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a  b  s  t  r  a  c  t

Polyaniline/mesoporous  Cu2O core–shell  nanocomposites  with  different  mass  ratios  of polyani-
line/mesoporous  Cu2O were  prepared  using  a hydrothermal  method.  For  comparison,  Cu2O nanoparticles
and  polyaniline/Cu2O  nanoparticles  were  also  prepared  using a  hydrothermal  method.  The  catalytic  per-
formance  of the  samples  during  the  photocatalytic  oxidation  of  thiophene  under  visible-light  irradiation
was  determined.  The  surface  areas  of the  mesoporous  and  nanoparticulate  Cu2O  materials  were  140
and 40  m2/g,  respectively.  Adding  polyaniline  to mesoporous  and  nanoparticulate  Cu2O  decreases  the
surface  areas  of  the  nanoparticles  to 120  and  32 m2/g, respectively.  TEM images  reveal  that  the meso-
porous  and nanoparticulate  Cu2O materials  occur  as  uniform  microspheres  and  spherical  nanoparticles,
isible photocatalyst
hiophene removal

respectively.  The  polyaniline/mesoporous  Cu2O and  polyaniline/Cu2O  nanoparticles  are  core–shell  and
spherical  nanoparticles,  respectively.  The  photocatalytic  degradation  of thiophene  under  visible-light
irradiation  while  using  4%  polyaniline/mesoporous  Cu2O was  2.87,  2.20, and  1.34  times  more  effective
than  that  observed  when  using  Cu2O nanoparticles,  polyaniline/Cu2O  nanoparticles,  and  mesoporous
Cu2O, respectively.
. Introduction

Cu2O has attracted significant attention due to its potential
pplications in photocatalysis [1–4], CO oxidation [5], sensing [6],
ntibacterial agents [7–10], and solar energy conversion [11]. The
hotocatalytic properties of Cu2O depend on its morphology and
icrostructure. Many researchers have improved the photocat-

lytic properties of Cu2O by varying its morphology [12–20].
Recently, many researchers have used conductive polymers

polyaniline, polythiophene, and polypyrrole) as sensitizers to
xpand the absorption of photocatalysts in the visible region.
he photocatalytic activity of a semiconductor/conductive poly-
er  composite under visible light is high due to the visible-light
bsorption of the conductive polymer, whereas the charge separa-
ion of electron–hole (e–h) pairs leads to heterojunctions between
he conductive polymer and the semiconductor. In a previous study,
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© 2014  Elsevier  B.V.  All  rights  reserved.

PANI/TiO2 was  prepared using a chemisorption method [21]. The
authors observed that the photocatalytic activity of the PANI/TiO2
composite under visible light surpasses that of TiO2 in terms of
the degradation of phenol or dyes. The low visible-light-harvesting
efficiency exhibited by the conductive polymer limits its photo-
catalytic activity. Many methods have been used to extend the
absorption of sanitized semiconductor hybrids in the visible region,
including using a semiconductor with a small particle size and a
high surface area. This method is effective because the high sur-
face area increases the uptake for the sensitizer and enhances the
visible absorption. Additionally, small particle sizes enhance e–h
separation [22–27]. Increasing the optical path length of photons
in photocatalysts is another method used to increase visible-light-
harvesting efficiency. This method has been realized through the
synthesis of microspheres and photonic crystals [26–31]. There-
fore, preparing a mesoporous semiconductor/conductor polymer
composite should increase the visible-light-harvesting efficiency
by increasing the surface area and optical path length of photons. In

this work, we prepared a polyaniline/mesoporous Cu2O core–shell
nanocomposite and a polyaniline/Cu2O nanoparticle composite for
comparison to evaluate the materials’ photocatalytic degradation
of thiophene under visible-light irradiation.

dx.doi.org/10.1016/j.apcata.2014.04.039
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.04.039&domain=pdf
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where � is the photonic efficiency (%), r the photo-oxidation rate of
thiophene, and I the incident photon flux (3.37 × 10−6 Ein L−1 s−1).

