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ed synthesis of Cu2S/P25 hetero
junction solar-energy-materials and their
applications in photocatalytic degradation of dyes

Hongqin Huang,a Fang Li,a Huigang Wang *ab and Xuming Zhengab

In this paper highly dispersed Cu2S nanocrystals loaded on commercially available TiO2 form P25, denoted

as Cu2S/P25, was firstly fabricated by a deposition–precipitation process, to establish close pn hetero

junctions to improve the visible light activity and the stability of Cu2S on the catalyst surface. The

catalysts were characterized by TEM, SEM, XRD, XPS, Raman, etc., the photocatalytic degradation kinetics

of Cu2S-loaded TiO2 nanoparticles on methylene blue was systematically investigated. The results show

that a lower amount of loading of Cu2S on Cu2S/P25 led to a higher photocatalytic degradation

performance under visible light irradiation. The Cu2S quantum size effects on the absorption band edge

and photo induced catalytic performance were also investigated.
1. Introduction

Methods to harvest sunlight radiation with a higher conversion
efficiency to chemical or electrical power are needed to satisfy
the demands of clean and green energy.1–4 For irradiation under
light with a given wavelength, semiconductors with a specic
band gap can resonate with the given light and produce elec-
trons and holes, consequently generating active hydroxyl radi-
cals in solution.5,6 These active hydroxyl radicals can degrade
organics and kill microorganisms by advanced oxidation
processes.7,8 Many semiconductors have been tested and TiO2 is
a proverbial semiconductor with the advantages of high pho-
tocatalysis activity, wide band gap (3.2 eV), high earth abund-
ancy, chemical stability and environmental friendliness.9–11

Photodegradations based on TiO2 and its hetero junction
materials have attracted great attention in these decades due to
their obvious advantages on the visible-light driven solar energy
utilization.12,13 Various nanostructured hetero junctions have
been reported and their enhanced photocatalytic efficiency has
been achieved. For example, composites of MoS2–TiO2,14 SnO2–

TiO2,15,16 CeO2–Cu2O17 and ZnO–TiO2,18–20 etc. have been
synthesized by coupling two semiconductors.

Chalcocite (Cu2S) is a p-type semiconductor for abundance
in copper vacancies with a narrow bulk band gap of 1.2 eV.21–23

Further combining with n-type TiO2 by forming hetero-
structured nanocrystals would therefore be interesting in regard
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to achieving special properties, especially in photo degradation
applications.12,13 In addition, the bandgap of Cu2S semi-
conductors and its characteristic absorption spectrum in the
visible wavelength region make it highly desirable for use as
sensitizers when they are combined with the TiO2 nanocrystals.
On the other hand semiconductors with band gaps capable of
harvesting visible incident wavelength energy (0.9 to 2.3 eV)
usually suffer from UV induced photocorrosion, the stability of
Cu2S under solar spectrum incidence thereof could be signi-
cantly enhanced by the formation of hetero junctions that could
rapidly remove the photon-generated electrons and holes from
the cuprous sulde.24–26 Enhanced chemical stability, improved
charge separation and increased photocatalytic efficiency of
such composite nanostructures have been extensively studied
by our group.6,27–31 In recent years of particular interest are the
size dependent properties such as size quantization effects in
semiconductor nanoparticles. Due to the quantum-
connement and surface effects, nanometer-sized semi-
conductors possess unique size-dependent physiochemical
properties that one does not see in the corresponding bulk
solids.32,33 The ability to synthetically tune these nanocrystal
sizes provides the opportunity to study and understand the
relationship between spectrum character, photo degradation
performance and quantum effects that occur uniquely at the
nanoscale. In addition, these nanocrystal dots open up new
ways to utilize hot electrons or generate multiple electron–hole
pairs with a single photon.34–36 Multiple electron–hole pairs
generation in PbS nanocrystals-TiO2 single crystals has shown
that photocurrents with quantum yields greater than one elec-
tron per photon can be achieved with a single high-energy
photon.37

