bragg–Brentano h-h geome-

try, Cu Ka radiation, a Ni 0.5% Cu-Kb filter in the

secondary beam, and a one-dimensional position-

sensitive silicon strip detector (Bruker, Lynxeye). The

bandgap energies were calculated by a McLean

analysis of the electronic spectra, which were

obtained using a UV–visible Perkin-Elmer Lambda 40

spectrophotometer, equipped with an integrating

sphere, and MgO used as a reference. Surface areas

were measured by the BET method and were per-

formed on an Autosorb–1 Quantachrome Instru-

ments device.

The efficiency of Pd and Cu impregnation on the

WO3–TiO2 structure was calculated by chemical

analysis using inductively coupled plasma with

optical emission spectrometry (ICP-OES) and Perkin-

Elmer Optima 8300 equipment. Prior to analysis,

samples were treated using microwave-assisted

digestion in HCl at 175 �C.

XPS analyses were performed by a K-Alpha from

Thermo Fisher Scientific X-ray photoelectron

spectrometer with a monochromatic Al Ka X-ray

source (1486.6 eV) and a base pressure of 1 9 10-9 -

Torr in the analytical chamber. The X-rays were

microfocused at the source to project a spot size of

400 lm in diameter on the sample, using lenses in

standard mode. The analyzer was run in constant

analyzer energy (CAE) mode. Survey and high res-

olution spectra were collected using analyzer pass

energies of 160 and 40 eV, respectively. The position

of the adventitious oxygen O1s peak at 530.0 eV, from

titanium oxide species, was monitored on each sam-

ple to ensure that no binding energy shift had

occurred due to charging, associated with contact

potential differences between the sample and the

spectrometer. High resolution spectra were fitted

using Gaussian–Lorentzian mix function and Shirley-

type background subtraction. (Photo)electrochemical

characterization was perfomed using the settings

previously reported [9–11].

Photocatalytic hydrogen production

The photocatalytic activity of synthesized materials

was evaluated in a borosilicate cylindrical photo-re-

actor with 200 mL of 90:10 water–methanol solution

and 100 mg of the photocatalyst. The suspension was

sonicated for 5 min and stirred in the dark for 30 min

to disperse the photocatalyst; then, the dissolved air

was displaced by bubbling nitrogen for 30 min. After

bubbling with nitrogen, the light source was turned

on. The light came from a UVP mercury lamp with

primary emission at 254 nm (5.1 mW cm-2), which

was located inside a quartz tube at the center of the

photo-reactor. A gas chromatograph (Agilent7820A)

was used to determine the amount of H2 that evolved

over 7 h of the photoreaction. The GC device was

equipped with an Agilent CP7429 column and a

thermal conductivity detector. Argon was used as the

carrier gas.

Results and discussion

Characterization of synthesized materials

The WO3–TiO2 structure (WT) was obtained by a sol–

gel method developed by our research group [9–11].

The novelty of our approach consists in the use of

previously synthesized WO3 nanoparticles and their

incorporation during TiO2 formation. In this way,

16644 J Mater Sci (2020) 55:16641–16658



intimate WO3–TiO2 contact is ensured, creating

pathways for electron–hole separation and improve-

ment in the photocatalytic behavior of raw materials.

This was corroborated by carrying out TEM anal-

ysis of the WO3–TiO2 nanoparticle system, Fig. 1a

and b. The micrographs reveal the presence of

agglomerate particles, possibly associated with a

nonhomogeneous layer (grey zones), which sur-

rounds dark zones related to cores, i.e., individual

nanoparticles. However, these images did not permit

differentiation or elucidation of the distribution

between the WO3–TiO2 nanoparticles. The usage of

electron energy loss spectroscopy (EELS) mapping

analysis allowed us to overcome this problem in

Fig. 1b. The series of mapping spatial distribution

images for W, Ti and W/Ti can be seen in Fig. 1c–e,

respectively. From TEM and EELS mapping analyses,

it was concluded that WO3 nanoparticles were suc-

cessfully coated with TiO2.

