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Abstract
This study reports on the preparation and characterization of porous clay heterostructure (PCH) as a high-surface area sup-
port for CuO nanoparticles (NPs)-based photocatalyst for the preferential oxidation of methylene blue under visible light in 
the absence of H2O2. CuO NPs were incorporated in PCH by thermal decomposition method. The new photocatalyst was 
characterized by DRS, XRD, FT-IR, nitrogen adsorption–desorption measurements and TEM. The results revealed that 
PCH acts as a host material for spherical CuO NPs with particles size less than 10 nm. The powder X-ray diffraction indi-
cated that PCH contained both MMT clay and MCM-41 and MCM-41 located at the interlayers space of MMT clay. The 
DRS demonstrated the presence of CuO, Cu2O and Cu NPs in PCH. The synthesized material (CuO–PCH) was a visible 
light-driven photocatalyst for degradation of MB dye. The photocatalyst demonstrated 94% removal efficiency for MB dye 
under visible light after 60 min. Kinetics studies showed that the reaction rate constants of CuO–PCH were approximately 
1.8, 2.4 and 3.4 times higher than the apparent reaction rate constant of CuO–MMT, CuO–MCM-41 and CuO, respectively. 
The mechanism of separation of the photogenerated electrons and holes of the CuO–PCH nanocomposite was discussed.

Keywords  Visible light-driven · Porous clay heterostructures · CuO–PCH · Transmission electron microscopy · 
Decomposition method

Introduction

Organic dyes are common pollutants in the effluents from 
textile, food and cosmetic industries. It is harmful for human 
beings and toxic to microorganisms [1, 2]. Furthermore, it 
also has high mobility in water, and can cause great harm to 
environment and human health. Therefore, the degradation 
and removal of dyes have gained increasing concern in the 
past few years. Several approaches have been developed to 
remove organic dyes from wastewater industries [3–5]. One 
of the increasing ways of reducing aqueous organic dyes is 
metal oxide semiconductor-assisted photocatalytic process, 
since it has outstanding features such as low cost, direct use 
of free solar energy, reusability and it does not release other 
undesirable chemical [6, 7].

Copper oxide (CuO) has been studied as a p-type semi-
conductor material with narrow band gap because of the 
natural abundance of its starting material, low cost of pro-
duction processing, nontoxic nature, and its reasonably good 
electrical and optical properties. CuO and Cu2O are p-type 
semiconductors with narrow band gaps of 1.3–1.7 eV (CuO) 
and 2–2.5 eV (Cu2O), and they are promising materials with 
numerous applications in catalyzers, gas sensors, and mag-
netic materials [8]. However, the CuO exhibited low pho-
tocatalytic activity due to fast recombination of photogen-
erated electron–hole pairs [9]. The binding of CuO with 
other materials, such as ZnO or TiO2 or adding H2O2 can 
reduce the recombination of photogenerated electrons–holes, 
effectively [10, 11].

Since the discovery of the Mobil Catalytic Material 
(MCMs) in 1992 [12], a lot of research has been conducted 
in mesoporous materials synthesized by a template mecha-
nism involving the polymerization of a silica source around 
surfactant molecules [13]. Pure siliceous MCM-41 material 
possess many unique properties such as high surface area, 
high pore volume, as well as parallel and ideally shaped pore 
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structures without the complications of a network [14]. In 
1998, Pinnavaia [15] applied the MCM and pillared clay 
preparation technologies on natural clays, obtaining a new 
interesting large-pore derivative, designated porous clays 
heterostructure or briefly PCH. For this new solid, the silica 
source has been polymerized in situ between the alumino-
silicate sheets and around micellar rods of surfactant and co-
surfactant previously ion-exchanged on the interlayer space 
of the natural clay. After calcination for the removal of the 
organics, the mesopores are formed and the PCH obtained. 
Characteristics common to the PCH materials are their high 
surface area (250–1000 m2 g−1) and a combination of micro- 
and mesoporosity. Also, in comparison to MCMs they have 
important advantages such as their good thermal stability 
and mechanical strength [16].