The purpose of this work was to know how and what the
extent the quantum connement of Cu2S effect on the visible
This journal is © The Royal Society of Chemistry 2017
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light catalytic performance when it is coated onto the surface of
TiO2 particles. In the present work, a series of different Cu2S
size were achieved precipitated on P25 by deposition–precipi-
tation process and their size effect on the absorption band edge
and the catalytic performance were systematically investigated.
By change the P25 quantity the Cu2S loading amount effects on
the morphology and photocatalytic performance were also
investigated. The photocatalytic degradation performance of
the hetero structure catalysts was evaluated using methylene
blue (MB) as a model pollutant. This dye is non-biodegradable
and commonly used in the textile industry. As a result, this
molecule is widely used for testing photocatalytic activity.

2. Experimental sections
2.1 Synthesis of Cu2S/P25 composites with deposition–
precipitation method

To systematically investigate the synthesis condition and the
relationship with the photocatalysis performance, the reactant
amounts were varied, which are listed in Table 1. In a typical
synthesis of Cu2S/P25 composites, Cu(Ac)2$H2O (0.2 g, 1 mmol)
and 0.72 g P25 were added to the mixture of dodecanethiol and
1-octadecene (30 mL) in a three-necked ash under N2 atmo-
sphere. Then it was heated to 220 �C and maintained at that
temperature for 30 min aer reaction, it was cooled to room
temperature naturally. The product was precipitated by intro-
ducing ethanol and centrifuging at 9000 rpm. The precipitate
was washed several times with ethanol and was dried under
vacuum at a temperature of 60 �C for 12 h.

2.2 Characterization

The morphologies of Cu2S and Cu2S/P25 were examined by
a eld-emission scanning electron microscope (FE-SEM, Hita-
chi S4800) and a transmission electron microscope (TEM, JEM
2100). The crystalline structure of samples was measured by X-
ray diffraction (DX-2700). UV-visible diffuse reectance spectra
(DRS) of samples were recorded using a UV-vis NIR spectro-
photometer (Varian Cary 5000). X-ray photoelectron spectros-
copy (XPS) measurements were examined on Kratos AXIS Ultra
DLD (Al Ka monochromatic source). Adventitious C 1s peak
(284.6 eV) was used as binding energies reference. The 488 nm
laser excited Raman spectra were measured on a quartz sheet
equipped with triplemonochromator (TriVista TR557, Princeton
Table 1 The entry label and the corresponding reactant amounts used
in the preparation of Cu2S/P25 composites

Sample
Copper
acetate/g P25/g

Dodecanethiol
(mL)

1-Octadecene
(mL)

S1 0.2 0.40 30.00 0
S2 0.2 0.72 30.00 0
S3 0.2 1.12 30.00 0
S4 0.2 2.56 30.00 0
S5 0.2 0.72 15.00 15.00
S6 0.2 0.72 5.00 25.00
S7 0.2 0.72 0.75 29.25

This journal is © The Royal Society of Chemistry 2017
Instruments) and an argon ion laser (approximately 30 mW on
the sample). The CCD chip active area covers a wavenumber of
1089 cm�1 and the spectral resolution boasts for 2.5 cm�1.
2.3 Photocatalytic activity measurements

The photocatalytic activity of Cu2S/P25 samples was evaluated
by the degradation rate of methylene blue under visible-light
irradiation. The experimental set up placed in a black box
consisted of a 200 mL beaker irradiated by a 300W, 220 V xenon
lamp (CEL-HXUV300, Beijing Au Light). The distance between
the lamp and the solution is 15 cm. The temperature inside the
reactor was maintained at ca. 25 �C by means of a continuous
circulation of water surrounding the reactor. 100 mL methylene
blue (MB) aqueous solution (10 mg L�1) was mixed with 50.0 mg
photocatalyst powder in the above 200 mL beaker. Before irra-
diation, the suspension was stirred in the black box for about
30 min till to reach the adsorption–desorption equilibrium.
Aer the photoreaction runs, samples of 3 mL were withdrawn
from the suspension at regular time intervals during the irra-
diation, and then centrifuged to separate the photocatalysts.
The quantitative determination of remnant MB was conducted
by measuring its maximum absorption at 665 nm with a Shi-
madzu UV-2501 PC spectrophotometer. For comparison, the
MB photodegradation experiment was conducted under the
same conditions.
3. Results and discussion