To gain more insight into the interfacial interaction

between WO3–TiO2, the presence of co-catalysts (Cu

and Pd), and the crystal structure of synthesized

materials, high-resolution TEM (HRTEM) and XRD

analyses were used. Figures 2a and b show the

HRTEM of WO3–TiO2 with Cu and Pd nanoparticles.

In both figures, the interfacial interaction between

WO3 and TiO2 nanoparticles can be clearly observed

with the presence of interplanar distances 0.37, 0.38

and 0.26 nm corresponding to (0,2,0), (0,0,2) and

(2,2,0) monoclinic planes of WO3 and 0.35 nm corre-

sponding to the (1,0,1) anatase plane of TiO2 [19–23].

These results are consistent with those observed in

EELS-TEM (Fig. 1) and XRD analysis (Fig. 2c). For all

synthesized materials, the monoclinic WO3 phase

(JCPDS No.83-950) with (0,0,2) preferred orientation

was observed in Fig. 2c. This phase (monoclinic

WO3) is related to the calcination, at 500 �C, of the

previously synthesized WO3 nanoparticles before the

formation of the WT structure, which gives this

structure thermal stability [24, 25]. Likewise, the

diffraction peaks of anatase phase (TiO2, JCPDS

No.84-1286) were observed for all synthesized mate-

rials (Fig. 2c). Cu and Pd diffraction peaks are not

detected in the XRD analysis, which can be attributed

to the low content (* 0.5% wt) and thorough dis-

persion of co-catalysts on the WT surface. However,

interplanar distances of 0.24 nm, corresponding to

(1,1,1) cubic plane of Cu2O (Fig. 2a), and 0.262, 0.238

and 0.224 nm corresponding to (1,0,1) plane of PdO

and (1,1,1) plane of Pd metallic nanoparticles, can be

observed in HRTEM images, as shown in Fig. 2a and

b, respectively [26–29].

Chemical analysis using inductively coupled

plasma with optical emission spectrometry (ICP-

OES) was employed to determine the efficiency of the

impregnation of co-catalysts (see Table 1). The results

showed that the theoretical and real co-catalyst con-

tents are very close to each other, confirming the

Figure 1 a TEM image WO3-

TiO2 (6 mol% WO3). b TEM

image of WO3-TiO2 (6 mol%

WO3) and elemental mapping

patterns of c W, d Ti and e for

clarify the mapping points of

W and Ti.
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effective impregnation of the metal precursors onto

WO3–TiO2 (WT).

The HRTEM and ICP-OES results confirm the

presence of Cu and Pd species on WT, and interfacial

interaction between co-catalysts and the base material

(WT) is observed, which leads to an improvement in

the photocatalytic performance.

Also, the textural properties of synthesized mate-

rials were measured by N2 adsorption–desorption

isotherms to evaluate the effect of Cu and Pd

impregnation on the WT structure. The specific sur-

face area values (Table 1), calculated by the BET

method, show that Cu–WT and Pd–WT systems

exhibit a lower specific surface area than the WT

pristine material. However, they are high enough to

perform oxidation and reduction reactions on the

photocatalyst surface. These results suggest that

copper and palladium co-catalysts are well dispersed

on the surface of the WT material [30–32].

On the other hand, UV–vis diffuse reflectance

spectroscopy (DRS) was used to evaluate the optical

properties of synthesized materials to obtain more

information about the effect of Cu and Pd on the WT

structure. The UV–vis spectra in Fig. 3a show an

adsorption edge at * 373 nm for the WT structure,

characteristic of tetrahedral symmetry of Ti4? in TiO2,

the material present in large proportion [33, 34].

Furthermore, the WT structure showed no absorption
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Figure 2 HR-TEM images of

a WO3–TiO2 with 0.5 wt% of

Cu and b WO3–TiO2 with

0.5 wt% of Pd and c XRD

diffraction patterns of:

(i) WO3–TiO2 (6 mol% WO3),

(ii) WO3–TiO2 with Cu 0.5%

and (iii) WO3–TiO2 with Pd

0.5%.

