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a b s t r a c t

p–n junction photocatalyst p-CaFe2O4/n-ZnO was prepared by ball milling of ZnO in H2O doped with
p-type CaFe2O4. The structural and optical properties of the p–n junction photocatalyst p-CaFe2O4/n-ZnO
were characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM), transmission
eywords:
-CaFe2O4/n-ZnO
–n junction
hotocatalyst
all milling

electron microscopy (TEM), UV–vis diffuse reflection spectrum (DRS) and fluorescence emission spectra.
The photocatalytic activity of the photocatalyst was evaluated by photocatalytic degradation of methy-
lene blue (MB). The results showed that the photocatalytic activity of the p-CaFe2O4/n-ZnO was higher
than that of ZnO. When the amounts of doped p-CaFe2O4 were 0.0 wt.% and 1.0 wt.%, the photocatalytic
degradation efficiencies were 50.1 and 73.4%, respectively. Effect of ball milling time on the photocatalytic
activity of the photocatalyst was also investigated. The mechanisms of influence on the photocatalytic

ed by

T

haracterization activity were also discuss

. Introduction

Owing to their high activities, lower costs, and environment-
riendly features, TiO2 and ZnO have been widely used as
hotocatalysts [1–7]. Recently, a number of studies related to the
yntheses of TiO2 and ZnO photocatalysts have been reported,
ncluding nanoparticles [8–14], nanorods [15,16], nanocrystals
17–19], nanotubes [20], mesoporous TiO2, and composite mem-
rane. However, the photocatalytic activities of ZnO and TiO2 are

imited to irradiation wavelengths in the UV region because they
ave wide band-gaps and can only absorb UV light. Some prob-

ems still remain to be solved in its application, such as the fast
ecombination of photogenerated electron–hole pairs. Therefore,
mproving photocatalytic activity by modification has become a hot
opic among researchers in recent years [21–25]. One approach is to
ope transition metals into ZnO (or TiO2), and the other is to form
oupled photocatalysts [26–31].

In the past decade, the photocatalytic activity of TiO2 or ZnO
oupled with metal oxides, like SiO2 [32,33], SnO2 [34–36], WO3
37,38], Fe2O3 [39] and some rare earth oxides was investigated
40], for the purpose of improving the photocatalytic activity of

iO2 or ZnO. The results showed that coupled semiconductor pho-
ocatalysts are a novel approach to achieve a more efficient charge
eparation, an increased lifetime of the charge carriers, and an
nhanced interfacial charge transfer to adsorbed substrates. At

∗ Corresponding author. Tel.: +86 561 3806611; fax: +86 561 3803141.
E-mail address: chshifu@hbcnc.edu.cn (C. Shifu).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.07.009
the p–n junction principle.
© 2009 Elsevier B.V. All rights reserved.

the same time, their physical and optical properties are greatly
modified [37]. Recently, coupled photocatalyst has been studied
extensively [41–44], the results showed that the photocatalytic
activity of coupled photocatalyst is higher than that of the single
one.

It is known that, in photocatalytic systems, p–n junction or
heterodiode is also an interesting structure because the forma-
tion of p–n junction photocatalyst could lead to an efficient
separation of photoexcited electron–hole [45–52]. Recently, Lee
and co-workers reported that a p–n junction photocatalyst p-
CaFe2O4/n-PbBi2Nb1.9W0.1O9 had a very high activity for hydrogen
production [53]. Chen et al. prepared a novel TiO2-based p–n
junction nanotube photocatalyst. The p–n junction nanotube cat-
alyst was shown to have a high photocatalytic activity. We also
reported p–n junction photocatalysts p-NiO/n-TiO2 and p-ZnO/n-
iO2 [54,55]; the result showed that the photocatalytic reduction

activity of p–n junction photocatalyst was higher than that of either
n-type semiconductor or p-type semiconductor.