The morphology of as-prepared Cu2S and Cu2S/P25 composites
were investigated by FE-SEM, EDS spectrum and high magni-
cation TEM. Fig. 1A and B comparatively shows the FE-SEM of
P25 and Cu2S/P25 composites respectively. Fig. 1A shows the
typical P25 morphology, the uniform particles spread over the
picture. Fig. 1B shows the entry S5 morphology of Cu2S/P25,
with the help of P25 image we could see that there are many
tiny nanoparticles anchored over the surface of P25. Red circled
area shows that the nanoparticles are uniformly in size and
could be assigned to the Cu2S nanocrystals, the particle size of
Cu2S is around 15 nm. To clearer present the location of Cu2S
nanocrystals, SEM-EDS mapping were applied and the images
were shown in Fig. 1C and D. Fig. 1C indicated that the element
Cu were not conned in a specic space; they were evenly
distributed throughout the entire matrix. The EDS prole shows
correct stoichiometry of Cu2S to TiO2 in the nanocomposite
structure. The atomic ratio of Cu and Ti in the nanocomposite
structure was 3.0 at% : 33.5 at% obtained from the SEM-EDS
spectrum as shown in Fig. 1D.

Quantum connement of carriers and enhanced surface
effects at nanodimensions are well known to result in large
modications in the structural, optical, and electronic proper-
ties of nanoparticles.38,39 Balamurugan B. has reported the size-
dependent changes in Cu2O nanoparticles, result in conduc-
tivity type inversion on reduction of nanoparticle size.40–42 So it
is necessarily to know how and what is the extent the quantum
connement of Cu2S effect on the visible light catalytic perfor-
mance. In the present work, a series of different Cu2S size were
RSC Adv., 2017, 7, 50056–50063 | 50057
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Fig. 1 FE-SEM images of the P25 (A), Cu2S/P25 (B). SEM-EDS mapping of Cu (C) and SEM-EDS spectrum (D) of Cu2S/P25.
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achieved in entry S5 to S7 by controlling the volume ratio of
dodecanethiol to 1-octadecene. Fig. 2A–C shows the TEM of
Cu2S nanocrystals corresponding to the volume ratio of
dodecanethiol to 1-octadecene 1 : 1, 1 : 5 and 1 : 39, respec-
tively, as is shown in Table 1 sample entry S5, S6 and S7. All the
Cu2S nanocrystals are uniformly formed and the average
diameter is 15 nm, 8 nm and 4 nm respectively. It shows that,
with the relative content of dodecanethiol to 1-octadecene
decrease, the diameter of Cu2S decrease from 15 nm to 4 nm.
The nal size is almost one quarter of the original. This provide
Fig. 2 The morphology of Cu2S and Cu2S/P25. TEM images of Cu2S
Cu(Ac)2$H2O and (A) 15 ml dodecanethiol and 15 mL 1-octadecene, (B) 5
and 29.25 mL 1-octadecene. HRTEM image of the Cu2S/P25 heterostru

50058 | RSC Adv., 2017, 7, 50056–50063
us perfect opportunities for the investigation the size effect on
all kind of properties vary from light absorption to photo-
catalytic performance.

The TEM image in Fig. 2D shows the unique Cu2S/P25
composites prepared following the entry S5, conrming that
the Cu2S nanocrystals distributed uniformly on the P25 nano-
particles. The Cu2S crystals are uniformly in spherical shape
and their diameter are 15 nm while the P25 particles are in
irregular shape with their diameter approximately of 21 nm.
The HRTEM image in Fig. 2E show well resolved {011} lattice
nanocrystals synthesized at the temperature of 220 �C with 1 mmol
ml dodecanethiol and 20 mL 1-octadecene, (C) 0.75 ml dodecanethiol
ctures (D, E).