In our previous studies, incorporation of copper oxide was 
investigated in MCM-41 mesoporous material [17], MMT 
clay [18] and magnetic (Fe3O4) core [4] matrices in order to 
degradation of organic dye or researching antibacterial activ-
ity CuO. Recently, Aguiar et al. [19] used PCH from natural 
bentonite for adsorption of the dye molecules. Cecilin et al. 
reported [20] the preparation and characterization of porous 
clay heterostructures (PCH) as a high-surface-area support 
for CuO–CeO2-based catalysts for the preferential oxida-
tion of CO in excess of H2 (CO-PROX). To the best of our 
knowledge, there is no report on the controlled synthesis of 
CuO–PCH as a visible light-driven photocatalyst. Herein, in 
this study, the montmorillonite-based PCH material, interca-
lated with the pure MCM-41was constructed. The PCH with 
high surface area was used as a support for incorporation of 
CuO NPs by thermal decomposition method. The new mate-
rial was applied for degradation of methylene blue (MB) dye 
in the absence H2O2.

Experimental

Materials

The commercial sodium montmorillonite clay (NaMMT), 
< 25 μm montmorillonite, cation exchange capacity 
(CEC = 92.6 meq/100 g) was purchased from Southern 
Clay Products (Gonzales, TX, USA), Na2CO3, CuSO4.5H2O 
and ethanol were purchased from Merck, Germany. Tetra-
ethylorthosilicate (TEOS, 98%), ammonia (25 wt%), the 
surfactant cetyltrimethylammonium bromide (CTABr), 
and dodecylamine (DDA) were purchased from Fluka and 
Merck.

Synthesis of PCH

The 1.5 g NaMMT was added to 50 mL solution of 0.1 M 
surfactant (CTABr) and stirred at 60 °C for 24 h. Then, the 

(CTAB-MMT) was separated from the solution and washed 
with demineralized water and ethanol till pH of 7 was 
reached. The sample was dried at 60 °C for 3 h. 0.723 g of 
dried CTABr-MMT was stirred in 11.465 g dodecylamine 
(as co-surfactant) for 30 min at 50 °C. Subsequently, the 
tetraethylorthosilicate was added into suspension and was 
allowed to react for 4 h under continuous stirring at room 
temperature. The following molar ratio of CTABr/DDA/
TEOS was applied: 1/20/150 for the production of the sam-
ple, which, respectively, is denoted as PCH. After that the 
modified MMT were separated from the solutions, washed 
with pure ethanol, dried at room temperature and finally cal-
cined at temperatures 600 °C for 5 h.

Synthesis of CuO–PCH photocatalyst

CuO NPs were incorporated in PCH via direct thermal 
decomposition method. For preparation of CuO–PCH 0.4 g 
Na2CO3 and 0.3 g CuSO4.5H2O was added to 20 ml deion-
ized water and was stirred at 60 °C. After 10 min, 0.5 g PCH 
was added to suspension. The mixture was stirred for form-
ing green participate, Cu4 (SO4) (OH)6–PCH was separated 
by filtration and washed several times with warm deionized 
water to remove possible remaining ions in the final prod-
uct. Resultant Cu4 (SO4) (OH)6–PCH was transferred to a 
silica crucible and placed in an oven at 70 °C for 6–7 h. 
Finally, it was kept in a pre-heated muffle furnace at 600 °C 
for decomposition. After 5 h, the silica crucible was taken 
out from the furnace and allowed to cool to room tempera-
ture following which the collected mass was ground. The 
resultant brownish black powder was collected. The reaction 
pathway of thermal decomposition of Cu4 (SO4)(OH)6-PCH 
to CuO–PCH NPs is represented by the following reactions:

The prepared sample is termed as CuO–PCH. For prepar-
ing CuO NPs in MMT or MCM-41only above procedure was 
used; MCM-41 or MMT was added instead of PCH. CuO 
NPs were prepared via direct thermal decomposition method 
without adding support.

