
Vol.:(0123456789)1 3

Topics in Catalysis 
https://doi.org/10.1007/s11244-020-01360-6

ORIGINAL PAPER

Layered Nanocomposite 2D‑TiO2 with Cu2O Nanoparticles 
as an Efficient Photocatalyst for 4‑Chlorophenol Degradation 
and Hydrogen Evolution

Matías Alegría1   · Juan Aliaga1   · Luis Ballesteros2   · Clivia Sotomayor‑Torres3,4   · Guillermo González5   · 
Eglantina Benavente1,6 

 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
New composites formed by layered hybrid TiO2(stearic acid) (LHTiO2) and, Cu2O nanoparticles were studied as photocata-
lysts that extend the response range to light visible for the evolution of hydrogen and the degradation of 4-chlorophenol. 
The results revealed that LHTiO2/Cu2O exhibited a clearly improved photocatalytic degradation, about 5.6 times faster than 
pristine TiO2, and hydrogen evolution of about 2.7 times higher than the TiO2 anatase. The enhanced photocatalytic activity 
can be assigned to the properties of the two-dimensional morphology, in sheets-like arrangement of LHTiO2, benefitting 
from the high exposure of surface, with more active sites available to improve matching with the surfaces of the Cu2O 
nanocrystals and significant reduction of migration distances of photogenerated carriers. In the photocatalytic degradation, 
a mechanism Z-scheme is supported, and in the photocatalytic evolution of hydrogen a mechanism type II band alignment 
is indicated. Photocatalytic reuse tests showed that stability and catalytic activity of LHTiO2/Cu2O were maintained for 
three cycles. Photoelectrochemical evaluation were performed through measurements of the photocurrent response and 
electrochemical impedance.
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1  Introduction

Photocatalytic reaction systems have been extensively stud-
ied for environmental remediation and solar energy conver-
sion [1–3]. Photocatalysis is a semiconductor-mediated pro-
cess that can absorb and utilize light for chemical reactions, 

and requires semiconductors that can provide charge transfer 
to the surface-active sites, stability, and the harvesting of a 
wide range of the solar spectrum [4–6]. In this context, one 
of the most studied semiconductors is TiO2, mainly for its 
low cost, low toxicity, photo-stability, reactivity and abun-
dance [7, 8]. Nevertheless, its large bandgap (3.2 eV) and 
fast charge recombination limit its application in photocata-
lytic processes [9, 10].Electronic supplementary material  The online version of this 

article (https​://doi.org/10.1007/s1124​4-020-01360​-6) contains 
supplementary material, which is available to authorized users.
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An effective approach to design efficient photocatalysts 
is the strategy of coupling a TiO2 wide-band-gap semi-
conductor with narrow-band-gap semiconductors, such as 
Cu2O [11–14], RuO2 [15] and CdS [16, 17], amongst others, 
broadens the absorption range and can also show superior 
photocatalytic performance because of the charge transfer 
between the two different types of semiconductors. This 
decreases the electron/hole recombination, while maintain-
ing good compatibility between the two semiconductors, 
increase the matching of the semiconductors bandgap, with 
the essential feature of using the hole oxidation power for the 
degradation of water pollutants and the electron reduction 
power for the evolution of hydrogen [8, 18].

Among these materials, Cu2O has emerged as the right 
candidate. It is a p-type semiconductor, abundant and low-
cost, with a direct bandgap of 2.0 eV, which can be excited 
by visible light [19–21]. Some reports indicate that a draw-
back in Cu2O photocatalysts lies in their poor stability under 
irradiation [22]. However, the reduction in situ of Cu+ to 
Cu of Cu2O after photoexcitation provides mobility of the 
electronic charge and does not slow down the process of 
photocatalysis [23, 24].

From the studies reported, n-type TiO2 coupling with 
p-type Cu2O exhibits good prospects for photocatalytic 
applications under visible light. For example, it was used 
in different applications such as the removal of organic and 
inorganic pollutants [20, 25–28], CO2 reduction [29, 30], H2 
evolution [14, 31–33], polyester textiles [34], as well as for 
antibacterial activity [35, 36].

Herein, in this work, we report a photoactive material 
formed by layered hybrid TiO2(stearic acid), (LHTiO2), 
obtained by "bottom-up" methods using stearic acid as a 
template, following sol–gel procedures designed for the for-
mation of TiO2. The material possesses a sheet-like arrange-
ment intercalated between self-assembled carboxylic acid 
monolayers, which gives properties as a two-dimensional 
(2D) material. The morphology of a semiconductor per-
forms a crucial role in defining its photocatalytic activity. 
Thus, 2D material with a sizable interfacial contact area, to 
increase sunlight collection and the absorbent capacity of its 
organic components, combined with a narrow-band semi-
conductor, such as Cu2O cubic nanoparticles, that extend 
the absorption range, achieve optimum performance in both 
photocatalytic processes. Photocatalytic degradation of 
4-chlorophenol (4-CP) and evolution H2 mechanisms studied 
corroborates the synergy between both semiconductors. In 
addition, LHTiO2/Cu2O catalytic reuse tests show the pres-
ence of a minor proportion of Cu, however the stability and 
catalytic activity of LHTiO2/Cu2O was retained for three 
cycles. We also complement the study by electrochemical 
impedance spectroscopy (EIS) and measurement efficiency 
of photocurrent conversion.