This journal is © The Royal Society of Chemistry 2017
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fringes (interplanar distance d ¼ 0.84 nm) of Cu2S chalcocite-M
crystalline structure (JCPDS 33-0490). Distance d ¼ 0.24 nm in
Fig. 2E is the indication of a highly crystalline TiO2 anatase
framework corresponding to the {103} crystal planes (JCPDS 88-
0866). These exposed facets are clear indicative of the coexis-
tence of Cu2S and TiO2 components, the overlap part of Cu2S
and TiO2 indicating that Cu2S/P25 composites pn hetero junc-
tions were formed.
3.1 Phase composition

XRD was carried out to investigate the crystal identity of Cu2S
and the effect of Cu2S on the crystal structure of TiO2. Fig. 3
shows the XRD pattern of Cu2S/P25 p–n heterostructure
composite materials and the starting material P25 nano-
particles. The P25 powder contains 20% rutile and 80% anatase.
The diffraction peaks at 2q ¼ 25.3, 37.8, 48.0, 53.1, 55.4, 62.7,
68.8 in P25 corresponds to the (101), (004), (200), (105), (211),
Fig. 3 XRD pattern of Cu2S nanocrystal, P25 and Cu2S/P25
heterostructures.

Fig. 4 (a) Wide-scan XPS survey spectra for the Cu2S/P25 composites. (b)
sample of Cu2S/P25.

This journal is © The Royal Society of Chemistry 2017
(204), and (116) planes of anatase TiO2 (JCPDS no. 84-1286).
While the peak at 27.4�, 36.1� and 41.5� are also present, indi-
cating there coexists the rutile phase (JCPDS no. 88-1175). The
dashed lines in Fig. 1 indicate the correlation of anatase crystal
planes of Cu2S/P25 prepared with different reactant amounts.
Clearly, the XRD pattern obtained at different ratio exhibit no
difference in XRD pattern with P25. The comparison of XRD
pattern of Cu2S, P25 and Cu2S/P25 indicate that the interposi-
tion of Cu2S in the P25 has no effect on the crystal structure of
P25 powders, the main structure is preserved.

XPS studies were conducted over Cu2S/P25 in order to
understand the chemical state and chemical environment of
the Cu element on P25 (Fig. 4). As shown in Fig. 4a, the wide-
scan survey spectra of Cu2S/P25 contain O, Ti, C, Cu and S
elements; the emergence of the C element can be attributed to
residual carbon from the sample and adventitious hydrocarbon
from the XPS instrument itself. The Cu 2p core level spectrum,
shown in Fig. 4b, is composed of two peaks at the binding
energies of 932.48 eV and 951.88 eV, assigned to Cu (2p3/2) and
Cu (2p1/2) respectively, which are in good agreement with the
reported values of Cu2S (i.e., the characteristic peaks of Cu 2p3/2
for Cu(0), Cu(I), and Cu(II) are at 932 eV, 932.7 eV, and 933.6 eV,
respectively). As is known that Cu(II) have the characteristic
shake up peaks of 2p3/2 around 940 eV and 957 eV which have
not been detected in our experiment. All in all, no Cu or CuS are
presented in our sample. The plausible reason maybe could be
found in the experiment treatment. In our reaction system,
Cu2S/P25 were prepared under an N2 protection atmosphere at
220 �C with the dodecanethiol as reductant, and the reductant
is excessive to ensure the complete reduce of Cu2+. The Ti 2p
XPS spectrum is shown in Fig. 4c, which was composed by two
peaks, the Ti 2p3/2 located at 458.68 eV and the 2p1/2 located at
464.5 eV, respectively, suggesting the presence of Ti(IV) species.
High-resolution XPS spectrumof (b) Cu 2p, (c) Ti 2p and (d) O 1s for the

RSC Adv., 2017, 7, 50056–50063 | 50059

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07253h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:4

4:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
They are in fairly well agreement with the literature data of TiO2.
The Ti 2p XPS spectrum (Fig. 4c) indicates the incorporation of
Cu+ induces no signicant changes of the Ti4+ 2p electron
density. Meanwhile, the XPS spectra of O 1s (Fig. 4d) split as two
peaks at 529.47 eV and 532.00 eV respectively aer the deposi-
tion of Cu2S NPs, owing to the generation of surface oxygen
vacancies. [ M. Xing, J. Zhang, F. Chen and B. Tian, Chem.
Commun., 2011, 47, 4947–4949] The surface oxygen vacancies is
expected to prohibit the recombination of electron–hole pairs
and enhanced the visible light absorption efficiency. The results
of XPS indicate that Cu2S/P25 composites have been formed.

Raman spectroscopy is a sensitive tool for investigation the
changes on the electrons and molecular structure information.
To further identify the doped structure and crystalline of the
samples, Raman studies were performed in the range of 120–
700 cm�1 that is shown in Fig. 5. All the spectra shown in Fig. 5
share the same Raman peaks at 143, 394, 513, and 636 cm�1,
they could be assigned to the Raman-active modes of anatase
with symmetries Eg (O–Ti–O symmetric stretching), B1g (O–Ti–O
wag), A1g (O–Ti–O symmetric wag), and Eg (O–Ti–O asymmetric
stretching), respectively.41 No characteristic Rutile or Brookite
phase Raman peaks was found, indicating the composition of
pure anatase phase. Aer doping with Cu2S, the Cu2S/P25 het-
erostructure shows additional weak peak at 268 cm�1, this
could be assigned to the Cu2S characteristic peaks.
Fig. 5 Raman spectra of P25 and Cu2S/P25 with various Cu2S loadings
(S1 to S4) and various Cu2S nanocrystal size (S5 to S7).

Fig. 6 UV-vis absorption spectra of P25 and Cu2S/P25 with various Cu2

50060 | RSC Adv., 2017, 7, 50056–50063
It is interesting to observe that the Eg peaks are sensitive to
the composition change of the Cu2S/P25 hetero structure while
the B1g and A1g are inert, the Eg peak at 145.7 cm�1 gradually
shied downward to 142.3 cm�1 as the P25 content increased
from S1 to S4, extremely to 136.5 cm�1 for pure P25; however,
the Eg peak at 636 cm�1 shied to the opposite direction.
Meanwhile the FWHM narrowed down as the Cu+ disappeared.
This indicates that there was an interaction between the Cu and
TiO2, S1 contains the highest content of Cu+ and the frequency
difference between P25 and Cu2S/P25 also reaches the highest
(9.2 cm�1) amongst all the prepared Cu2S/P25 hetero structure.
The Cu+ creates crystalline defects in the lattice structure of
TiO2 nanocrystals and the defects increase with the increase of
Cu content. The crystalline defects affect the characteristic
vibrational frequency of the anatase TiO2; it can act as a trap to
capture photoelectrons, which makes a contribution to inhib-
iting the charge recombination. The Eg peaks are also sensitive
to the Cu2S particle size change of the Cu2S/P25 hetero struc-
ture. As is shown in Fig. 5 S5 to S7, when the particle size of Cu2S
increase from 4 nm to 15 nm, the Eg peak at 142.8 cm�1 shi
downward to 141.7 cm�1. And again, the Eg peak at 636 cm�1

shi to the upward wavenumber. The smaller Cu2S nanocrystal
deposited on Cu2S/P25 hetero structure, the more crystalline
defects were created. Thus, the XRD and Raman characteriza-
tion of TiO2 and Cu2S/P25 demonstrate the high crystallinity of
the titania materials and the presence of anatase phase.

To investigate the optical behavior of the as-prepared Cu2S/
P25 and the size effect of Cu2S on the optical property of
Cu2S/P25, the UV-vis diffuse reectance spectra (DRS) were
collected and were shown in Fig. 6. Clearly, the largest absorp-
tion edge of blank-P25 shown in Fig. 6a was at approximately
370 nm (3.3 eV), whereas the Cu2S/P25 composites show
prominence absorption in the visible light region from 400 nm
to 800 nm. The absorbance above 400 nm light region was
enhanced by the introduction of Cu2S nanocrystals. The
composite of Cu2S into the matrix of P25 has a signicant effect
on the optical property for the Cu2S/P25 composites.