Table 1 Real wt% content of co-catalysts, specific surface area (BET method), average pore diameter (dpore), pore volume (Vpore) and

bandgap energies (Eg) of synthesized materials

Materials Real content co-catalysts (wt%)a SBET (m2 g-1)b dpore (nm)b Vpore (cm
3 g-1)b Eg (eV)

c

WO3–TiO2 – 267 9.12 0.43 3.33

0.5wt%Cu–WT 0.47 168 14.46 0.37 3.25

0.5wt%Pd–WT 0.60 177 13.38 0.37 3.23

aEstimated by ICP-OES
bEstimated by the BET method of N2 adsorption
cEstimated by UV–vis diffuse reflectance spectroscopy
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in the visible region. However, the modification of

WT with Cu and Pd nanoparticles caused a signifi-

cant increase in the absorption in this region. In the

same way, the absorptions at around 560 and 630 nm,

attributed to a damping effect caused by d–d inter-

band transitions, originated from copper species in

the case of Cu–WT material and from palladium

species in the case of Pd–WT material [26, 35, 36]. A

schematic presentation of the McLean analysis of the

absorption edge, used to determine the band gap

energy of the synthesized materials, is shown in

Fig. 3b. The bandgap energy of WT with co-catalysts

shifted slightly toward lower energy compared to the

base material (WT), implying that copper and palla-

dium species were not doped into the lattice structure

of WO3 or TiO2 but highly dispersed on the WT

surface, which confirms the results observed in

HRTEM and textural properties. The bandgap energy

values (Eg) of the synthesized materials are summa-

rized in Table 1.

The surface electronic state and composition of the

chemical species involved in the charge transfer

process during photocatalytic hydrogen production

were explored by performing high resolution X-ray

photoelectron spectroscopy in all the synthesized

materials and those thermally treated in hydrogen.

Thus, in the narrow scan corresponding to the

bonding energies for the Ti2p region, titanium was

identified in three different oxidation states (Fig. 4a).

A weak peak centered at 461.2 and 455.6 ± 0.2 eV

corresponds to Ti 2p1/2 and Ti 2p3/2, respectively,

related to the presence of Ti2? species. In addition,

the peaks centered at 462.5 and 456.9 ± 0.2 eV cor-

responding to Ti 2p1/2 and Ti 2p3/2, respectively,

indicate the presence of Ti3? species in the form of

Ti2O3 [37, 38]. Ti2? and Ti3? species are a signature of

oxygen vacancy defects in the structure, associated

with the thermal treatment in hydrogen. On the other

hand, the typical bonding of Ti–O at 457.8 and

463.5 ± 0.2 eV, related to Ti4? species in the struc-

ture, is discerned. Similarly, the major TiO2 contri-

bution in the structure (* 94%) with oxidation state

Ti4? exhibited the characteristic bonding energies at

458.6 and 464.4 ± 0.2 eV [37–40]. Moreover, the

peaks centered at 459.7 and 465.5 ± 0.2 eV are related

to the formation of Ti–O–W bonds, which confirms

the chemical environment composed of TiO2 and

WO3, and indicates a strong interaction between

them [41, 42].