2 � Experimental Section

2.1 � Materials and Reagents

All chemical reagents used were obtained from commercial 
sources as guaranteed grade reagents. Ti[OCH(CH3)2]4 (tita-
nium tetraisopropoxide), C18H36O2 (stearic acid), C6H8O6 
(ascorbic acid) and N2H4 (hydrazine) were purchased from 
Sigma-Aldrich. Methanol, ethanol and 4-Chlorophenol 
(4-CP) were purchased from Merck.

2.2 � Preparation

2.2.1 � Layered Hybrid Titanium Nanocomposite (LHTiO2)

This was synthesized following a procedure described in the 
literature [16]. Elemental analysis for TiO2(C18H35O2)1.3 × 0.7 
H2O × 0.1(C18H35O2) was: Calc. (%): C, 61.96; H, 10.04. 
Found (%): C, 61.98; H, 10.00; TiO2: 15.80 (calculated based 
on thermogravimetric analysis Fig S1).

2.2.2 � Cu2O Nanoparticles

The nanoparticles were synthesized following a procedure 
described in the literature [37]. The solid obtained was 
washed and oven-dried at 45 °C for 24 h.

2.2.3 � LHTiO2/Cu2O Composites

The samples were mixed mechanically in an agate mor-
tar (relation w/w). Before irradiation, the suspension was 
ultrasonicated for 2 min to produce a homogeneous sample, 
facilitating close contact and minimizing aggregation.

2.3 � Characterization Methods

X-ray diffraction (XRD) analyses of the products were per-
formed using a Bruker D8 Advance (Cu Kα λ = 1.5418 Å). 
The images of scanning electron microscopy (SEM) were 
obtained using a Quanta FEG250 and EVO MA 10 ZEISS 
microscope. X-ray photoelectron spectra (XPS) were 
obtained in a STAIB system with an RQ-300 X-Ray source 
using monochromated Al Kα X-rays (1486.6 eV, 75 W). The 
UV–vis diffuse reflectance spectra (DRS) were recorded 
in the range of 200–800 nm using a UV–Vis Shimadzu 
double beam (model 2450 PC) spectrometer. Reflectance 
measurements were converted to absorption spectra using 
the Kubelka–Munk function. Thermogravimetric analyses 
were recorded in a TG/DSC 1100 SF Mettler Toledo. Pho-
toluminescence (PL) spectra were recorded in a fluorescence 
spectrophotometer (PerkinElmer, model LS 55). Ultravio-
let–visible spectra were recorded at room temperature in 
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a UV–vis spectrometer (Jasco, model V-730). Nitrogen 
adsorption/desorption isotherm studies were achieved with 
Quantachrome Instruments (Nova 2200e, USA) using the 
Brunauer–Emmett–Teller (BET) method to determine 
the surface area. The samples were degassed at 50 °C for 
LHTiO2 and 200 °C for TiO2, 12 h prior to the measure-
ments. The average pore size was measured according to the 
Barret–Joyner–Halenda (BJH) method. Analysis of particle 
size distribution by dynamic light scattering (DLS) was per-
formed with a zetasizer NanoZS90 Malvern.

2.4 � Measurement of Photocatalytic Activity 
and Hydroxyl Radicals

2.4.1 � Photocatalytic Degradation

The photocatalytic activities of the nanocomposites were 
studied in visible light irradiation by testing the degrada-
tion of 4-CP as a pollutant. For this study, the characteristic 
absorption peaks of this compound, as an aqueous solution, 
were examined at regular intervals at 280 and 225 nm using 
a UV–Vis spectrophotometer. The effect of the initial con-
tent of the 4-CP solutions was examined at different con-
centrations: 1 × 10–5 M, 1 × 10–4 M and 5 × 10–5 M, in the 
pH range 6–7. According to the experimental findings, the 
best result in the degradation of 4-CP was the concentration 
of 5 × 10–5 M. The photocatalytic experiments were there-
fore carried out by mixing 10 mg of LHTiO2, with different 
proportions of Cu2O nanoparticles in 25 mL of a 5 × 10–5 M 
solution at pH 7.0. Before the measurements, the suspension 
was maintained in the dark for 30 min to reach an adsorp-
tion/desorption equilibrium. Instead of sunlight, the suspen-
sions were irradiated by a solar simulator (Sciencetech SS 
150 W) equipped with a 150 W ozone-free xenon bulb that 
produced a spectrum at an intensity of 1000 W/m2 (1 sun). 
All samples were under constant magnetic stirring to guar-
antee a high level of homogeneity of the photocatalyst in the 
suspension. Approximately 0.35 mL of the reaction mixture 
was taken out at different times and centrifuged to avoid 
light scattering due to the interference from the suspended 
catalyst particles. The 4-CP concentration after equilibra-
tion was considered as the initial concentration (C0) and was 
monitored in the UV–vis spectra of the solution using nano-
pure water as a reference.