As far as we know, the preparation and properties of p–n junc-
tion photocatalyst have not been extensively investigated. It is
known that when p-type CaFe2O4 and n-type ZnO integrate, a p–n
junction will be formed between p-CaFe2O4 and n-ZnO. Theoreti-
cally, when p-type CaFe2O4 and n-type ZnO form p–n junction, the
inner electric field will be formed in the interface. At the equilib-

rium, the inner electric field makes p-type semiconductor CaFe2O4
region have the negative charge, while ZnO region have the posi-
tive charge. Under near UV illumination, electron–hole pairs may
be created, and the photogenerated electron–hole pairs are sepa-
rated by the inner electric field. The holes flow into the negative

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chshifu@hbcnc.edu.cn
dx.doi.org/10.1016/j.cej.2009.07.009
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eld and the electrons move to the positive field. As a result, the
hotogenerated electrons and holes are separated efficiently, and
he photocatalytic activity is enhanced.

In this study, p-type CaFe2O4 powder was prepared by the
onventional solid state reaction [56]. The p–n junction photo-
atalyst p-CaFe2O4/n-ZnO was prepared by ball milling of ZnO in
2O doped with p-CaFe2O4. The photocatalyst was characterized
y X-ray powder diffraction (XRD), scanning electron microscopy
SEM), transmission electron microscopy (TEM), UV–vis diffuse
eflection spectrum (DRS) and fluorescence emission spectra. The
hotocatalytic activity of the photocatalyst was evaluated by the
hotocatalytic degradation of methylene blue (MB). Effect of ball
illing time on the photocatalytic activity of the photocatalyst was

iscussed. The possible mechanisms of p–n junction formation and
eparation of photoexcited electron and hole were also investigated.

. Experimental

.1. Materials

The ZnO (wurtzite phase, with crystallite size of about 20 nm),
ethylene blue (MB), iron oxide (Fe2O3), calcium carbonate

CaCO3) and other chemicals used in the experiments are of ana-
ytically pure grade. They were purchased from Shanghai and other
hina Chemical Reagent Ltd. without further purification. Deion-

zed water was used throughout this study.

.2. Preparation of p-CaFe2O4 powder

p-Type CaFe2O4 powders were prepared by the conventional
olid state reaction [56]. Fe2O3 and CaCO3 were used as the start-
ng materials. These powders were mixed and then heat treated at
emperature 1100 ◦C for 2 h. The synthesized p-type CaFe2O4 pow-
ers were ground in the agate ball milling tank. The powders were
ine in color under the preparation conditions.

The mixture transforms to mainly calcium ferrites (CaFe2O4)
ccording to following equations:

aCO3 = CaO + CO2 (1)

aO + Fe2O3 = CaFe2O4 (2)

XRD results showed when the heat treatment temperature
s 1100 ◦C, the crystal phase is completely transformed into the
aFe2O4 phase without any impurity component.

.3. Preparation of p–n junction photocatalyst p-CaFe2O4/n-ZnO

The preparation of p-CaFe2O4/n-ZnO 2 photocatalyst was carried
ut in a QM-1F ball miller (made in Nanjing University). The proce-
ures are as follows: ZnO powder and agate balls were mixed in the
gate ball milling tank in a ratio of 1:10, and then a certain amount
f p-CaFe2O4 (0–10 wt.%) and H2O were added. After milling for
certain time (0–24 h) at a speed of 700 revolutions per minute

rpm), the wet powder was dried at a temperature of 110 ◦C in air.
he final samples were used for the determination of photocatalytic
ctivity and characterization.