The quantum yield associated with the thiophene removal
rate was  determined using the relation  ̊ = �/Fs, where � is the
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. Experimental

.1. Synthesis of photocatalyst

.1.1. Synthesis of mesoporous Cu2O (M-Cu2O)
Mesoporous copper (I) oxide was prepared as follows: the

ppropriate amount of CuCl2·2H2O was dissolved in deionized
ater that was kept cool in an ice-water bath. Aqueous ammo-
ium sulfate and urea were added, and the mixture was stirred

or 2 h. Subsequently, an equal volume of ethanol was added
ropwise to the solution. The molar ratio of the reactants was
s follows: 1CuCl2:80H2O:20EtOH:1(NH4)2SO4:20CO(NH2)2. The
esulting solution was maintained at 80 ◦C for 24 h in an auto-
lave. Afterward, the sample was filtered, washed several times
ith ethanol and deionized water, and dried at 60 ◦C for 24 h. The

ample was calcined at 450 ◦C for 2 h. The obtained sample was
amed M-Cu2O.

.1.2. Synthesis of polyaniline/M-Cu2O
We  prepared a 0.2 g/L polyaniline solution by dissolving

olyaniline in tetrahydrofuran. We  added different amounts of
-Cu2O to 100 mL  of this solution. The resulting mixture was  soni-

ated for 30 min  and stirred for 24 h. After filtering and washing the
uspension several times with water and ethanol, the precipitate
as dried at 60 ◦C for 24 h. By modulating the amount of M-Cu2O in

he 100-mL polyaniline solution, we prepared polyaniline/M-Cu2O
omposites with M-Cu2O mass ratios ranging from 1% to 5%.

.1.3. Synthesis of nanoparticles Cu2O (NP-Cu2O)
For comparison, we prepared Cu2O nanoparticles. The prepara-

ion method was as follows: 180 mg  of CuCl2·2H2O and 200 mg  of
olyethylene glycol (PEG, Mw = 20,000) were dissolved in 200 mL
f H2O and stirred for 30 min. Subsequently, 2 mL  of 6 M NaOH was
dded dropwise to this solution with constant stirring; Cu(OH)2
as produced as a blue precipitate. Next, we added 2 mL  of a 14 M
ydrazine solution with stirring for 30 min  to reduce the Cu2+ to
u1+. The resultant red gel was transferred to an autoclave and
aintained at 80 ◦C for 10 h. The sample was filtered and washed

everal times with distilled water before being dried at 60 ◦C for 3 h
n a vacuum oven. The obtained sample was named NP-Cu2O.

.1.4. Synthesis of polyaniline/NP-Cu2O
We prepared a 0.2 g/L polyaniline solution by dissolving

olyaniline in tetrahydrofuran. We  added NP-Cu2O to 100 mL  of
his solution. The resulting mixture was sonicated for 30 min  and
tirred for 24 h. After filtering and washing the suspension several
imes with water and ethanol, the precipitate was dried at 60 ◦C
or 24 h. PANI/NP-Cu2O photocatalysts with a 4% mass ratio were
ynthesized.

.2. Characterization techniques

X-ray diffraction (XRD) analysis was carried out at room tem-
erature with a Bruker D8 Advance diffractometer. The patterns
ere run with Ni-filtered copper radiation (� = 1.5404 Å) at 30 kV

nd 10 mA  with a scanning speed of 2.5◦ min−1. For phase iden-
ification purposes, an automatic JCPDS library search and match
rocedure was  performed.