2.4.2 � Photocatalytic H2 Generation

The photocatalytic activities were evaluated by H2 produc-
tion. The photocatalyst H2 generation activity was tested in 
a Schlenk tube of 50 mL equipped with an inert gas supply 
with a dual-stage regulator, under direct light of the photo-
catalyst, dispersed in 20 mL of 20 vol% methanol solution. 
In a typical process, the reaction suspension was evacuated 

and purged with N2 gas three times, for the removal of dis-
solved gases. The reactor was irradiated with a 300 W Xe 
arc lamp (Newport) under magnetic stirring, and the gas 
evolved during the reaction process was collected using the 
water displacement technique. Gas aliquots of 0.5 cm3 were 
taken and analysed with a Shimadzu GC-2014 using a 5 Å 
molecular sieve column and a thermal conductivity detec-
tor (TCD).

2.4.3 � Hydroxyl Radicals

During the photocatalytic reactions, active ‧OH radicals were 
detected by the PL method, using terephthalic acid (TA) 
4 mM in an alkaline medium (pH 8). TA reacts with ‧OH 
and generates a highly fluorescent product, 2-hydroxytereph-
thalic acid (TAOH) [38]. Every 10 min after UV irradiation, 
a small amount of reaction solution was centrifuged and ana-
lysed in a spectrofluorometer. The total UV irradiation time 
was 90 min. The fluorescence product was detected as an 
emission peak at the maximum wavelength of 426 nm, with 
an excitation wavelength of 325 nm.

2.5 � Electrochemical Measurements

All photoelectrochemical measurements were performed 
with a Zahner Zennium Electrochemical Workstation PP211. 
Cu2O, LHTiO2 and LHTiO2/Cu2O (1:0.1) electrodes were 
used as photoelectrodes, platinum as counter electrode and 
Ag/AgCl (3 M NaCl, 0.205 V vs. NHE) as reference elec-
trode. The electrodes were exposed to illumination in 0.5 M 
Na2SO4. A LED λ = 365 nm (50 W m–2) was used for irradia-
tion. To prepare the working electrode, FTO (fluorine-doped 
tin oxide) glass was ultrasonically cleaned, first with distilled 
water and then with acetone. We then prepared a thin film of 
sample on FTO glass by drop-casting a homogeneous ink of 
sample dispersed in ethylene glycol, controlling the area of 
1.0 cm2. Potential pulse measurements were taken at a 0 V 
bias vs. Ag/AgCl reference electrode with a pulse of 20 s 
under intermittent irradiation. EIS and photoelectrochemical 
impedance spectroscopy (PEIS) measurements were carried 
out in the frequency range of 100 MHz–10 kHz with an 
applied voltage signal of 0 V vs. reference electrode and ac 
amplitude voltage of 10 mV.

3 � Results and Discussion

The synthetic route to LHTiO2/Cu2O was illustrated in 
Scheme 1. X-ray diffraction (XRD) analyses of the prod-
ucts was used to study the structure, Fig. 1 shows the XRD 
patterns of the synthesized LHTiO2, Cu2O, and LHTiO2/
Cu2O nanocomposites. The pattern of LHTiO2 shows a 
series of equidistant Bragg reflections at low 2-theta angles, 
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characteristic of an ordered layered arrangement. The dif-
fraction peaks at 2θ values of 3.19°, 6.52° and 9.47° are 
in good agreement with the first three (00l) reflections in 
a lamellar solid with a basal-distance along the c-axis of 
27.8 Å. The low intensity peaks at 19.7° may be ascribed 
to a small excess of free stearic acid (JCPDS 03-0252). The 
XRD results confirm the lamellar nature of LHTiO2, con-
stituted by a layer of semiconductor scattered among self-
assembled carboxylic acid molecules [16]. This structure is 
also retained in the composite LiHTiO2/Cu2O. Moreover, 

in Fig. 1, the XRD patterns indicate that the product is a 
material consisting of layered hybrid LHTiO2 and Cu2O 
nanoparticles. The main facets (111), (200), (220) and 
(311) of the Cu2O cubic phase (JCPDS 65-3288) appeared 
at 2θ = 36.42°, 42.30°, 61.52° and 73.70°, respectively, and 
no impurities were apparent in the material. 

Scanning electron microscopy (SEM) was used to exam-
ine the morphology and microstructure of the samples pro-
duced. Figure 2a shows the morphology of a conventional 
2D LHTiO2 sample. The AFM image Fig. 2b shows that the 
sample surface is stepped with steps of approx. 3 mn high. 
This characteristic is consistent with the width of a single 
layer of LHTiO2, 2.78 nm (Fig. 1), as well as with the aver-
age thickness of micrometer particles of material of ~ 18 nm, 
as estimated by the Scherrer equation, corresponding to 
about 6 single hybrid layers per particle [16]. Figure 2c 
shows the very regular cubic Cu2O nanoparticles of 60 nm 
(particle diameter measured by dynamic light scattering 
(DLS) in Fig S2). Figure 2d illustrates the morphology of 
the LHTiO2/Cu2O, where a combination of the structures, 
such as layers of LHTiO2 and cubes of Cu2O nanoparticles, 
can be seen. Figure 2e shows the energy dispersive X-ray 
spectroscopy (EDX) pattern, confirming the presence of 
Ti and Cu in the composite. EDX elemental mapping of 
LHTiO2/Cu2O provides the dominant distribution of Ti and 
less dense regions of Cu in the nanostructure (Fig. S3).