.4. Photoreactor and procedure

Experiments were carried out in a photoreaction apparatus. The

chematic diagram is shown in Fig. 1. The apparatus consists of two
arts. The first part is an annular quartz tube. A 375 W medium pres-
ure mercury lamp (Institute of Electric Light Source, Beijing) with a
aximum emission at about 365 nm is laid in the empty chamber of

he annular quartz tube, and running water passes through an inner
Fig. 1. Schematic diagram of photoreaction apparatus: (1) lamp; (2) water-cooling
inlet; (3) water-cooling outlet; (4) reaction solution; (5) stirring rod; (6) magnetic
agitator; (7) light.

thimble of the annular tube. Owing to continuous cooling, the tem-
perature of the reaction solution is maintained at approximately
30 ◦C. The second part is an unsealed beaker of a diameter 12 cm. At
the start of the experiment, the reaction solution (volume, 300 cm3)
containing reactants and photocatalyst was put in the unsealed
beakers, and a magneton was used to stir the reaction solution. The
distance between the light source and the surface of the reaction
solution is 11 cm. The UV irradiation intensity of the reaction solu-
tion surface is about 18,300 �W/cm2. In the experiment, the initial
pH of the reaction solution was about 5.0. The amount of photo-
catalyst used was 2.0 g/L; the initial concentration of methylene
blue (MB) is 1.0 × 10−4 mol/L. The illumination time of each exper-
iment was 20 min. In order to reach the adsorption–desorption
equilibrium on the photocatalyst surface, the suspensions were
magnetically stirred for 20 min prior to irradiation. After illumi-
nation, the samples (volume of each is 5 cm3) were taken from the
reaction suspension, centrifuged at 7000 rpm for 10 min and fil-
tered through a 0.2 �m Millipore filter to remove the particles. The
filtrate was then analyzed. In order to determine the reproducibility
of the results, at least duplicated runs were carried out for each con-
dition for averaging the results. The blank test was also carried out
by irradiating methylene blue (MB) homogeneous solution with-
out photocatalyst for checking the photo-induced self-sensitized
photodegradation.

2.5. Characterization

In order to determine the crystal phase composition and the
crystallite size of the photocatalysts, X-ray diffraction (XRD) mea-
surement was carried out at room temperature using a DX-2000
X-ray powder diffractometer with Cu K� radiation and a scanning
speed of 3◦/min. The accelerating voltage and emission current
were 40 kV and 30 mA, respectively. The crystallite size was calcu-
lated by X-ray line broadening analysis using the Scherer equation.

The microcrystalline structure and surface characteristics of the
photocatalysts were also investigated by using (X-650 Japan) scan-
ning electron microscopy (SEM).

Transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HR-TEM) images and selected area
electron diffraction (SAED) were performed with a JEOL-2010
transmission electron microscope, using an accelerating voltage of
200 kV.

In order to investigate the optical and photochemical properties

of the samples, UV–vis diffuse reflectance spectroscopy measure-
ments were carried out using a Hitachi UV-365 Spectrophotometer
equipped with an integrating sphere attachment. The analysis range
was from 300 to 700 nm, and BaSO4 was used as a reflectance
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crystalline quality and the clear interface between ZnO and CaFe2O4
are advantageous for the separation of the photogenerated charge
carriers.

Fig. 5 shows the patterns of the selected area electron diffrac-
tion. It can be seen that there are four rings, corresponding to (2 0 3),
ig. 2. XRD patterns of photocatalysts: (a) pure ZnO, the amount of doped-p-
aFe2O4 in the samples of b, c, d, e and f are 0.5 wt.%, 1.0 wt.%, 2.0 wt.%, 5.0 wt.%
nd 10.0 wt.%, respectively.

tandard. Fluorescence emission spectra were recorded on a JASCO
P-6500 type fluorescence spectrophotometer over a wavelength
ange of 200–730 nm.

.6. Analysis

The concentration of methylene blue (MB) in solution was deter-
ined by spectrophotometer.

The photocatalytic degradation efficiency of methylene blue
MB) was calculated from the following expression:

= C0 − Ct

C0
× 100%

here � is the photocatalytic efficiency; C0 is the concentration
f reactant before illumination; Ct is the concentration of reactant
fter illumination time t.