With the increase of Cu2S content (S4 to S1), the absorbance
curve becomes relatively at in the visible light region for Cu2S/
P25 while the light absorption feature of Cu2S/P25 nano-
composite in the UV region (particularly at the wavelength of
300 nm) is the same as that of blank-P25. Aer the addition of
Cu2S, the absorption edge is red-shied to the lower energy
S loadings (a) and various Cu2S nanocrystal size (b).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07253h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:4

4:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
value with enhanced absorbance intensity in the whole visible
light range. The results of DRS indicate that Cu2S/P25 nano-
composites have the signicantly enhanced visible light
absorption property and they are able to be “band-gap” photo-
excited by visible light irradiation. Electron–hole pairs can be
generated by visible light excitation and thus the improved
photoexcited performance can be expected.

The Cu2S nanocrystal size effects on the electron excitation
transition properties can be referred to Fig. 6b. Fig. 6b S5, S6
and S7, corresponds to the Cu2S nanocrystal size of 15 nm, 8 nm
and 4 nm, shows that when the crystal size decrease the
absorption edge red shis to the lower energy and the visible
light region absorption enhances accordingly. The smaller, the
better visible light absorption efficiency should be expected.
3.2 Photocatalytic activity of as-synthesized Cu2S/P25

It is well known that the photocatalysis activity depends on the
photo response efficiency, the catalysts crystallinity, and the
phase of the materials. In this work, the visible light induced
photocatalytic activities of the as-synthesized Cu2S/P25 were
evaluated by photocatalytic degradation of MB under visible
light irradiation. For comparison, the photocatalytic activity of
every sample was tested under identical conditions. Before
irradiation, the suspension was stirred in the black box for
about 30 min to ensure the equilibrium have been reached for
the MB adsorption–desorption process on the catalysts. The
nal equivalent absorbance concentrations, i.e., the initial
photodegradation concentration of MB, were normalized for
different samples. As shown in Fig. 7a, The Cu2S/P25 can effi-
ciently photo degrades MB under visible light irradiation, ve
different catalysts (S1, S2, P25, S3 and S4) showed 60.8%, 65.3%,
69.1%, 71.4% and 80.1% MB decolorization rates (1 � ct/c0),
respectively, under xenon lamp illumination aer 240 min. The
MB self photodegradation was also included in the gure and it
reached 28.0% degradation rate in 240 min.

On the basis of a simplied Langmuir–Hinshelwood model,
the linear relationship of ln(C/C0) versus time (see Fig. 7b) upon
visible light irradiation indicates that MB degradation follows
pseudo rst order kinetics; the apparent rate constant (k) shown
in Fig. 7b was calculated from the plot of ln(C/C0) vs. time. The
highest apparent rate constant, obtained for S4, is 6.0 �
10�3 min�1, which decrease with the increase of relative Cu2S
Fig. 7 Photodegradation of MB over various samples upon visible light ir
for liquid-phase photocatalytic degradation of MB over different sample

This journal is © The Royal Society of Chemistry 2017
content in the Cu2S/P25 nanocomposite. The high efficiency
performance could be ascribed to its unique cooperative effects
and low band gap energy. The photocatalytic activity is in
agreement with the rule of visible light region absorption.
Generally, the photocatalytic activity is proportional to (Iaf)n (n
¼ 1 for low light intensity and n ¼ 1/2 for high light intensity),
where Ia is the photo numbers absorbed by photocatalyst per
second and f is the efficiency of the band gap transition. The
enhancement of the photo activity with Cu2S doping can be
partly explained in terms of an increase in Iaf resulting from
intensive absorbance in the visible region. Cu2S doping expands
the wavelength response range of P25 into the visible region and
increased the number of photo-generated electrons and holes to
participate in the photocatalytic reaction.