The narrow scan corresponding to the bonding

energies for the W4f region revealed a multi-contri-

bution (Fig. 4b). The major contribution corresponds

to Ti3p at 37.2 ± 0.2 eV due to Ti4? species in anatase

TiO2 phase [43, 44]. Likewise, tungsten was identified

in three different oxidation states. A weak double

contribution, centered at 36.0 and 33.6 ± 0.2 eV cor-

responds to W4f5/2 and W4f7/2, respectively, related

to W4? species [45]. Additionally, the peaks centered

at 36.6 and 34.6 ± 0.2 eV correspond to W4f5/2 and

W4f7/2, indicating the presence of W5? species

[45, 46]. As observed in the titanium region, the

presence of W5? and W4? species is correlated with

oxygen vacancies due to the hydrogen thermal

treatment. Furthermore, the peaks centered at 37.7

and 35.4 ± 0.2 eV are related by W atoms to oxida-

tion state ? 6 [46, 47]. Besides, the contributions

observed at 38.1 and 35.9 ± 0.2 eV correspond to

W4f5/2 and W4f7/2, and the peaks centered at 38.8

and 36.5 ± 0.2 eV are attributed to W6? species

related to the typical W–O bonding present in WO3

and a residue of the H2WO4 precursor used during

the synthesis process [48]. Moreover, the contribution

to higher binding energies at 40.8 and 39.7 ± 0.2 eV

is attributed to the formation of W–O–Ti surface

bonds, in agreement with the Ti–O–W contribution

detected in the Ti2p region, which confirms a strong

interaction between them [41].
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Figure 3 a UV–vis spectra of: (i) WO3–TiO2, (ii) WO3–TiO2

with 0.5 wt% of Cu and (iii) WO3–TiO2 with 0.5 wt% of Pd and

b Insert of schematic presentation of the McLean analysis of the

absorption edge for determining the bandgap energy (Eg) of:

(i) WO3–TiO2, (ii) WO3–TiO2 with 0.5 wt% of Cu and (iii) WO3–

TiO2 with 0.5 wt% of Pd.
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Meanwhile, the Cu2p spectrum (Fig. 4c) was

decomposed into four different chemical species. The

smallest contribution is associated with metallic

copper (Cu0), located at 951.4 and 931.9 ± 0.2 eV,

corresponding to Cu2p1/2 and Cu2p3/2, respectively.

However, metallic copper corresponds to similar

binding energy values as Cu? observed at 952.6 and

933.0 ± 0.2 eV, Cu2p1/2 and Cu2p3/2, respectively,

and these oxidation states are generally difficult to

distinguish from XPS analysis of the Cu2p region

[49, 50]. On the other hand, the main contribution of

Cu species is in the form of Cu2? dispersed on the

surface of the WT structure, whose peaks Cu2p1/2

and Cu2p3/2 are located at 953.6 and 933.8 ± 0.2 eV,

respectively. Additionally, the gap between these two

energy levels is about * 20 eV, which is a strong

indication of the CuO presence [51–53]. The double

contribution, detected at 954.6 and 934.8 ± 0.2 eV, to

Cu2p1/2 and Cu2p3/2, respectively, corresponds to

Cu(NO3)2 remnants of the impregnation process [53].

Finally, the characteristic copper multi-component

satellites were observed at higher binding energies

(941–946 eV). It is important to point out that the

impregnation of Cu does not modify titanium and

tungsten species in the WT structure [see Fig. 4a(ii)

and b(ii)].

Pd3d core level spectra are shown in Fig. 4d. After

fitting the experimental data, the characteristic

metallic Pd binding energies were identified at 340.9

and 335.6 ± 0.2 eV for Pd3d3/2 and Pd3d5/2 peaks.

The gap between these two energy levels is

about * 5.3 eV, confirming the presence of metallic

Pd nanoparticles dispersed on the surface of the WT

structure [54, 55]. The second double contribution,

associated with the Pd3d3/2 and Pd3d5/2, at 341.8 and

336.5 eV, is assigned to the Pd2? species [56]. The

thermal treatment in a hydrogen atmosphere (at

300 �C for 2 h, using an H2 flow of 0.5 ml min-1 per

milligram of photocatalyst, with a heating rate of

2 �C min-1) causes the formation of PdO in several

steps. As a result, at low binding energies (336.5 eV),

PdO nanoparticles with low crystallinity are obtained

[57]. However, other contributions at 342.8 and

337.6 ± 0.2 eV for Pd3d3/2 and Pd3d5/2 peaks are
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related to the formation of well-crystallized PdO

nanoparticles [57]. It is important to mention that the

use of a reducing atmosphere does not allow the

formation of Pd4? in the form of PdO2 since this

chemical species is highly unstable [58]. On the other

hand, the contribution detected at 343.7 and

338.6 ± 0.2 eV for Pd3d3/2 and Pd3d5/2 peaks is

related to Pd2? species in the form of Pd(NO3)2 as a

residue of the impregnation process [59]. Finally, the

characteristic satellites were observed at 344.2 and

339.0 ± 0.2 eV for Pd3d3/2 and Pd3d5/2 related to

Pd2? species [57, 60]. As in the case of Cu, the

impregnation of Pd species does not modify the

species of titanium and tungsten present in the WT

structure [see Fig. 4a(iii) and b(iii)].