The specific surface area was calculated by measuring N2
dsorption with a Nova 2000 series Chromatech apparatus at 77 K.

efore the measurements, all samples were treated under vac-
um at 250 ◦C for 2 h. The band gap of the samples was  identified
sing UV–vis diffuse reflectance spectra (UV–vis-DRS) measured

n air at room temperature from 200 to 800 nm with a UV/vis/NIR
ysis A: General 480 (2014) 100–107 101

spectrophotometer (V-570, JASCO, Japan). The band gap was calcu-
lated according to the following formula:

Eg (eV) = 1240
�g

where the band-gap wavelength (�g, nm)  was obtained by extrap-
olating the wavelength edge of the absorbance peak to the zero
line from a diffuse reflectance spectrum. Transmission electron
microscopy (TEM) images were recorded with a JEOL-JEM-1230
microscope; the samples were prepared in an ethanolic suspen-
sion and ultrasonicated for 30 min. Afterward, a small amount of
this solution was applied to a carbon-coated copper grid and dried
before loading the sample into the TEM instrument. We  performed
X-ray photoelectron spectroscopy (XPS) studies using a Thermo
Scientific K-ALPHA XPS (England). Photoluminescence (PL) emis-
sion spectra were recorded with a fluorescence spectrophotometer
(Shimadzu RF-5301). FTIR spectra in transmittance mode were
recorded for a solid mixture of sample and KBr in the form of pel-
lets on a JASCO FTIR-6000 spectrometer with a spectral resolution
of 2 cm−1 and an accumulation of 100 scans at room temperature.

2.3. Photocatalytic reaction

A Pyrex reaction cell into which O2 was bubbled was  used
for the photocatalytic oxidation of thiophene. The thiophene was
dissolved in acetonitrile, and the initial sulfur concentration was
600 ppm. Subsequently, a known amount of photocatalyst was dis-
persed in this solution. A 125-W mercury lamp with a UV cut-off
filter was  used to irradiate the suspension. Before the suspension
was irradiated, it was stirred in the dark for 30 min to establish
equilibrium. We  maintained the reaction temperature at approxi-
mately 11 ◦C using flowing water. The products and byproducts of
the photocatalytic process were analyzed by GC (Agilent 7890). All
experiments were repeated at least three times, and average values
with error bars are presented.

The ratio of the thiophene removal rate to the incident light
intensity was used to calculate the photonic efficiency:

� = r  × 100
I

2

Fig. 1. XRD patterns of the NP-Cu2O, 4% PANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-
Cu2O samples before photocatalysis and the XRD pattern of the 4% PANI/M-Cu2O
sample after photocatalysis.
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hotonic efficiency and Fs is the fraction of light observed for the
ested catalyst.

. Results and discussion

.1. X-ray diffraction analysis
Fig. 1 shows the XRD patterns obtained for the NP-Cu2O, 4%
ANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-Cu2O samples. The results
eveal that the cuprite structure of Cu2O was present in every
ample, indicating that there was little change in the Cu2O lattice

Fig. 2. TEM images of the NP-Cu2O (a), 4% PANI/NP-Cu2O (b), 
ysis A: General 480 (2014) 100–107

structure after modification with PANI. The Scherrer formula was
used to determine the crystallite size of the produced samples.
The mean crystallite sizes for the NP-Cu2O, 4% PANI/NP-Cu2O, M-
Cu2O, and 4% PANI/M-Cu2O samples were 33, 25, 20, and 16 nm,
respectively.

3.2. TEM observation
Fig. 2 shows TEM images of the NP-Cu2O, 4% PANI/NP-Cu2O,
M-Cu2O, and 4% PANI/M-Cu2O samples. The NP-Cu2O and 4%
PANI/NP-Cu2O occur as spherical nanoparticles (Fig. 2a and b). The

M-Cu2O (c), 4% PANI/M-Cu2O (d), and PANI (f) samples.
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Fig. 3. XPS spectra before and after photoc

-Cu2O sample is composed of uniform microspheres (Fig. 2c),
hereas the 4% PANI/M-Cu2O particles are nearly the same shape

s those constituting the M-Cu2O sample (Fig. 2d), indicating that
ANI exists in a very thin layer on M-Cu2O. Therefore, the micro-
pherical 4% PANI/M-Cu2O should exhibit high absorption in the
isible-light region. Moreover, the results reveal that the parti-
le size of the M-Cu2O and 4% PANI/M-Cu2O samples are 200
nd 250 nm,  respectively. Their core diameters are 400 and 450,
espectively, and their shell thicknesses are 30–60 and 35–65 nm,
espectively.