Evaluation of photocatalytic activity

Photodegradation experiments were performed with a pho-
tocatalytic reactor system. This bench-scale system con-
sisted of cylindrical Pyrex-glass cell with 250 mL capacity, 
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10 cm inside diameter and 15 cm height. A 200 W tungsten 
filament Philips lamp (λ > 400 nm) was placed in a 5-cm-
diameter quartz tube with one end tightly sealed by a Teflon 
stop the lamp and the tube were then immersed in the pho-
toreactor cell with a light path of 3 cm. The photoreactor 
was filled with 100 ml of 3.2–16 ppm of dye as pollutant 
and 0.03–0.1 g l−1 of photocatalysts. The whole reactor was 
cooled with water-cooled jacket on its outside and the tem-
perature was kept at 25 °C. Before the suspensions were 
irradiated, they were magnetically stirred for 30 min in the 
dark to complete the adsorption–desorption equilibrium 
between the dye and the surface of the photocatalysts. Lastly, 
the quartz reactor containing suspensions were exposed to 
visible light irradiation under stirring. All reactants in the 
reactions were stirred using a magnetic stirrer to ensure that 
the suspension of the catalyst was uniform during the course 
of the reaction. To determine the percent of the destruction 
of dyes, the samples were collected at regular intervals, and 
centrifuged to remove the photocatalyst particles that exist 
as undissolved particles in the samples.

A separate control experiment was also performed to 
observe MB decolorization and degradation in the absence 
of photocatalysts (photolysis). The photocatalytic activ-
ity was evaluated in terms of decolorization (oxidation of 
chromophore group) and degradation (oxidation of aromatic 
group) efficiencies. The decolorization and degradation 
efficiencies were calculated with respect to the change in 
intensities of absorption peaks at 664 nm (λmax of MB) and 
280 nm (representative λ for aromatic carbon content) using 
the following equation:

where A0 is the equilibrium absorbance at 664 and 280 nm 
after adsorption–desorption equilibrium and At is the absorb-
ance at 664 and 280 nm after a certain irradiation time (min). 
The absorption of the solution was measured by a UV–Vis 
spectrophotometer Shimadzu model 1600 PC. In order to 
obtain maximum degradation efficiency, concentration of 
the dye, pH and the amount of core–shell in photocata-
lyst were studied in amplitudes of 3.2–16 ppm, 3–11 and 
0.03–0.1 g l−1, respectively.

Characterization

The powder X-ray diffraction patterns of the samples were 
recorded using an X-ray diffractometer (X Pert Prompd) 
with Cu Kα radiation (λ = 1.545 Å) under the conditions of 
45 KV and 30 mA, at a step size of 2θ = 0.02°. X-ray diffrac-
tion (XRD) patterns were recorded between 2° and 70° 2θ at 
a scanning speed of 2° min−1. All samples were analyzed in 
random orientation. The transmission electron micrographs 
(TEM) were recorded with a Philips CM10 microscope, 
working at a 100 kV accelerating voltage. Samples for 

%D = 100 ×
[(

A0 − A
t

)

/ A0

]

,

TEM were prepared by dispersing the powdered sample in 
acetone by sonication and then drip drying on a copper grid 
coated with carbon film. Samples were sonicated for 15 min. 
Scanning electron microscope (SEM) was conducted with 
a TESCAN MIRA3 scanning electron microscope operated 
at 30 kV. The specific surface area and pore diameter were 
measured using a Sibata Surface Area Apparatus 1100. The 
infrared spectra were measured on a Bruck spectrophotom-
eter using KBr pellets.

Results and discussion

Characterization of PCH and CuO–PCH 
photocatalyst

XRD analysis

The crystalline structure of the MMT, PCH and CuO–PCH 
was investigated by XRD, and the corresponding patterns 
are illustrated in Fig. 1. The XRD patterns of pure MMT and 
pure CuO were also presented as controls. The diffraction 
peaks for CuO can be indexed by the characteristic 32.67° 
(111), 35.63° (002), 38.90° (− 111), 48.83° (− 202), 53.60° 
(020), 58.24° (202), 61.59° (− 113), 66.5° (022) and 68.19° 
(220) reflections of monoclinic phase of CuO (with S.G. 