. Results and discussion

.1. Characterization of p–n junction photocatalyst
-CaFe2O4/n-ZnO

.1.1. XRD analysis
Fig. 2 shows the XRD patterns of photocatalysts ball milled for

h. It can be seen that ZnO exhibits dominant diffraction peaks
f wurtzite phase. From Fig. 2, it is clear that when the amount
f doped p-CaFe2O4 is lower than 5.0 wt.%, the diffraction peaks
f p-CaFe2O4 cannot be found in XRD patterns. It is proposed that
-CaFe2O4 may be highly dispersed in the bulk phase of the sam-
le, and the amount of p-CaFe2O4 is so small that the equipment
id not detect its existence. When the amount of doped p-CaFe2O4

s higher than 5.0 wt.%, the diffraction peaks of p-CaFe2O4 can be
ound in XRD patterns. Since no new crystal phases are found, it
an be concluded that a new solid is not formed in the ball milling
rocess of ZnO and p-CaFe2O4.

.1.2. SEM analysis
SEM was used to investigate the morphology of the samples. The
EM images of p-CaFe2O4 (1.0 wt.%)/n-ZnO photocatalyst are shown
n Fig. 3. It can be seen that the particle shape is spherical, and
he mean size of p-CaFe2O4 (1.0 wt.%)/n-ZnO photocatalyst is about
0–30 nm. The result is the same as that of TEM. From Fig. 3, it also
an be seen that when the ball milling time is 24 h, the aggregation
Journal 155 (2009) 466–473

degree of the sample is seemingly higher than that of the sample
ball milled for 12 h. It agrees with the results of the ball milling time.
Namely, when the ball milling time is longer than the optimum
time, with the increase in the ball milling time, the fresh surfaces
formed by high-energy ball milling possess high surface energy and
prefer to agglomerate. In order to determine the aggregation degree
of the sample, the experiment of the specific surface area was made.
The result showed that when the ball milling time is longer than
12 h, with the increase in the ball milling time, the specific surface
area of the sample decreases.

3.1.3. TEM analysis
In order to investigate the interface of the sample, p-CaFe2O4

(10.0 wt.%)/n-ZnO was chosen for TEM and HR-TEM characteriza-
tion. Fig. 4a gives an overview of the typical TEM image of the
p–n junction photocatalyst p-CaFe2O4/n-ZnO. It clearly exhibits the
existence of ZnO nanoparticles with mean sizes of about 20–30 nm
dispersing over the particle of p-CaFe2O4. Fig. 4b shows the high-
resolution TEM (HRTEM) image of the sample. A clear interface can
be seen in this figure. The upper part depicts the (1 1 0) plane of
ZnO with a spacing of 0.165 nm. The lower part clearly exhibits the
CaFe2O4 (0 2 0) facets with a spacing value of 0.465 nm. The good
Fig. 3. SEM micrographs of p-CaFe2O4 (1.0 wt.%)/n-ZnO photocatalyst ball milling
time is 12 h and (b) ball milling time is 24 h.
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Fig. 4. TEM and HRTEM images of p-CaFe2O4 (10.0 wt.%

1 1 0), (1 0 2) and (1 0 3) diffraction planes of the hexagonal struc-
ure of ZnO, respectively. Fig. 5b shows the pattern of the selected
rea electron diffraction of CaFe2O4. It confirms that the CaFe2O4
s well crystallized with a single phase orthorhombic structure.
ig. 5c gives an overview of the pattern of the selected area elec-
ron diffraction of the p-CaFe2O4/n-ZnO. It is clear that it consists of
he electron diffraction patterns of ZnO and CaFe2O4. Based on the
bove results, it is suggested that the p–n junction will be formed
y ball milling between ZnO and p-type CaFe2O4.
.1.4. UV–vis analysis
Fig. 6 shows UV–vis diffuse reflection spectra of ZnO doped with

ifferent contents of p-CaFe2O4. The samples were ball milled for
h. From Fig. 6, it can be seen that the absorption intensity of the

ig. 5. Selected area electron diffraction pattern: (a) ZnO, (b) CaFe2O4, and (c) p-
aFe2O4 (10.0 wt.%)/n-ZnO.
O photocatalyst: (a) TEM image and (b) HRTEM image.