.3. XPS analysis

Fig. 3 shows the XPS spectra obtained for the 4% PANI/M-Cu2O
anocomposite. The peaks at 952.2 and 932.2 eV for Cu 2p1/2 and
u 2p 3/2 confirm the presence of Cu+ [30] (Fig. 3a). Addition-
lly, the peak at 531.6 eV for O 1s confirms the presence of O2−

Fig. 3b). Therefore, the results confirm the presence of Cu2O. The
eaks at 400 and 284.7 eV for N 1s and C 1s, respectively, appear in
ig. 3c and d, respectively, and confirm the presence of aniline in
he nanocomposite.

.4. FT-IR analysis

To further confirm the presence of aniline in the nanocompos-

te, FT-IR analysis was performed, the results of which are shown
n Fig. 4 for the PANI and 4% PANI/M-Cu2O samples. The peaks
t 815, 1147, 1245, 1297, 1492, and 1567 cm−1 are characteristic
or PANI and are visible in the spectrum for the 4% PANI/M-Cu2O
Wavenu mbe r(cm )

Fig. 4. FT-IR spectra of the PANI and 4% PANI/M-Cu2O samples.

nanocomposite. Therefore, PANI is present in the 4% PANI/M-Cu2O
nanocomposite.

3.5. Specific surface area analysis
N2 adsorption–desorption measurements were collected at
−196 ◦C and were used to study the mesoporosity and text-
ural properties of the NP-Cu2O, 4% PANI/NP-Cu2O, M-Cu2O,
and 4% PANI/M-Cu2O samples. Fig. 5 shows the nitrogen
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Fig. 5. Adsorption–desorption isotherms of the NP-Cu2O (a), 4% PANI/NP-Cu2O (b), M-Cu2O (c), and 4% PANI/M-Cu2O (d) samples.
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Fig. 6. Pore size distribution of 4% PANI/M-Cu2O.

dsorption–desorption isotherms for the NP-Cu2O, 4% PANI/NP-
u2O, M-Cu2O, and 4% PANI/M-Cu2O samples. The isotherms for
he NP-Cu2O and 4% PANI/NP-Cu2O samples are type II isotherms,
s shown in Fig. 5a and b. The isotherms for the M-Cu2O and
% PANI/M-Cu2O samples are type IV isotherms, as shown in
ig. 5c and d, confirming the mesoporosity of the M-Cu2O and 4%
ANI/M-Cu2O nanocomposite samples. The surface areas of Cu2O,
% PANI/Cu2O, M-Cu2O, and 4% PANI/M-Cu2O are 40, 32, 140, and

2
20 m /g, respectively. The large surface area of 4% PANI/M-Cu2O
hould enhance the sample’s photocatalytic activity by increas-
ng the number of active sites and enhancing the e–h separation
rocess. Furthermore, Fig. 6 shows the pore size distribution plot
Fig. 7. UV–vis spectra of the NP-Cu2O, 4% PANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-
Cu2O samples.

calculated using the BJH equation from the desorption–adsorption
isotherm of the 4% PANI/M-Cu2O sample. The results reveal that the
4% PANI/M-Cu2O sample exhibits a narrow distribution of meso-
pore sizes, with an average pore diameter of 5 nm.

3.6. Optical characterization
Fig. 7 shows the UV–vis spectra obtained for the NP-Cu2O, 4%
PANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-Cu2O samples. The results
reveal that the absorption edges of the Cu2O moved toward longer
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Table 1
Quantum yields of PANI, NP-Cu2O, 4% PANI/NP-Cu2O, M-Cu2O,  and 4% PANI/M-Cu2O.

Photocatalysts Quantum yield (˚)

PANI 0.0100
NP-Cu2O 0.0200
4% PANI/NP-Cu2O 0.0326
ig. 9. PL spectra of the NP-Cu2O, 4% PANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-Cu2O
amples.

avelengths in the following order: NP-Cu2O to 4% PANI/NP-Cu2O
o M-Cu2O to 4% PANI/M-Cu2O. The band gaps were calculated as
ited in previously published papers [32–34]. The band-gap values
or the NP-Cu2O, 4% PANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-Cu2O
re 2.87, 2.80, 2.56 and 2.37 eV, respectively, as shown in Fig. 8.