Fig. 1   XRD patterns of samples
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C2/c; and lattice constants of a = 4.6893 Å, b = 3.4268 Å, 
c = 5.1321 Å and beta = 99.6530°) which match very well 
with JCPDS 05-0661 [21]. For MMT the diffraction peak 
d001 attributed to the ordering of the MMT layers is present 
in the position (7.235° 2θ) related to the basal spacing of 
1.22 nm and two-dimensional diffractions h k was found 
at 19.91 and 35.20 [22]. Additionally, the reflection at 2θ 
of 19.91° corresponding to diffraction from (100) layers of 
montmorillonite were detected. The basal spacing of the lay-
ered clay minerals depends on the thickness of the clay layer 
and interlayer distance. The thickness of the montmorillonite 
layers is estimated to be about 0.96 nm [23, 24]. Therefore, 
the interlayer distance is about 0.26 nm, which is typical of 
hydrated clays [25]. The h k reflections are characteristic of 
this type of the clay mineral. Each observed h k reflection 
is the summation of several h k index pairs. The diffraction 
at 19.91° is the summation of h k indices of (02) and (11), 
while the diffraction at 35.20 is superposition of (13) and 
(20) indices [23]. The XRD pattern of PCH showed peaks 
that could be indexed to MCM-41 mesoporous structure 
and MMT [2]. The diffraction pattern of CuO–PCH photo-
catalyst indicated the reflections at 2θ = 35.55° (002), 38.85° 
(− 111), and 48.75° (− 202) that correspond to the peaks of 
copper oxide and other reflections that could be related to 
MCM-41 and MMT. The deposition of surfactants and co-
surfactants as well as the formation of the CuO NPs in the 
interlayer space of montmorillonite resulted in a shift of the 
d001 peak in the direction of the lower values of 2θ angles. 
This effect is related to an increase of the interlayer distance 
in the clay materials. For the PCH and CuO–PCH samples, 
the 001 peaks were shifted to the position characteristic for 
the basal spacing of 3.85 and 2.96 nm, respectively. Tak-
ing into account the thickness of the montmorillonite layer 
(0.96 nm), it could be calculated that the interlayer distance 
is about 2.89 and 2.00 nm, respectively. There was broaden-
ing of CuO–PCH peaks in comparison with PCH alone, and 
this can be related to the presence of copper oxide.

N2 sorption–desorption isotherms

The nitrogen sorption–desorption isotherms as well as BJH 
pore size distributions for PCH and CuO–PCH samples are 
presented in Fig. 2. A gradual increase in nitrogen sorption 
observed at low-to-medium partial pressure (p/po < 0.3) sug-
gests the presence of supermicropores and small mesopores 
(Fig. 2a) [26]. An increase in adsorbed volume observed at 
higher partial pressures could be related to larger mesopores. 
The hysteresis loops could be qualified to the H4 type, cor-
responding to the aggregates forming the slit-like pores with 
uniform sizes [27]. Figure 2b shows that pore diameters of 
sample was ~ 2.48 nm in samples. The BET surface areas 
(SBET) and pore diameters (Table 1) were calculated using 
the BET method. Both PCH and CuO–PCH show a rise of 

the SBET from 77 m2 g−1 for the bare montmorillonite to 905 
for PCH and 875 m2 g−1 for CuO–PCH by the insertion of 
pillars between the 2:1 layers of montmorillonite. The intro-
duction of the copper oxide system to the PCH produces a 
decrease in surface area and cumulative pore volume due to 
a partial blockage, mainly of the microporous framework 
(Table 1). Despite these textural parameters decrease with 
the increasing of CuO-loading, CuO supported on PCH 
exhibits a higher surface area than the bulk CuO system [21], 
favoring the presence of a higher amount of active centers 
with a noteworthy dispersion as shown by the XRD pattern 
(Fig. 1).

FT‑IR investigations

The FT-IR spectra of PCH and CuO–PCH samples are 
shown in Fig. 3A. PCH sample showed the most intensive 
band at 1048 cm−1 which was attributed to Si–O in-plane 
stretching vibration. The band at 450  cm−1 was due to 
Si–O–Si bending vibrations and 775 cm−1 was attributed 
to FeMg–OH bending vibration. The OH-stretching band 
at 3441 cm−1 was due to hydroxyl group bonded with Al3+ 
cations [28]. The broadness of 3441 cm−1 band showed 
the substitution of octahedral Al3+ by Fe3+ or Mg2+ cati-
ons. Two bending vibrations of hydroxyl groups associated 
with these cations, i.e., 935 cm−1 (AlAlOH), and 775 cm−1 
(AlMgOH) confirm the substitution in octahedral layer. The 
presence of Al3+, Fe3+ and Mg2+ cations in PCH structure 
were attributed to MMT cations in its structure. Most bands 
in the CuO–PCH sample showed a shift to lower wave num-
bers and intensity decreased compared to the PCH matrix. 
This confirmed the presence of nanosized CuO particles 
present in the PCH matrix. Vaseem et al. studied structural 
and photocatalytic characteristics of CuO nanostructures 
and concluded that the intensity increase of band located 
at 446 cm−1 belong to the monoclinic phase of CuO [29].