Diffuse reflectance spectroscopy (DRS) was employed 
to characterize the samples. The absorbed light wavelength 
distribution is directly influenced by their electronic bandgap 
structure, which determines the photocatalytic activity of 
the materials. Figure 3a shows the UV–vis DRS of LHTiO2, 

Scheme 1   Schematic illustration of synthetic routes for nanocomposite LHTiO2/Cu2O

Fig. 1   XRD patterns of a LHTiO2; b Cu2O and c LHTiO2/Cu2O 
(1:0.1)
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Cu2O, and the LHTiO2/Cu2O composite. A sharp fundamen-
tal absorbance edge for LHTiO2 was observed at 378 nm, 
exhibiting a wide bandgap of 3.28 eV. Cu2O can absorb a 
certain wavelength range of visible light of 530 nm, with a 
forbidden bandwidth of 2.34 eV. The bandgap of the sam-
ples was analysed using the Tauc method. The energy (Eg), 
estimated from a plot of (αhʋ)2 versus the photon energy 
and the intercept of a tangent to the x-axis, was recorded. 
As shown in the insert, Eg were determined from the spectra 
[39, 40]. The results reveal that the combination of catalysts 
presents a broad absorbance in the UV and visible range, 
demonstrating that the composite LHTiO2/Cu2O may allow 
more visible light absorption, thus improving its photocata-
lytic behavior [25, 41].

Photoluminescence (PL) emission spectra were used to 
appreciate the separation of the photoinduced electrons and 
holes in the samples and understand the transitions involved 
of the PL bands. Figure 3b shows the typical PL spectra 
of LHTiO2 and LHTiO2/Cu2O in the wavelength range of 
360–550 nm. For the assignment of the peaks, a Gaussian 
adjustment was used in the PL spectra. The emission peaks 
at 380 nm is attributed to the band PL phenomenon, of the 
energy bandgap of anatase, the emission peak at 490 nm is 
ascribed to the excitation in the titanium states of LHTiO2, 
and the signal at 533 nm is assigned to the oxygen vacan-
cies [13, 42]. The luminescence intensities for the LHTiO2/
Cu2O photocatalyst is lower than LHTiO2, indicating a low 
recombination and thus better charge carrier life-time [43].

XPS was utilized to analyse the composition and chemical 
state of Cu, Ti and O in Cu2O, and LHTiO2. In Fig. 4a, the 
Cu 2p3/2 and Cu 2p1/2 binding energy appeared at 932.5 eV 
and 952.2 eV, respectively, confirming the presence of the 
Cu+ characteristic peak of Cu2O [44]. Meanwhile, the sat-
ellite peaks of the Cu 2p1/2 and Cu 2p3/2 binding modes 
of the Cu and Cu+2 are not detected [23]. In Fig. 4b, the 
characteristic peak of anatase TiO2 was observed at the 
binding energy of Ti 2p3/2 and Ti 2p1/2, respectively, at 
458.7 eV and 464.2 eV. The binding energies of the Cu and 
Ti modes are in good accord with those of prior reports [32, 
43, 44]. XPS of O1s spectra are presented in Fig. S4. The 
XPS results indicate that the Cu+, Ti+4 and O−2 states exist 
in the initial sample at the beginning of the photocatalysis 
studies. The XPS spectra of the sample with the composite 
of LHTiO2/Cu2O have been difficult to interpret due to the 
changes in copper, and the charge correction in the adven-
titious carbon being influenced by the organic surfactant. 
According to literature we assigned the peak of 930 eV as an 
artefact for the adjustment of C1s [45, 46]. (Fig S4).

The results of the porosity analysis and the surface prop-
erties obtained by BET of TiO2 and LHTiO2 are shown in 
Fig. 5. The pore size calculated using the BJH method was 
approximately 2.897 nm and 4.102 nm (inset in Fig. 5) for 
TiO2 and LHTiO2, respectively. The BET surface area was 
10.468 m2g−1 for TiO2 and 37.428 m2 g−1 for LHTiO2. The 
isotherms exhibit a similar type II curve for TiO2, which 
shows the non-porous nature of the TiO2 nanoparticles [47], 
and for the LHTiO2 sample, the isotherm showed a type IV 

Fig. 2   a SEM images of LHTiO2; b AFM images of LHTiO2; c SEM images of Cu2O cubic nanoparticles; d SEM images of LHTiO2/Cu2O 
composite and e EDX pattern of LHTiO2/Cu2O composite
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curve with a type H3 hysteresis loop, which correlated with 
aggregates of platelike particles, characteristic of layered 
nanocomposites [48, 49]. In addition, the increase in the 
specific surface area in LHTiO2 is 3.7 times greater than the 
TiO2, which significantly improves photocatalytic proper-
ties, providing more surface-active sites as a 2D material.