Photocatalytic evaluation of hydrogen
production

The performance of synthesized materials was eval-

uated for the photocatalytic hydrogen production

from methanol–water mixtures (10:90 methanol:wa-

ter) under UV irradiation, with a low concentration of

sacrificial agent (methanol), compared to the nor-

mally used 1:1 methanol–water volume ratio.

First, we have investigated the H2 production

without photocatalyst under UV light irradiation

(photolysis), as a function of time reaction, which is

shown in Fig. 5a(i). As can be observed, the hydrogen

amount increases progressively during the reaction,

reaching 63.03 lmol at 6 h, which can be translated as

a hydrogen production rate of 10.50 lmol h-1. In the

case of pristine materials, WO3 and TiO2, thermally

treated in a reducing atmosphere [Fig. 5a(ii) and (iii)],

the hydrogen production rate was 391.33 and

510.11 lmol g-1 h-1, respectively, being almost 37

and 48 times higher than the H2 production by pho-

tolysis (see Fig. 5b). Also, when the WO3–TiO2

structure is tested, a higher hydrogen production rate

(770.10 lmol g-1 h-1) than with the pristine materi-

als is obtained. This value is 1.5 times higher than

that measured when using TiO2 (thermally treated in

a reducing atmosphere), see Fig. 5b.

When WO3 and TiO2 are coupled with the syn-

thesis method used in this work, intimate contact and

strong interaction are generated between them, as

observed in the HRTEM and XPS analyses. This

interaction creates a synergistic effect on photocat-

alytic hydrogen production. Similarly, the formation

of oxygen vacancies (mixed-valance) due to the

reducing atmosphere during heat treatment helps to

generate surface and/or energy states at the WO3/

TiO2 interface, which prevent the recombination of

charge carriers, as discussed in detail in previous

studies [11, 61].

On the other hand, the photocatalytic activity

toward hydrogen production is enhanced in the

presence of co-catalysts (Cu or Pd species) compared

to the WT structure (Fig. 5a and b). This can be

associated with n–p interaction as expected, causing a

better separation of the charge carriers. When co-

catalysts are loaded on WT, the photogenerated
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Figure 5 a Hydrogen production of synthesized materials:

(i) photolysis, (ii) WO3, (iii) TiO2, (iv) WO3–TiO2, (v) WO3–

TiO2 with 0.5 wt% Cu and (vi) WO3–TiO2 with 0.5 wt% Pd (UV

light irradiation measured in methanol–water mixture 10:90),

b Hydrogen production rate of synthesized materials as a function

of the reaction time (UV light irradiation measured in methanol–

water mixture 10:90).
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electrons can be rapidly transported to Cu or Pd

nanoparticles, which have been spotted as active sites

for the hydrogen evolution reaction from water

reduction. Analogously, photogenerated holes are

removed by methanol that acts as a hole scavenger

[62]. Although the co-catalyst content loaded was

almost the same in both cases (for Cu and Pd), the

activity drastically varied; the hydrogen production

rate was 5427.07, 1496.39 and 770.10 lmol g-1 h-1 for

Pd/WO3–TiO2, Cu/WO3–TiO2, and WO3–TiO2,

respectively. These results may be attributed to the

properties of the different metals, such as surface

energy, redox potential and the modification of the

chemical environment and its interaction with the

components of the solution [63].