Study of UV–Vis diffuse reflectance spectra of nanocatalyst

Figure 3b presents the UV–Vis diffuse reflectance spectra 
(DRS) recorded for the PCH and CuO–PCH samples cal-
cined. The PCH sample contained iron (FT-IR spectrum), 
which is a natural component of montmorillonite. The DR 
spectra of the iron containing samples are characterized by 
the bands related to Fe3+ ← O charge transfer. The position 
of these bands depends on the coordination and agglomera-
tion of iron (III) species [30]. Mononuclear Fe3+ cations give 
rise to the bands in the range of 200–300 nm. The bands in 
the region of 300–400 nm are characteristic of small oligo-
nuclear FexOy clusters, while bulky particles of Fe2O3 give 
characteristic bands above 400 nm [31]. Additionally, in 
the case of isolated Fe3+ cations a distinction between iron 
ions in the tetrahedral (band below 250 nm) and octahedral 
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(band in the range of 250–300 nm) coordination is possible 
[30]. The spectrum recorded for the PCH sample showed a 
maximum band in the range of 250–300 nm that is related to 
the isolated Fe3+ cations located in the octahedral positions 
of the clay layers. In the spectrum of CuO nanoparticles 
(insert of Fig. 3b), the band at 270 nm is shown, which can 
be attributed the due to O2

− to Cu2+ charge-transfer transi-
tions [32]. The broad band observed in the region between 
350 and 700 nm in the spectra of CuO nanoparticles. This 

band can be assigned to the d–d transition of Cu with 
octahedral environment in CuO [33]. The DR spectrum 
of CuO–PCH nanocatalyst (Fig. 3b) showed broad bands 
around 340–360, 400–460, 480–550 and 700–800 nm cor-
responding to the presence of [Cu–O–Cu]n clusters, Cu2O, 
Cu nanoparticles and CuO samples, respectively [34]. The 
band gap energy (Eg) of Cu2O and CuO nanoparticles in 
CuO–PCH nanocatalyst was estimated from the Eg = hc/λ 
(eV) equation. The calculated Eg value of Cu2O and CuO 
was ~ 2.6 and 1.53 eV, respectively, which was in agreement 
with other articles [21]. The result also demonstrated that 
the CuO–PCH nanocatalyst could sufficiently absorb visible 
light and possess favorable photocatalytic properties under 
visible light irradiation.

The conduction and valence band positions in the semi-
conductors at the point of zero charge can be calculated by 
the following formula [35]:

E
VB

= X − Ee + 0.5Eg,

Fig. 2   a Adsorption–desorption 
isotherms and b BJH pore size 
distribution of the PCH and 
CuO–PCH samples

Table 1   Textural parameters of montmorillonite, PCH and CuO–PCH 
samples

Samples SBET (m2 g−1) SMicropore 
(m2 g−1)

Vp (cm3 g−1) VMicropore 
(cm3 g−1)

Montmorillonite 77 15 0.2 0.01
PCH 905 407 0.89 0.05
CuO–PCH 875 365 0.75 0.02
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where E
VB

 is the potential of the valence band, X is the 
electronegativity of the semiconductor which was the geo-
metric mean of the electronegativity of the constituent 
atoms. The electronegativity value for CuO was 5.81 eV 
[35]. The Ee was the energy of free electrons on the hydro-
gen scale (4.5 eV) and Eg was the band gap energy of the 

semiconductor. In the present study, the band gap energy of 
the CuO in CuO–PCH nanocatalyst was 1.53 eV. The E

VB
 

and E
CB

 were calculated as 2.07 and 0.54 eV, respectively. 
Similarly, the E

VB
 and E

CB
 of Cu2O in CuO–PCH nanocata-

lyst were calculated as 2.12 and − 0.48 eV, respectively.