3.1 � Photocatalytic Activity

The photocatalytic activity of the LHTiO2/Cu2O nanocom-
posites was studied by testing the degradation of 4-CP as 
a pollutant with different irradiation times under sunlight. 
Figure 6a shows the dye degradation in the presence of 
LHTiO2/Cu2O composites with LHTiO2 molar ratios of 
1:0.05, 1:0.1 and 1:0.2, comparing them to those of the 
Cu2O and LHTiO2 separately. No photocatalytic activity was 

perceived in the control sample of 4-CP under irradiation. 
Both the Cu2O nanoparticles alone and LHTiO2 composite 
show an inferior photocatalytic behaviour compared to the 
LHTiO2/Cu2O composites. The photocatalytic activity of 
the LHTiO2/Cu2O (1:0.2) compound does not show a sig-
nificant change with the performance of the LHTiO2/Cu2O 
(1:0.1) compound, possibly due to the opacity of the sample, 
excess Cu2O covers the surface active sites of the LHTiO2, 
thus hindering light absorption [49]. Therefore, the optimal 
ratio for the LHTiO2/Cu2O of 1:0.1 was selected. Indeed, as 
observed in Fig. 6a, the photocatalytic efficiency of LHTiO2/
Cu2O (1:0.1) after 300 min of irradiation was about 73.3%, 
which is significantly higher than that of LHTiO2 at 43.9%, 
whereas only 3% degradation was observed without catalyst. 
Figure 6b illustrates the changes in the UV–visible absorp-
tion spectra of 4-CP at different irradiation times. 4-CP has 
strong absorption bands at wavelengths of 223 and 278 nm. 
As the reaction develops, the characteristic peaks gradually 
decrease as the reaction mixture is exposed to the irradia-
tion [50].

The photocatalytic properties of the samples were evalu-
ated under comparable conditions. All the curves were nor-
malized after allowing the suspension to reach adsorption/ 
desorption equilibrium in the dark. For a better understand-
ing of the photocatalytic efficiency of the catalysts, the 
kinetic analysis of the photocatalytic degradations, shown 
in Fig. 6c can be described by a pseudo-first-order kinetics, 
with ln(C0/C) = kt, where k is the corresponding kinetic con-
stant, and t is the irradiation time. The apparent rate constant 
(kapp, min–1) of the LHTiO2/Cu2O (1:0.1) nanocomposite 
is about 5.6 times faster than that of the TiO2 anatase. The 
photocatalytic performance observed in the composites 
in visible light validates the synergistic effects mentioned 
above. The better photocatalytic performance of LHTiO2/
Cu2O (1:0.1) could be ascribed to the lower recombination 
of the photo-generated electrons and holes and a greater 
close interface between the 2D sheets with the flat surfaces 
of the Cu2O. Besides, the presence of a hydrophobic organic 
moiety in LHTiO2 contributes significantly to the photocata-
lytic increase, previously observed in photocatalytic studies 
of organo-inorganic hybrids of TiO2 and ZnO [16, 37].

3.2 � Proposed Degradation Mechanism

To further investigate the probable mechanistic effects asso-
ciated with the role of the composites, we performed experi-
ments aiming to detect the radical species involved in the 
4-CP photodegradation using particular radical scavengers. 
For these experiments, we used oxalate of ammonium (OA) 
as a hole (h+) scavenger, isopropanol (IPA) as an ‧OH scav-
enger, and benzoquinone (BQ) as an ‧O2

− scavenger, at con-
centrations of 1 mmol [51]. Specifically, we tested the 4-CP 
degradation rate in the presence of each of the scavengers, 

Fig. 3   a UV–vis diffuse reflectance spectra of Cu2O, LHTiO2 and 
LHTiO2/Cu2O (1:0.1). The insert is the Tauc plots of LHTiO2/Cu2O 
(1:0.1); b Photoluminescence (PL) emission spectra of LHTiO2 and 
LHTiO2/Cu2O (1:0.1)
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for two hours, comparing them with those studied in the 
absence of any radical scavenger (Fig. 6d). The addition 
of OA had a slight diminution on the 4-CP degradation 
efficiency of LHTiO2/Cu2O. Conversely, the degradation 
efficiency was significantly reduced in the presence of BQ, 
indicating that ‧O2

− plays a dominant role in the degradation 
of 4-CP. It was noted that there is a decline in the degrada-
tion rate of 4-CP with the introduction of IPA, suggesting 
that ‧OH is also an active species in the degradation process, 
checked by the PL studies with terephthalic acid (TA).

To analyse the charge transfer mechanism, we measured 
the rates of ‧OH formation in the samples in aqueous solu-
tion under irradiation by PL, using TA as the probe mol-
ecule. TA could react with ‧OH to form highly fluorescent 
2-hydroxyterephthalic acid (TAOH). From Fig.  7a, the 
production rate of radical ‧OH during irradiation can be 
easily observed, indicating that the surface of the sample 
aids in the production of ‧OH radicals and is favourable to 
improve photocatalytic activity. The fluorescence intensity 
at 426 nm significantly improves with increasing irradiation 
time, demonstrating that ‧OH radicals form as intermediates 
of photocatalytic reactions in the degradation of 4-CP [38, 
52]. In terms of possible mechanisms, when the sample was 
illuminated under visible light, in the case of Cu2O, this 
perfectly correlates with its bandgap (2.34 eV). For LHTiO2 
(3.28 eV), the UV irradiation (~ 5% of visible light) is suf-
ficient to initiate the semiconductor, producing mobile elec-
trons in the conduction band (CB) and holes in the valence 
band (VB) [53]. Since the CB of Cu2O is positioned above 
the CB of LHTiO2, the electrons photogenerated by Cu2O 
should be inserted into the CB of LHTiO2 from the CB of 
Cu2O, owing to the potential difference of the band, and the 
collected electrons on the LHTiO2 CB can convert O2 to 
‧O2