Fig. 9 shows the Pl spectra obtained for the NP-Cu2O, 4%
ANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-Cu2O samples. The Pl
ntensity decreases in the following order: NP-Cu2O > 4% PANI/NP-
u2O > M-Cu2O > 4% PANI/M-Cu2O. PANI traps photogenerated
lectrons from the conduction band, separating the photogen-
rated e–h pairs. Loading PANI onto Cu2O enhanced the light
bsorption of the latter in the visible region, shifting the absorption
dge toward longer wavelengths. Therefore, the band-gap energy
ecreased, incorporating additional photogenerated electrons and
oles in the photocatalytic reactions.

.7. The photocatalytic activity during thiophene degradation

.7.1. Effect of the type of photocatalyst

Fig. 10 shows the effect of the type of photocatalyst on the

hotocatalytic oxidation of thiophene. Photocatalytic tests were
arried out using visible light under the following conditions: 0.4 g
f photocatalyst and 500 mL  of a 600 ppm thiophene solution. The
M-Cu2O 0.0800
4% PANI/M-Cu2O 0.0990

photocatalytic activity % of the 4% PANI/M-Cu2O surpassed the
activities of the M-Cu2O, 4% PANI/NP-Cu2O,  and NP-Cu2O by 1.3,
2.2, and 3.4 times, respectively. Moreover, the quantum yield asso-
ciated with the thiophene oxidation rate for 4% PANI/NP-Cu2O was
approximately three times higher than that of 4% PANI/NP-Cu2O,
as shown in Table 1. Therefore, PANI/M-Cu2O displayed the highest
photocatalytic activity. The band-gap values calculated for the NP-
Cu2O, 4% PANI/NP-Cu2O, M-Cu2O, and 4% PANI/M-Cu2O samples
were 2.87, 2.80, 2.56, and 2.37 eV, respectively, as shown in Fig. 8.

To analyze the gases obtained from the photocatalytic process,
the gases were passed over a sodium hydroxide solution (0.2 M).
After adding a barium nitrate solution, a white precipitate formed
(denoted as precipitate 1). Precipitate 1 was  examined by XRD (Fig.
S4A), confirming the formation of barium carbonate. Therefore,
the thiophene was oxidized photocatalytically to form the carbon
dioxide that was later trapped in the sodium hydroxide solution.
After adding nitric acid to precipitate 1, a white precipitate did not
dissolve in the nitric acid solution; this substance was labeled pre-
cipitate 2. Precipitate 2 was  examined by XRD (Fig. S4B), confirming
the formation of barium sulfate. Therefore, the sulfur in thiophene
was photocatalytically oxidized to SO3. The thiophene could be
photocatalytically oxidized to form CO2 and SO3 as follows:

Thiophene + photocatalyst → 2CO2 + SO3 + 2H2O

Our results are in agreement with those reported in previous
studies [35,36].

3.7.2. Effect of the PANI content (wt%) on the photocatalytic
activity of the PANI/M-Cu2O nanocomposite

Fig. 11 shows the effect of the PANI content (wt%) on the
photocatalytic activity of PANI/M-Cu2O during the oxidation of

thiophene. Increasing the PANI content from 1 to 4 wt% increased
the photocatalytic activity from 81% to 100%, respectively. How-
ever, increasing the PANI content above 4 wt% decreased the
photocatalytic activity because the PANI aggregated on the M-Cu2O
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urface, impeding e–h separation, in agreement with the results
btained for a PANI@TiO2 system [21].