Study of TEM images

TEM images were used to determine the morphology of the 
synthesized materials and estimate the size of CuO nano-
particles in CuO–PCH sample. The TEM analysis results 
(Fig. 4) showed that the original PCH had an obvious lay-
ered structure, whereas many small spherical CuO nanopar-
ticles were incorporated into the surface of the PCH. The 
mean diameter of CuO nanoparticles was evaluated at range 
of 5–10 nm.

Effect of photocatalytic experimental parameters

The effect of CuO–PCH photocatalyst dosage on the 
photodegradation of MB was studied in the range of 
0.03–0.1 g  l−1. The initial rates of the degradation was 
enhanced with increasing the amount of the photocatalyst up 
to an optimum weight of CuO–PCH (0.08 g l−1) and further 
increase had a negative effect. Increasing the amount of the 
photocatalyst, increases the number of adsorbed MB mol-
ecules onto the photocatalyst surface, but excess photocata-
lyst particles in the solution, decreases the light penetration 
and hence reduces the photodegradation rate [36]. Another 
reason was the aggregation of solid particles when a large 
amount of photocatalyst was used [37].

The effect of initial concentration of the solution on the 
photocatalytic degradation rate was investigated over the 
concentration range of 3.2–16 ppm MB. The degradation 
efficiency of dye decreased with increasing the initial con-
centration of dye to more than 10 ppm. At higher concentra-
tion of MB in the solution, the photons would be absorbed 

Fig. 3   a FT-IR spectra of PCH and CuO–PCH and b UV–Vis dif-
fuse reflectance spectra of PCH, CuO–PCH and CuO nanoparticles 
(insert)

Fig. 4   TEM images of PCH and 
CuO–PCH samples
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by the MB molecules before they could reach photocatalyst 
surface. This in turn reduces absorption of photons by the 
photocatalyst and consequently the degradation efficiency 
[37].

The pH of the solution affects the photodegradation 
processes due to the strong pH dependence of the proper-
ties such as semiconductor’s surface charge state, flat band 
potential, and dissociation of compounds in the solution. 
The effect of pH was investigated on the efficiency of the 
photodegradation process under optimal conditions in the 
pH range of 3–11. In the presence of 0.08 g l−1 CuO–PCH 
sample with increasing pH from 3 to 9, degradation effi-
ciency rose from 20 to 60%, respectively, and decreased to 
42% at pH 11 for 60 min of irradiation. The pH of point of 
zero charge (pHpzc) calculated for the CuO NPs by differ-
ent methods and reported between 8.5 and 9.5 [35]. The 
value of pHPZC for synthesized photocatalyst was calcu-
lated to be 8.4. The charge of the photocatalyst surface was 
positive and negative at pH values smaller and higher than 
the pHpzc, respectively. Hence, at pH values smaller than 
pHpzc, the repulsion between the positively charged surface 
of the CuO–PCH photocatalyst and positive groups of MB 
molecules decreases the photodegradation efficiency. When 
pH > 8.4 the surface of the catalyst was slightly negatively 
charged, and the coordinative interaction with positive 
R2 = N+ = R/ group of MB is increased.

Photocatalytic activity evaluation

As is well known, the effective adsorption of dyes on the 
surface of the photocatalyst is the precondition of photo-
catalytic degradation [33]. The photocatalytic activity of 
CuO–PCH photocatalyst for MB was assessed by perform-
ing experiments with 10 ppm aqueous MB solutions at a 
catalyst dosage of 0.08 g l−1 under visible light irradiation. 
The reaction pH was controlled during the photodegrada-
tion experiments conducted in 9 for 60 min. The photo-
catalytic performance of the resultant photocatalysts was 
evaluated in λ = 664 and 280 nm by photodegradation and 
photodecolorization of MB as a contaminant under visible 
light irradiation. In the absence of photocatalyst, MB self-
degradation was almost negligible. Figure 5a shows the 
percent degradation curves of MB dye over CuO–MCM-
41, CuO–MMT, CuO NPs, and CuO–PCH photocatalyst. 
It was found that the direct visible light photolysis resulted 
in only about 5% degradation in 60 min accompanied with 
no degradation in the absence of CuO–PCH photocata-
lyst. The above results implied that visible light photolysis 
was not sufficient in the decolorization of MB aqueous 
solution and degradation of its organic carbon content. 
CuO–MCM-41, CuO–MMT, PCH and CuO samples 
showed ~ 15, 22, 20 and 18% degradation of the MB dye 
after 60 min. However, as can be followed from Fig. 5b, 