−, the redox potential (Eo (O2/‧O2
−) = -0.33 V vs NHE) 

Fig. 4   High resolution spectra of a Cu 2p XPS spectra of Cu2O; b Ti 2p XPS spectra of LHTiO2

Fig. 5   The nitrogen adsorption/desorption isotherms. The inserts are 
the pore size distributions for a TiO2 and b LHTiO2 composite
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Fig. 6   a Photocatalytic performance of samples, b UV absorption 
spectra of the degradation of 4-CP using LHTiO2/Cu2O (1:0.1) sam-
ple, c Photodegradation kinetics of the selected samples for the degra-

dation of 4-CP solution, d Photodegradation of LHTiO2/Cu2O (1:0.1) 
in the presence of specific radical scavengers

Fig. 7   a ‧OH trapping photoluminescence spectra of LHTiO2/Cu2O (1:0.1) in a solution of terephthalic acid at room temperature. b DRX pat-
terns of samples before and after reuse in photocatalytic degradation and hydrogen evolution
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presented in the scheme of the photocatalytic mechanism 
in Fig. 8. On the other hand, the potential of LHTiO2 photo 
holes is high, sufficient for water oxidation of hydroxyl 
groups to hydroxyl radicals ‧OH. Meanwhile, the photo 
holes generated by Cu2O excitation do not have the energy 
required for the oxidation of water to hydroxyl radicals (Eo 
(H2O/‧OH) = 2.73 V vs NHE) [54]. Given the experimental 
results, we proposed that there should be negative charge 
transfer from energy levels of the CB of LHTiO2 to the BV 
of Cu2O, through a type Z-scheme mechanism, to describe 
the electron transfer processes through the interface in p-n 
heterojunctions then of the simultaneous excitation of semi-
conductors. The photogenerated hole in the LHTiO2 unites 
with the H2O to produce ‧OH, avoiding the recombination 
of the photogenerated electron–hole formed. Moreover, it 
should be observed that the charge-carrier movement for the 
direct Z-scheme photocatalyst is physically feasible, since 
the migration of photogenerated electrons is valuable due to 
the electrostatic attraction of the electron and the hole [20, 
37, 55]. In addition, we have observed by DRX that after 
irradiation of the sample (Fig. 7b), the electrons photoex-
cited cause a partial reduction of Cu2O to metal Cu. The Cu 
can additional improve the separation of the charge, acting 
as a conductive assistance for the mobility of the electronic 
charge [56] and, impeding recombination in cuprous oxide 
its main defect [31, 57, 58]. We also tested the recycling 
of the LHTiO2/Cu2O compound (1:0.1) by sampling three 
times during 120 min of irradiation. The photocatalytic effi-
ciency of LHTiO2/Cu2O(1:0.1) remained constant until the 
third cycle, as shown in Fig S5. The recycling indicates the 
effective reuse of the LHTiO2/Cu2O without significant loss 
in the degradation efficiency.

3.3 � Photocatalytic Hydrogen Production

In the present study, the efficiency of H2 production of 
the photocatalysts was evaluated using various sacrificial 
agents. Since one of the crucial factors for the photocatalytic 
evolution of H2 is the rapid recombination of pairs of pho-
togenerated electrons, the rapid removal of photogenerated 
holes through sacrificial hole scavengers in the reaction 
was observed [59, 60]. The effect of the sacrificial agents 
was evaluated with formic acid, glucose, sodium sulphite, 
methanol and glycerol in samples of TiO2, LHTiO2, LHTiO2 
with Cu2O of 200 nm, and LHTiO2 with Cu2O of 60 nm, to 
validate that the role of Cu2O in photocatalysis is strongly 
influenced by its particle size [57]. Also, control experi-
ments were carried out to investigate the production of H2 
with only sacrificial reagents under solar irradiation without 
photocatalysts. The quantities of H2 produced by the samples 
in the presence of the selected hole collectors are compared 
in Fig. 9a.

The results for the LHTiO2/Cu2O(60 nm) composite 
showed a significantly higher volume of H2 evolved in the 
presence of methanol, followed by glycerol and 1 M sodium 
sulphite. The best results were always obtained for methanol 
as a sacrificing reagent in the photocatalytic evolution of H2 
from aqueous solutions. This can be mainly attributed to its 
ability to produce an electron donor in the conduction band, 
preventing their recombination and increasing the potential 
for the evolution of H2 [43, 61].