photocatalyst is connected with the amount of doped p-CaFe2O4.
The absorption intensity increases with the increase in the amount
of doped p-CaFe2O4. In theory, because the absorption intensity
increases, the formation rate of electron–hole pairs on the photo-
catalyst surface also increases greatly, resulting in the photocatalyst
exhibiting higher photocatalytic activity. However, from Fig. 9, it is
clear that the photocatalytic activity of p–n junction photocatalyst
p-CaFe2O4/n-ZnO is strongly dependent on the amount of doped
p-CaFe2O4. The photocatalytic activity increases with the increase
in the amount of doped p-CaFe2O4 up to 1.0%. When the amount
of doped p-CaFe2O4 is higher than 1.0%, the photocatalytic activity
of the samples decreases. There is no evident relationship between
the photocatalytic activity of p-CaFe2O4/n-ZnO and the absorption
intensity. Namely, the high absorption intensity does not increase
photocatalytic activity of the photocatalyst in the experimental con-
dition. The similar results were reported in Ref. [57].

Fig. 7 shows UV–vis diffuse reflection spectra of p-CaFe2O4
(1.0 wt.%)/n-ZnO photocatalyst ball milled for different time. From
Fig. 7, it can be seen that with the increase in the ball milling time

the absorption wavelength range is extended towards visible light.
The reason for the extension of the absorption wavelength range
could probably be attributed to the formation of defect energy level
in the particles during high-energy ball milling process.

Fig. 6. UV–vis diffuse reflection spectra (a) pure ZnO, the amount of doped-p-
CaFe2O4 in the samples of b, c, d and e are 0.5 wt.%, 1.0 wt.%, 2.0 wt.% and 5.0 wt.%,
respectively.



470 C. Shifu et al. / Chemical Engineering Journal 155 (2009) 466–473

F
t

a
a
m
l
t
f
p
d
g
a
w
t
[

3

o
l
a
i
s
[

e
w
b
4
d
o
w
b
t
p
w
a

fi
t
c
[
o
q
o
d

activity of p-CaFe2O4/n-ZnO decreases gradually as the amount of
doped p-CaFe2O4 increases. The results also show that without p-
CaFe2O4 presence, namely, the pure ZnO powder photocatalyst,
its photocatalytic activity is the lowest, and the photocatalytic
degradation efficiency is 50.1%. When the amount of doped
ig. 7. UV–vis diffuse reflection spectra: (a) ball milling time 3 h, (b) ball milling
ime 6 h, and (c) ball milling time 12 h.

In the process of ball milling, the crystal lattices of the CaFe2O4
nd ZnO undergo severe plastic deformation, producing stresses
nd strains. This creates a crystal lattice distortion, but meanwhile
any defects are formed inside particles. These defects have high

attice distortion energy and surface energy. This makes the activa-
ion energy for diffusion of elements decrease markedly, and allows
or atomic or ionic marked diffusion among elements at room tem-
erature. When the activity of the powder system is high enough,
uring the ball milling process, the collision between balls and
rains of the powder will produce a rise in the interface temper-
ture, which will induce the coupling reaction mentioned here. So,
hen the interfaces of the CaFe2O4 and ZnO contact with each other,

he p–n junction photocatalyst p-CaFe2O4/n-ZnO can be formed
34].

.1.5. Fluorescence emission spectra
Fluorescence emission spectra studies give an insight into the

ptical and photochemical properties of the samples. Photocata-
ysts generate electrons and holes after being activated by light,
nd recombination of some electrons and holes can release energy
n the form of fluorescence emission. Lower fluorescence emis-
ion intensity implies lower recombination rate of electron–hole
58,59].