MB aqueous solution decolorized and degraded efficiently 
in the presence of CuO–PCH photocatalyst by visible light 
irradiation. The characteristic absorption peak of MB at 
664 nm gradually decreased during the photocatalytic oxi-
dation experiments indicating the cleavage of the chromo-
phore structure of MB. The abatement of organic carbon 
content of MB was also evident from the decrement of 
absorbance at 280 nm. According to Fig. 5b, 59 and 60% 
degradation and decolorization (or the removal of MB 
dye ~ 94%) were achieved for CuO–PCH photocatalyst 
after 60 min photocatalysis. Considering the above find-
ings, the degradation rate of the MB dye in the presence 
of CuO–PCH photocatalyst is similar to achieve decolori-
zation. The CuO NPs due to low surface area indicated 
low degradation for MB dye. The PCH photocatalyst due 
to high surface area showed high adsorption in the dark 
time, but in the presence of visible light, degradation was 
very low because there was no semiconductor in PCH. In 
our previous work, CuO–MMT [18] showed 60% decol-
orization for MB dye, but low degradation (~ 22%) was 
observed in the absence of H2O2. The CuO–MCM-41 
with 870 m2g−1 showed only ~ 15% degradation for the 
MB dye. Generally, the valance band potential of CuO 

Fig. 5   a Degradation percent of different photocatalysts for MB aque-
ous solution and b absorption spectra changes of a solution of MB 
in the presence of CuO–PCH photocatalyst, under visible light, Co 
MB = 10 ppm, amount photocatalysts = 0.08 g  l−1, pH 9 and in irra-
diation time 60 min
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is not negative [38] enough compared with the standard 
reduction potential of ·OH/H2O [39], indicating that the 
photogenerated hole (h+) on the surface of CuO cannot 
oxidize H2O into ·OH and photocatalysis process needs 
H2O2 solution. The degradation of MB in the presence 
of CuO–PCH without H2O2 solution was ~ 59%. Prob-
ably, the introduction of PCH plays an active part in the 
adsorption and catalytic degradation process of the MB 
dye. Two reasons may account for the enhanced photocata-
lytic activity of the CuO–PCH photocatalyst in the absence 
of H2O2: (1) PCH support can adsorb more MB dye mol-
ecules on its surface (owing to high surface area); (2) due 
to existence mesoporous pore and aluminum atoms in PCH 
structure, probably, PCH can transfer electron allowing 
for the photo-excited electrons of CuO in the photocata-
lyst to be quickly transferred from the conduction band of 
CuO to PCH (reducing recombination of electron–hole in 

CuO). Subsequently, the electrons can be captured by the 
adsorbed O2, resulting in the formation of highly reac-
tive hydroxyl radicals (·OH) or (·O2

−) for degradation of 
organic pollutants.

Photocatalytic stability of samples

The photostability of a photocatalyst is a very impor-
tant characteristic parameter with respect to the practical 
application. To study the photostability of the synthesized 
CuO–PCH photocatalyst, five photocatalytic experimental 
runs were performed by adding used photocatalyst to fresh 
MB solutions with no change in overall concentration of the 
catalyst under visible light irradiation. In each recycling run, 
the photocatalyst was reused after centrifuging, washed with 
double distilled water and dried at 80 °C while other fac-
tors were kept identical. The stability of new photocatalyst 

Fig. 6   a The cycling removal 
efficiency of MB solution in 
the presence of CuO–PCH pho-
tocatalyst. b Ln(C0/C) versus 
irradiation time plot
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is displayed in Fig. 6a. The photocatalytic activity of the 
CuO–PCH photocatalyst was retained at ~ 88% the removal 
of MB dye even after five successive experimental runs 
under the same conditions, which elevates the photocatalyst 
for its practical applications in environmental remediation. 
Therefore, CuO–PCH photocatalyst indicated a higher sta-
bility with respect to CuO NPs [24] and other nanocom-
posites such as, Fe3O4@CuO [40], Fe3O4@CuO-RGO 
core–shell [41].