The hydrogen evolution reactions were performed using 
different photocatalyst ratios to estimate which ratio has the 
best efficiency for hydrogen evolution. Figure 9b shows the 
hydrogen evolution over time in the presence of LHTiO2/
Cu2O composites with LHTiO2 molar ratios of 1:0.05, 
1:0.1, and 1:0.2. For all samples, the amount of produced H2 
increased with irradiation time. The optimal photocatalytic 
hydrogen generation rate, achieved with the LHTiO2/Cu2O 
(1:0.1) composite, was 20.34 mmol g−1 h−1, which was about 
2 orders of magnitude higher than that of the composite 
LHTiO2 catalyst (10.4 mmol g−1 h−1) and 2.7 times higher 
than the TiO2 anatase (7.58 mmol g−1 h−1). Recently, similar 
rates of H2 evolution for heterostructured systems of TiO2 
with Cu2O (16.00 mmol g−1 h−1 and 24.83 mmol g−1 h−1)
[13, 33] have been reported.

3.4 � Mechanism of Hydrogen Production

The possible mechanism proposed for the evolution 
of hydrogen from an aqueous methanol solution using 
LHTiO2/Cu2O is shown in the Fig. 8. Under photoirradia-
tion, LHTiO2 and Cu2O separately generate electron–hole 
pairs at CB and VB, respectively. Despite the conduction 
band potentials of LHTiO2 and Cu2O being more nega-
tive than the reduction potential of 2H+/H2, the rate of H2 

Fig. 8   Scheme of photocatalytic mechanism of the Cu (formed in-
situ)/2D LHTiO2/Cu2O photocatalysts under sunlight for degradation 
of 4-CP and the evolution H2
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evolution was fairly low due to the rapid recombination of 
photo-excited electron–hole pairs. Alternatively, for the 
LHTiO2/Cu2O composite under visible light, both LHTiO2 
and Cu2O are photoexcited to produce electrons and holes, 
in the acoupling of semiconductors p-n. Thus, the enhanced 
activity can be asignated to the fact an internal electrical 
field is produced in the interface which improves the elec-
tron–hole separation efficiency as compared to LHTiO2.. In 
the LHTiO2/Cu2O, the CB photogenerated electrons of Cu2O 
should be inserted into the CB of LHTiO2, due to the poten-
tial band difference between semiconductors, and react fast 
with protons producing hydrogen. Furthermore, sacrificial 
agents (water/methanol) are consumed by photogenerated 
holes in the VB of Cu2O and LHTiO2, facilitating the charge 
separation and transfer during the photoexcitation process, 
which aids the improvement of H2 production [31, 43]. We 

have observed, by DRX, the presence of Cu after irradia-
tion (Fig. 7b), which would provide additional sites for the 
reduction reaction with protons, favouring the evolution of 
hydrogen, and additionally, the Cu could limit the prob-
lem of self-oxidation to Cu2O [58, 62]. Through the results 
obtained, we proposed a type II mechanism band alignment, 
formed between LHTiO2 and Cu2O. Therefore, the forma-
tion of the p-n heterojunction of LHTiO2/Cu2O suppresses 
load recombination, improving the photocatalytic activity 
(Fig. 9) [63, 64].

The recycling study was carried out to evaluate the sta-
bility of the photocatalyst LHTiO2/Cu2O (1:0.1) in a 20% 
aqueous solution of methanol. Each cycle was maintained 
for 2.5 h, and at the beginning of the second and third cycles, 
3 mL of methanol was added. After each cycle, the system 
was left for 24 h, tightly sealed with vacuum and N2. Fig. S6 
shows the results of the recycled LHTiO2/Cu2O composite, 
up to 7 h. To verify the structure of LHTiO2/Cu2O (1:0.1), 
the recycled sample was measured by XRD. The results of 
XRD patterns indicated that the characteristic diffraction 
peaks of LHTiO2/Cu2O and the diffraction peaks of metal-
lic Cu are maintained. According to the results obtained, the 
prolonged activity in the photocatalytic process retains the 
coexistence of Cu and Cu2O in the reaction.

3.5 � Electrochemical Measurement

To confirm the behaviour of the photocurrent response con-
cerning the dynamics of charge transfer and percentage of 
recombination at the LHTiO2/Cu2O/electrolyte interface, for 
individual and combined systems, potential pulse measure-
ments were made under constant illumination, following 
the methodology described by L.M. Peter [65]. Figure 10 
represents the photocurrent response of Cu2O, LHTiO2, and 
LHTiO2/Cu2O, respectively, at a 0 V bias versus Ag/AgCl 
reference electrode with a pulse of 20 s under intermittent 
irradiation LED λ = 365 nm (50 W m–2), in a 0.5 M solution 
of Na2SO4.

For all systems, an increase is seen in the steady-state 
photocurrent response, which is the sum of the currents 
recorded during the lighting of the electrodes, added to 
the effect of the curvature of the bands down and the bulk 
of the semiconductor, promoting the migration of pho-
togenerated carriers (e−/h+). In addition, the response 
in photocurrent increases for all systems, following the 
same efficiency pattern that was registered for the degra-
dation and hydrogen photogeneration process: LHTiO2/
Cu2O > LHTiO2 > Cu2O, which also corroborates with the 
order of catalytic efficiency of all the samples. In general, 
the relationship between initial photocurrent (j0) and the 
stationary photocurrent (j1) is very close in all cases to the 
unit. Therefore, the recombination rates for Cu2O, LHTiO2 
and the LHTiO2/Cu2O systems are low [66].