It is worth mentioning that the Pd/WO3–TiO2

performance enhanced 7 times the activity of the

WO3–TiO2 structure. Moreover, on comparing the

photocatalytic activity and stability of Pd and Cu

loaded on WT structure in successive cycles (Fig. 6),

the hydrogen production yield is found to decrease

after 3 re-use cycles. For instance, the photocatalytic

activity of Cu/WO3–TiO2 and Pd/WO3–TiO2

decreased by 9.7 and 15.2%, respectively. This

decrease in the photocatalytic activity must be asso-

ciated with various factors. It is well known that

palladium species are active in the methanol oxida-

tion reaction. However, their photocatalytic functions

for methanol conversion differ drastically from cop-

per species. For example, Pd metallic nanoparticles

for methanol reforming produce mostly the decom-

position products CO and H2 [64, 65]. In a previous

study with the Au–Pd/TiO2 material in our labora-

tory, after several hydrogen reaction cycles, a band

was identified at 2088 cm-1 in the FTIR CO adsorp-

tion experiment, attributed to the adsorption of CO

on metallic Pd nanoparticles [66]. These results give

clear proof that both CO selectivity and hydrogen

production rates are higher over Pd species than over

Cu species under the same reaction conditions.

Therefore, the decrease in photocatalytic activity

could be due to CO adsorbed on the surface of co-

catalysts, which disrupts the interactions between the

WT structure and co-catalysts (Pd and Cu species),

provoking a decrease in the H2 production yield.

However, it is important to point out that hydrogen

production in these materials was still much higher

than the activity of the WT structure, being almost 2

and 6 times higher for Cu/WO3–TiO2 and Pd/WO3–

TiO2, respectively.

(Photo)electrochemical characterization,
band alignment and determination
of energy states

To gain a deeper understanding of the photocatalytic

performance of the synthesized materials and the

charge transfer process between n–p heterojunctions,

the semiconducting properties of these materials

were estimated from Mott–Schottky curves (Fig-

ure S1. Supplementary Information). The flatband

potential (Efb) of the synthesized materials was esti-

mated by extrapolating the linear region, formed in

C�2
SC versus potential curves, to the potential axis. The

values of Efb estimated for all synthesized materials

are shown in Table 2.
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Figure 6 Reuse cycles of: a WO3–TiO2 with 0.5 wt% Cu and

b WO3–TiO2 with 0.5 wt% Pd material in the photocatalytic

hydrogen production (UV light irradiation measured in methanol–

water mixture 10:90).
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WO3 and TiO2 exhibited an n-type behavior with a

positive slope in the linear region of C�2
SC versus

potential curve; the values of Efb here obtained for

WO3 and TiO2 are - 0.76 V and - 0.71 V, respec-

tively. When WO3 and TiO2 are coupled with this

synthesis method, the Efb displaces toward more

negative values (Table 2); this effect has been

observed in previous studies with different compos-

ite materials and is related to the energy states gen-

erated at grain boundaries between oxides that

directly impact the charge transfer through the

interface, as sketched in Fig. 7a [9–11].

Contrastingly, when Cu species are coupled with

the WT structure, the Efb value of the composite

becomes less negative (see Fig. 7b) due to the Fermi

level alignment through the composite. On the other

hand, the WT structure modified with Pd species

exhibits the most negative Efb value among the

composites (Fig. 7c), which means that the photo-

generated electron will have a more reducing

capacity, i.e., a more negative potential to perform the

hydrogen evolution reaction from water. It should be

noted that base materials and WT with co-catalysts

exhibited a higher Efb than the potential for hydrogen

evolution reaction [- 0.62 V versus Ag/AgCl (3.0 M

KCl) at neutral pH], showing that all synthesized

materials meet the minimal thermodynamic require-

ments to perform the water reduction (see Fig. 7).

In addition, photoelectrochemical experiments

were performed to study the photoinduced electron

transfer process at the interface between WT and the

co-catalysts (Cu and Pd species) under illumination

and its impact on hydrogen production. The pho-

tocurrent responses of the WT structure with and
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Figure 7 a Energy scheme of base materials (WO3, TiO2) and

their interaction in WO3–TiO2 structure. The band energy position

was estimated from flatband potentials (Efb) (Table 2) and bandgap

energy (Eg) (Table 1) and WO3–TiO2 structure and the interaction

with: b Cu species and (c) Pd species.