Using an ultraviolet light with a 280 nm wavelength as the
xcitation source, the fluorescence emission spectra of ZnO doped
ith different contents of p-CaFe2O4 are shown in Fig. 8. It can

e seen that the sample has a strong emission peaks at around
68 nm (2.6 eV). This emission peak corresponds to the blue light
ue to oxygen vacancy [60]. It is clear that the relative intensity
f the emission spectra of ZnO has the greatest relative intensity,
hich means that electrons and holes of ZnO are easy to recom-

ine. And the relative intensity of p-CaFe2O4 (1.0 wt.%)/n-ZnO is
he lowest. The relative intensity of the p–n junction photocatalyst
-CaFe2O4/n-ZnO is lower than that of ZnO, showing that doping
ith p-CaFe2O4 is helpful to inhibit the recombination of electrons

nd holes and improve the photocatalytic activity.
The p-CaFe2O4 content can influence the thickness of the super-

cial space-charge layer of ZnO. Only when the space-charge layer
hickness approximates the penetration depth of light into the solid,
an all the photoexcited electron–hole pairs be effectively separated

61]. When the p-CaFe2O4 content is 1.0%, the relative intensity
f emission spectra is the lowest, which shows that 1.0% doping
uantity of p-CaFe2O4 can effectively restrain the recombination
f electrons and holes. When the p-CaFe2O4 content is too small,
ue to the absence of adequate traps, the recombination rate of
Fig. 8. Fluorescence emission spectra of different samples: (a)ZnO, (b) p-CaFe2O4

(2.0%)/n-ZnO, and (c) p-CaFe2O4 (1.0%)/n-ZnO.

electron–hole pairs is high. When the doping quantity is consider-
ably high, the absorption of light and generation of electrons-holes
are decreased. These analyses also coincide with the photocatalytic
activity of the photocatalysts.

3.2. Evaluation of photocatalytic activity

3.2.1. Effect of amount of doped p-CaFe2O4 on the photocatalytic
activity

The blank test shows photo-induced self-sensitized photodegra-
dation has little influence on the results of experiment. Fig. 9
shows the effects of amount of doped p-CaFe2O4 on the on the
photocatalytic activity of p-CaFe2O4/n-ZnO. The fixed ball milling
time for each sample was 6 h, and fixed illumination time for
each experiment was 20 min. It can be seen that the photocat-
alytic activity of p-CaFe2O4/n-ZnO increases remarkably with the
increase in the amount of doped p-CaFe2O4 up to 1.0%. The opti-
mum amount of doped p-CaFe2O4 is 1.0%. When the amount
of doped is higher than the optimal amount, the photocatalytic
Fig. 9. Effects of amounts of doped p-CaFe2O4 on the photocatalytic degradation of
methylene blue(MB).
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ig. 10. Effects of ball milling time on the photocatalytic degradation of methylene
lue(MB).

-CaFe2O4 is 1.0 wt.%, the photocatalytic activity of p–n junction
-CaFe2O4/n-ZnO photocatalyst is at its peak, and the photodegra-
ation efficiency is 73.4%. It is clear that the photocatalytic activity
f p-CaFe2O4/n-ZnO is higher than that of pure ZnO photocatalyst.

t is proposed that, when the amount of p-CaFe2O4 is lower than its
ptimum amount of doping, the trapping sites of carriers increase
ith the increase of the amount of p-CaFe2O4, which prolongs the

ifetime of carriers, thus improving the photocatalytic activity. The
ther important reason is that the ZnO doped with suitable amount
f p-CaFe2O4, both p-CaFe2O4 and ZnO can form the p–n junction
hotocatalyst by ball milling method. Therefore, the photocatalytic
ctivity increases. But when the amount of p-CaFe2O4 is higher than
ts optimum amount of doping, the high concentration dopant ions
ct as recombination centers of electrons and holes, decreases the
hickness of the space-charge layer on the photocatalyst particle
urface [62].