Fig. 9   a Effect of the sacrificial agents evaluated with formic acid, 
glucose, sodium sulphite, methanol, and glycerol in samples and b 
Hydrogen evolution of samples in methanol
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The interfacial charge transfer processes occurring at 
the semiconductor-electrolyte interfaces have been inves-
tigated using EIS and PEIS [67].

Figure 11a and b represent the EIS and PEIS Nyquist 
plots of the samples Cu2O, LHTiO2, and LHTiO2/Cu2O, 
respectively. In the Nyquist plots for EIS, it is observed 
that the arc of the semicircles decreases at low frequen-
cies (Cu2O < LHTiO2/Cu2O < LHTiO2) according to the 
relationship between the decrease in electrical resistivity 
(Cu2O 1.6 × 104 Ω cm [68], TiO2 2.34 × 104 Ω cm [69]) 
and the acceleration of the interfacial transfer processes, 
recorded by EIS measurements [70].

Figure 11b shows only one semicircle in the Nyquist 
plot under illumination (PEIS) for the three electrodes, 
which is associated with the processes of charge transfer 

in the semiconductor space charge zone and the electrified 
interfaces [71]. The decrease of the semicircle arc diam-
eter in the Nyquist plots under illumination (LHTiO2/
Cu2O > LHTiO2 > Cu2O) correlates with the most effective 
separation of the photogenerated charge carriers (e–, h+) and, 
therefore, accelerates the charge transfer across the photo-
electrode/solution interface [72].

The inset in Fig. 11b, is the equivalent circuit diagram 
used in the simulation, considering the charge transfer across 
the semiconductor/electrolyte interface. Rs corresponds to 
the resistance of the solution. The resistance to load transfer 
in the double layer is represented by Rdl, while CPEdl cor-
responds to the load of the double layer. The Rct // CPEsc 
configuration describes the resistance to load transfer from 
the semiconductor and the capacitance of the semiconduc-
tor space charge zone, both components associated with the 
processes of transmission of charge carriers, as well as the 
separation and recombination of pairs e–/h+. The substitution 
of the capacitive components of the circuit by constant phase 
elements (CPE) was carried out considering that the systems 
analysed have a heterogeneous structure and high micro-
scopic roughness, which leads to a non-ideal capacitance, 
associated with a non-uniform distribution of the current 
[73]. Rct decreases significantly upon illumination for all 
photoelectrodes (EIS-Rct: Cu2O 8.663 kΩ cm–2, LHTiO2 
18.051 kΩ cm–2, LHTiO2/Cu2O 10.727 kΩ cm–2, and PEIS-
Rct: Cu2O 5.681 kΩ cm–2, LHTiO2 4.215 kΩ cm–2, LHTiO2/
Cu2O 2.201 kΩ cm–2), indicating that illumination greatly 
accelerates the charge transfer reaction at the semiconductor/
solution interface due to the photoinduced increase of car-
rier density. The variation trend of Rct with LHTiO2/Cu2O 
composite agrees well with that of the photocurrent den-
sity and the smallest Rct value, both in the dark and under 
illumination, suggesting that the LHTiO2/Cu2O composite 
accelerates the charge transfer across the semiconductor/
solution interface, which explains the good photocatalytic 
performance of the compound.

Fig. 10   Photocurrent transients for electrodes (black line) Cu2O, (red 
line) LHTiO2, (blue line) LHTiO2/Cu2O. Photocurrent pulses were 
realized in 0.5 M Na2SO4 using an LED λ = 365 nm (50 W m−2)

Fig. 11   a EIS and b PEIS spec-
tra for electrodes (open square) 
Cu2O, (open circle) LHTiO2, 
(open triangle) LHTiO2/Cu2O. 
The insert corresponds to the 
equivalent circuit used in the 
simulation, considering the 
electrode and the dissolution 
interface
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4 � Conclusion

The formation of a novel photocatalyst of 2D-TiO2 in lay-
ers of a sheets-like arrangement with Cu2O nanoparticles 
was prepared and characterized using various techniques. 
The results indicated that the synergy between the semi-
conductors generated the separation of electrons and pho-
togenerated holes and exhibited an improved visible light 
absorption, demonstrating the clear contribution of Cu2O 
and the 2D structure of LHTiO2 in the photocatalytic effi-
ciency of the compound for degradation of 4-chlorophenol 
and hydrogen evolution. Photoinduced charge separation 
mechanisms, a Z-scheme for photocatalytic degradation, and 
a type II heterojunction to evolution photocatalytic hydrogen 
are proposed. The recyclability experiments showed that the 
photocatalysts could be reused for at least three cycles with-
out a significant change in their activity.

The photoelectrochemical evaluation corroborates the 
order of catalytic efficiency of all the samples, showing that 
the compound LHTiO2/Cu2O exhibits an improved visible 
light absorption with low recombination rates and an effec-
tive separation and charge transfer efficient carriers pho-
togenerated in photocatalytic reactions.
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