Table 2 The flatband potential (Efb) of the synthesized materials

Materials Efb versus (Ag/AgCl/3 M KCl) (V)

WO3 - 0.76

TiO2 - 0.71

WO3–TiO2 - 0.87

0.5wt%Cu–WT - 0.73

0.5wt%Pd–WT - 0.94
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without the co-catalyst are shown in Fig. 8a. Initially,

the current was measured at 0.5 V versus Ag/AgCl

bias voltage for 60 s to stabilize the current in the

dark. Then, the film with the synthesized material

was illuminated for another 60 s, causing an increase

in the recorded current. After that, the light was

interrupted again, causing the currents to decrease

rapidly until reaching their value in the dark.

The photocurrent is generated by several consec-

utive steps such as photon absorption by TiO2 and

WO3, charge separation favored by the creation of

heterojunction, the presence of co-catalysts and

transport of photogenerated electrons through the

film toward the current collector, favored by the

potential differences imposed for the measurement.

Meanwhile, holes are rapidly transported to the

semiconductor/electrolyte interface to perform the

methanol or water oxidation process.

Figure 8a shows that the film with the WT struc-

ture exhibited the lowest photocurrent. However, the

addition of Cu and Pd co-catalysts enhanced the

photocurrent mainly due to a more efficient charge

separation promoted by them. The presence of both

co-catalysts could facilitate methanol and water oxi-

dation processes. The considerably larger photocur-

rent measured in the presence of Pd can be attributed

to the combination of two effects related to improved

charge separation and a surface with higher catalytic

activity to promote the charge transfer at the elec-

trode/electrolyte interface.

Besides, open circuit potential (OCP) measure-

ments were performed for WT, WT–Cu and WT–Pd

structures. The effect of illumination on the OCP as a

function of time is shown in Fig. 8b.

When the films containing the synthesized mate-

rials were illuminated (WT with and without co-cat-

alyst), the OCP began to change toward more

negatives values (typical of n-type semiconductors).

This behavior indicates the accumulation of the

photogenerated electrons in the conduction band or/

and energy levels located below it (Fig. 8b). By

interrupting the illumination of the films, the OCP

slightly changed toward less negative values but

moved in the opposite direction when the films were

illuminated again. This behavior proves the stability

of the electron accumulation process in the films

(Fig. 8b).

Significant changes are observed in the response of

Cu–WT and Pd–WT structures under illumination

compared to the base WT structure. The structures

with the presence of co-catalysts reach less negative

OCP values, showing a slower response to reach a

stable value of OCP under illumination [Fig. 8b(ii)

and (iii)]. This delay in reaching a stable OCP is

normally related to the filling of energy states with

lower energy, probably generated at the co-catalysts–

WT interface. These energy states can act as electron

traps, improving the separation of the charge carriers.

As seen in Fig. 8b, the material with the slowest and

most unstable response to on/off intervals is the

structure with Pd species. This behavior can be

attributed to the fact that Pd species are well dis-

persed on the WT structure, contributing to a quicker

separation and transfer of electrons to the solution.
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So, the presence of a co-catalyst improves the pho-

tocatalytic hydrogen production, which is confirmed

by photoelectrochemical analysis.

Therefore, the interaction between co-catalysts and

the WT structure has been discussed as follows. After

irradiation with UV light of WT with Cu species on

the surface, the photogenerated electrons are sepa-

rated across the entire structure and can take two

paths: (1) migrate to the surface and carry out the

water reduction process or (2) migrate to the copper

nanoparticles (see Scheme 1a). In this second path,

the electrons can be rapidly transferred with the help

of the copper species on the surface and catalyze

hydrogen production or/and reduce Cu2? to Cu?

(see Scheme 1a and Reaction 1) [11]. The Cu? species

can be reoxidized to Cu2? by the holes photogener-

ated in CuO or WT structure (see Scheme 1a and

Reaction 2) [11]. Moreover, the existence of metallic

copper nanoparticles in the WT structure helps to

improve the transport and conductivity of electrons,

thereby increasing their photocatalytic activity and

catalyzing hydrogen production [11].