Photocatalytic reaction kinetics can be expressed by 
the pseudo-first-order model, Ln (C0/C) = kappt, which is 
obtained by simplification of Langmuir–Hinshelwood (L–H) 
kinetics model [42]; where kapp is the apparent pseudo-first-
order reaction rate constant and t is the reaction time. A plot 
of ln (C0/C) versus t will yield a slope of kapp. The calculated 
kapp is presented in Fig. 6b. The degradation process follows 
pseudo-first-order kinetics and the degradation rate constant 
calculated from the slope of the kinetics plot was found to 
be 0.0215, 0.0114, 0.0088 and 0.0062 min−1 for CuO–PCH, 
Cuo–MMT, CuO–MCM-41 and CuO samples, respectively.

Reaction mechanism

It was reported [39], that in the absence of H2O2, CuO is 
not an effective photocatalyst for degrading organic pollut-
ants. This result may be attributed to a fact that the VB of 
CuO is more negative than the redox potential necessary 
for the generation of radicals similar to the present work 
(Fig. 7) that the E

VB
 and E

CB
 were calculated as 2.06 and 

0.55, respectively. In addition to CuO NPs, the DRS results 
demonstrated the presence of Cu2O and Cu nanoparticles 
in PCH support. The binding of CuO with Cu2O NPs can 
reduce the recombination of photogenerated electrons–holes, 
effectively [10, 11]. As shown in Fig. 7, in CuO–PCH pho-
tocatalyst both CuO and Cu2O NPs can absorb visible light 
due to its small band gap (1.53 and 2.6 eV, respectively) to 
produce electrons and holes. The electrons of Cu2O NPs 
will be quickly injected into the conduction band of Cu and 
then CuO NPs, respectively. Normally, when two materi-
als with different work functions are combined with each 
other, a Schottky barrier will be established and electrons 
will transfer from the materials with a high work function 
to the materials with a low work function [43]. From the 
photochemistry point of view, it was not possible to reduce 
O2 to ·O2

−, E° (O2/·O2
−= − 0.28 V/SHE) [44] through one-

electron reduction process because the CB potential of CuO 
(0.54 eV versus SHE) was more positive than the single-
electron reduction potential of oxygen. The VB of CuO is 
more negative than the redox potential necessary for the 
generation of ·OH radicals (Fig. 7). On the other hand, the 
photogenerated holes are key activated species for discol-
oration of MB. Ultimately, the active species (holes, ·OH) 
oxidized the MB molecules that adsorbed on the active sites 

of the CuO–PCH via electrostatic attraction, resulting in the 
complete decomposition of MB into harmless gaseous CO2 
and inorganic ions [3].

The formation of Cu2O/Cu/CuO heterojunction ensures 
a large space-charge-region potential, which significantly 
improves the electron–hole separation efficiency and low-
ers the electron–hole recombination rate. In other words, 
the large space-charge-region potential at Cu2O/Cu/CuO 
interface facilitates not only the injection of photoinduced 
electrons from the conduction band of Cu2O to that of 
CuO, but also the injection of photoinduced holes from the 
valence band of Cu2O to that of CuO. Finally, the Cu2O/CuO 
bilayered composite has a greatly improved charge carrier 
density, and thus ensures a faster carrier transportation rate 
inside the copper oxides.

Conclusions

The montmotollonite-based PCH material intercalated with 
CuO nanoparticles was synthesized and characterized. CuO 
nanoparticles were incorporated in the PCH support by ther-
mal decomposition method. The CuO–PCH nanocompos-
ite was used as photocatalysts to degrade organic pollutants 
without additional H2O2. The degradation rate of MB was 
considerably enhanced by CuO loaded on PCH under visible 
light irradiation. The CuO nanoparticles, CuO–MCM-41, 
CuO–MMT and PCH did not have significant degradation 
efficiency. The aluminum atoms and mesoporous material in 

Fig. 7   Schematic illustration for a possible photocatalytic mechanism 
of the prepared CuO–PCH photocatalyst under visible light irradia-
tion
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PCH showed an important role in the degradation process. 
MCM-41 increased adsorption of MB dye and aluminum 
atoms in MMT clay reduced recombination of electron–hole 
in CuO nanoparticles.
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