In order to investigate the particle size effect on the photo
induced catalytic performance, a series of different Cu2S size
were achieved precipitated on P25. As shown in Fig. 8a, the
photocatalytic performances of the Cu2S/P25 hetero structures
with difference in Cu2S nanocrystal size were tested under
visible light irradiation. It is found that their photocatalytic
activities are varying with the Cu2S size alternation. The
apparent rate constant, obtained for S7 (4 nm), is the highest
among them reach to 9.4 � 10�3 min�1, which decrease with
the increase of Cu2S crystal size in the Cu2S/P25 nano-
composite. Smaller Cu2S crystal size shows the higher photo-
catalytic activity, which is in agreement with our anticipation
from the DRS characterization in Fig. 6b.

The stability of a photocatalyst is very important for practical
applications; thus, a durability test was performed to conrm
the stability of the S7 photocatalyst, which achieved the highest
performance. According to Fig. 8b, the MB photodegradation
efficiency changed very slightly aer 5 cycles of the experiment
under identical conditions, indicating that the photocatalyst
has superior photocatalytic stability.

The Mechanism for the Photocatalytic activity of Cu2S/P25
under visible light excitation could be described as pn hetero-
structure which is shown in Fig. 9. As is demonstrated from
HRTEM and XPS that Cu2S and P25 forms a pn hetero junction
and the p-type semiconductor Cu2S acts as the anode (Eg ¼ 1.22
eV), and n-type P25 acts as the cathode (Eg ¼ 3.2 eV). Under
visible light irradiation, meso TiO2 exhibited low photocatalytic
ability due to its weak absorption “tail”. Once Cu2S are
radiation (a). Kinetic linear fitting curves and the apparent rate constant
s under visible light irradiation (b).
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Fig. 8 Kinetic linear fitting and the apparent rate constant for photocatalytic degradation of MB over different Cu2S nanocrystal size of Cu2S/P25
hetero structures under visible light irradiation (a). Durability study over Cu2S/P25 hetero structures for MB photodegradation under visible light
irradiation (b).

Fig. 9 Proposed mechanisms for the photocatalytic activity of Cu2S/
P25 under visible light excitation.
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incorporated into P25, the Cu2S/P25 hetero junction catalysts
shows enhanced visible region absorption efficiency, upon
visible light irradiation the valence band electron resonant with
incident photon and excited to conduction band and generate
the hot electrons on the Cu2S/P25 surface, signicantly
increasing the yield of interfacial “hot electrons” with a higher
potential energy than P25, and the position of the Fermi level
will be shied closer to the CB of P25. Subsequently, the “hot
electrons” transferred to the CB of P25. The pn hetero junction
at the interface also helps the transferred “hot” electrons
accumulate in the TiO2 CB, preventing them from traveling
back to the Cu2S nanocrystals. Since no holes are generated in
the valence band (VB) of TiO2, the transferred “hot electrons” in
the TiO2 CB should have much longer lifetimes, offering more
probability to reduce the O2 adsorbed on the P25 surface and
the consequent sequence MB degradation.
4. Conclusions

Cu2S/P25 composites were prepared. SEM shows Cu2S nano-
particles were uniformly formed and distributed on the TiO2

nanoparticles, the average diameter of Cu2S can be tailored
from 4 nm to 16 nm and the diameter of P25 was 21 nm. The
doping of Cu2S in the P25 shows an enhanced light absorbance
50062 | RSC Adv., 2017, 7, 50056–50063
in the visible light region. Notably, a lower amount of Cu2S
nanocrystals doping on TiO2 nanoparticles exhibited the higher
photocatalytic degradation efficiency under visible light irradi-
ation. Size effect shows that the smaller Cu2S crystal size owns
the longer absorption wavelength and stronger visible light
absorption intensity, and the visible light photodegradation
experiment shows the better performance is reached accord-
ingly. The as prepared photocatalysts has superior photo-
catalytic stability in the degradation of MB experiment.
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