.2.2. Effect of ball milling time on the photocatalytic activity
The effect of ball milling time on the photocatalytic activity of

-CaFe2O4 (1.0 wt.%)/n-ZnO photocatalyst is shown in Fig. 10. It
an be seen that the ball milling time influences the photocatalytic
ctivity strongly. Without ball milling, the photocatalytic degrada-
ion efficiency is 48.2%. The photocatalytic degradation efficiency of

ethylene blue increases gradually with the increase in ball milling
ime up to 12 h. When the ball milling time are 3, 6, 12 and 24 h,
he photocatalytic degradation efficiencies are 50.8, 73.4, 78.7 and
5.6%, respectively.

The reason is that without ball milling, p-CaFe2O4 and n-ZnO
nly play their own photocatalytic role, and the p–n junction
hotocatalysts are not formed; but after ball milling, p-CaFe2O4
nd n-ZnO can form p–n junction photocatalyst, resulting in the
ncrease of the photocatalytic activity. Another reason is that with
he increase in the ball milling time, the specific surface area of the
hotocatalyst increases. Correspondingly, the number of active sites
er unit weight of photocatalyst also increases. But when the ball
illing time is longer than the optimum time, it is proposed that
ith the increase in the ball milling time, the fresh surface formed

y high-energy ball milling possess high surface energy and prefer
o agglomerate [63].

.3. Discussion of mechanism
It is known that the photocatalytic activity of photocata-
yst mainly depends on whether the electron–hole pairs can be
eparated effectively [64–70]. On the photocatalyst surface, the
hotoexcited electrons and holes can change in various ways.
Fig. 11. p–n junction formation model and schematic diagram of photoexcited
electron–hole separation process.

Among them, the two competitive processes, i.e., capture and
recombination, are the most important ones. Photocatalytic reac-
tion is effective only when the photoexcited electron–holes can
be captured. If there are no appropriate capturers of electrons
or holes, they will recombine with each other and give off heat
inside or on the surface of semiconductor. It is known from the
mechanism of separation of electrons and holes that, in order to
increase the photocatalytic activity of photocatalyst, two impor-
tant ways should be considered. One is to increase the separation
efficiency of the photoexcited electron–hole pairs, and the other is
to increase the amount of the photoexcited activity species [71].
It is known that ZnO is n-type semiconductor, and when doping
p-CaFe2O4 into ZnO granule, a number of micro p–n junction pho-
tocatalyst p-CaFe2O4/n-ZnO will be formed. At the equilibrium,
the inner electric field formed which made p-type CaFe2O4 region
have the negative charge while n-type ZnO region have the posi-
tive charge. Under near UV illumination, electron–hole pairs may
be generated. With the effect of the inner electric field, the holes
flow into the negative field while the electrons move to the pos-
itive field. Thus, the photogenerated electron–hole pairs will be
separated effectively by p–n junction formed in the p-CaFe2O4/n-
ZnO.

Furthermore, according to the band edge position in Fig. 11, as
the valence band of p-CaFe2O4 is lower than that of ZnO [66,72,73],
the photoexcited holes on the valence band of the ZnO will trans-

fer to that of the p-CaFe2O4, and the photoexcited electrons of ZnO
will be remained in the conduction band of ZnO. Thus, the pho-
togenerated electron–hole pairs will be separated effectively. The
enhancement of photocatalytic performance of p–n junction photo-
catalyst is attributed to inner electric field assisted charge transfer at
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. Conclusions

The p–n junction photocatalyst p-CaFe2O4/n-ZnO was prepared
y ball milling method. The photocatalytic activity of p-CaFe2O4/n-
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nO, the photogenerated electron–hole pairs are separated by the
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