.7.3. Effect of the amount of the photocatalyst
Another important factor affecting the photocatalytic activity

rocess is the amount of photocatalyst. Photocatalytic tests were
arried out using visible light under the following conditions: the
mount of the 4% PANI/M-Cu2O photocatalyst was varied from 0.4
o 2.0 g, and 1000 mL  of a 600 ppm thiophene solution was used. Fig.
5 shows the effect of the 4% PANI/M-Cu2O photocatalyst loading
n the photocatalytic oxidation of thiophene. When the amount of
% PANI/M-Cu2O was increased from 0.4 to 0.8 g/L, the photocat-
lytic activity increased from 84% to 100% after 120 min. Increasing
he amount from 0.8 to 1.2 g/L decreased the reaction time from
20 to 60 min  because using additional photocatalyst increases the
umber of active sites available for the photo-oxidation of thio-
hene, in agreement with the results obtained for a ZnO system
37]. Additionally, we observed that increasing the amount of 4%
ANI/M-Cu2O above 1.2 g/L decreased the photocatalytic activity
ecause the large amount of photocatalyst impeded the pene-
ration of light through the photocatalyst, thus decreasing the
atalyst’s activity, in agreement with the results obtained for a
V/TiO2/H2O2 system [38].

.7.4. Mechanism of photocatalytic oxidation of thiophene
When the 4% PANI/M-Cu2O nanocomposite was irradiated by

isible light, Cu2O absorbed photons and produced e–h pairs. In
ddition, PANI absorbed photons and produced �–�* pairs. Addi-
ionally, electrons excited by the irradiation of PANI transferred to
he conduction band of Cu2O, and holes produced by the irradi-
tion of Cu2O transferred to the � band of PANI. Therefore, PANI
nhanced the separation of e–h pairs, and the photocatalytic activ-
ty of Cu2O increased. Based on the results obtained from the
nalysis of gas products and the band gap of the 4% PANI/M-Cu2O
anocomposite, the following reaction mechanism is proposed:

u2O/PANI + Visiblelight → Cu2O/PANI+ + e−

− + O2 → O2
−

− + 2e− + 2H+ → OH + OH−

2

+ + H2O → H+ + OH•

hiophene + OH• → 2CO2 + SO3 + 2H2O

[

[
[

ysis A: General 480 (2014) 100–107

3.7.5. Recycling the photocatalyst
Catalyst recycling is important when evaluating the practi-

cal application of photocatalysts and developing heterogeneous
photocatalysts for wastewater treatment. The recycled 4% PANI/M-
Cu2O catalyst converted 100% of the thiophene during the first five
cycles as shown in Fig. S2. The XRD patterns of 4% PANI/M-Cu2O
obtained before and after being reused five times were recorded as
shown in Fig. 1. It was also observed that the shape of the composite
XRD patterns after the first five cycles was similar to that observed
before the reaction. This finding indicates that the structure of 4%
PANI/M-Cu2O does not change during the photocatalytic process.
In addition, the XPS patterns of 4% PANI/M-Cu2O before and after
being reused five times were recorded as shown in Fig. 3. It was
also observed that the shape of the composite XPS patterns after
the first five cycles was  similar to that observed before the reaction.
This result indicates that the structure of 4% PANI/M-Cu2O does not
change during the photocatalytic process. Therefore, this photocat-
alyst can be separated and recycled while maintaining its stability,
making it a promising material for environmental remediation.

4. Conclusions

A PANI/M-Cu2O photocatalyst with a uniform core–shell struc-
ture was successfully prepared and characterized using FT-IR, XPS,
BET, XRD, TEM, and UV–vis and PL spectroscopy. PANI is critical
for the e–h separation process. The PANI/M-Cu2O nanocomposite
photocatalyst can be used for thiophene photocatalytic degradation
under visible-light irradiation. The photocatalytic activity of the
4% PANI/M-Cu2O photocatalyst could be optimized to yield 100%
degradation of thiophene within 60 min  of visible-light irradiation
when using 1.2 g of the photocatalyst in 1000 mL of a 600 mg/L thio-
phene solution. The effectiveness and activity of the catalyst over
five cycles revealed that the 4% PANI/M-Cu2O photocatalyst could
be recycled.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcata.
2014.04.039.
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