2CuO þ H2O þ 2e� ! Cu2O þ 2OH� ð1Þ

Cu2O þ 2OH� þ 2hþ ! 2CuO þ H2O ð2Þ

In the case of WT with Pd species on the surface,

after irradiation with UV light, the photogenerated

electrons are separated and can take three paths: (1)

migrate to the WT surface and carry out the water

reduction process, (2) migrate to metallic Pd

nanoparticles, improving the transport and conduc-

tivity of electrons and catalyzing hydrogen produc-

tion or (3) migrate to the surface of WT and reduce

PdO nanoparticles (Pd2?) in situ into Pd0 (see

Scheme 1b and Reaction 3). Once PdO is reduced to

Pd0, this metallic nanoparticle promotes the high

photocatalytic activity by generating a Schottky
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Scheme 1 Schematic

representation of the charge

transfer in: a WT structure

with Cu species for

photocatalytic hydrogen
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with Pd species for

photocatalytic hydrogen

production.
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junction between the metal and the WT structure. It

can trap, store and transport the photogenerated

electrons reducing the rate of the (e-–h?) recombi-

nation [32, 67].

PdO þ H2O þ 2e� ! Pd0 þ 2OH� ð3Þ

Pd0 þ 2hþ þ 2OH� ! PdO þ H2O ð4Þ

Also, metallic Pd nanoparticles deposited onto WT

can be reoxidized by photogenerated holes (see

Scheme 1b and Reaction 4).

To sum up, all of the experimental evidence pro-

vided in this research sheds light on the effect of Cu

and Pd species loading on WO3–TiO2 that occurs

during the photocatalytic hydrogen production

under UV light. The EELS-TEM and HRTEM analy-

ses show the intimate contact and interfacial inter-

action between WO3 and TiO2. Similarly, HRTEM

shows the interaction between Cu and Pd co-catalysts

with WO3–TiO2, where a uniform distribution

around the WT structure is observed, causing a

decrease in the surface area. The XRD characteriza-

tion shows that there are no considerable structural

changes in the WT matrix associated with the treat-

ment used to load Cu and Pd by the incipient wetness

impregnation method, which is related to their uni-

form dispersion and low concentration.

The XPS analysis shows the chemical environment

and the species that participate in the charge transfer

process during the production of photocatalytic

hydrogen. This technique allowed us to observe a

strong interaction between WO3 and TiO2 generated

by the sol–gel method used. The presence of mixed-

valence titanium, tungsten and co-catalyst species is

also observed. These mixed-valence compounds in

the structure generate defects in the material by cre-

ating energy states at the interface, thus modifying its

semiconducting properties. Therefore, the determi-

nation of semiconducting properties by photoelec-

trochemical techniques, when WO3 and TiO2 are

coupled, reveals that Efb of the structure becomes

more negative than that of the pristine materials (see

Table 2), due to the generation of energy states at the

interface. These states can behave as shallow energy

states to separate the charge carriers, and thus pro-

vide a path for electron transfer toward the co-cata-

lysts and improve the photocatalytic activity.

The addition of Cu and Pd increases the (e-–h?)

separation, mobility and transfer of the electrons to

the solution for the reduction of water to hydrogen,

obtaining the best performance for the Pd/WT

structure.

Conclusion

The sol–gel synthesis method, used in this work,

allowed TiO2 nanoparticles to grow on the previously

synthesized WO3 nanoparticles, generating direct

contact between them and thus allowing the forma-

tion of a heterojunction. The dispersion of Cu and Pd

species onto the surface of WT material causes a

decrease in the surface area and creates additional

defect states in the optical properties. HRTEM and

XPS experiments showed a strong interaction at the

interface of TiO2 and WO3. The photocatalytic activ-

ity for H2 evolution shows that the use of Cu and

mainly Pd species over WO3–TiO2 favors hydrogen

production due to the fact that Cu and Pd species

improve the charge carrier separation process, acting

as co-catalysts and increasing the transfer of electrons

to the solution. The presence of Cu and Pd in the

structure, moved the flatband position increased the

photocurrent, and changed the open-circuit potential

under illumination toward less negative values,

indicating the formation of energy states at the

interface between WO3–TiO2 and co-catalysts. These

energy states at the heterojunction act as traps during

the photocatalytic process, preventing the recombi-

nation of photogenerated charge carriers.
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