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ABSTRACT

In order to study the photo-generated carrier transfer mechanism in ZnO/ZnS-

based composite photocatalyst, a series of ZnO/ZnS composite samples were

prepared by two-step method. Firstly, La-doped ZnO nanorods were grown on

silica substrates with hydrothermal method, and then the nanorods were sul-

furized in situ to form ZnO/ZnS heterojunctions. The effect of La doping con-

centration on the structural properties of ZnO nanorods was investigated. With

the increase in La doping concentration, the diameter and density of ZnO

nanorods increase, but when the doping concentration reaches 2.0%, ZnO

crystal quality degrades. Therefore, the ZnO nanorods with La doping con-

centration of 1.5% were used as matrix to study the effect of sulfurization time

on the properties of ZnO/ZnS-based composite. With the increase in sulfur-

ization time, the UV–vis absorbance of the samples first increases and then

decreases. The composite photocatalyst with sulfurization time of 60 min shows

the best UV–vis absorbance, and its photocatalytic performance is also the best.

Then, the photo-generated carrier transfer mechanism in the ZnO/ZnS-based

composite was studied. Because the Fermi level of ZnS is higher than that of

ZnO, the electrons in ZnS would be transferred to ZnO when they form a

heterojunction, then a built-in electric field is constructed from ZnS to ZnO.

Generally, the photo-generated carrier transfer mechanism in ZnO/ZnS

heterojunction follows a Z-scheme mechanism. However, when La element is

doped at a concentration of 1.5%, the Fermi level ZnO is increased and higher

than that of ZnS. Then, the electrons in ZnO are transferred to ZnS to form a new

built-in electric field from ZnO to ZnS in the heterojunction, and its direction is

opposite to that of the undoped ZnO/ZnS composite sample. Then, the photo-
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generated carrier transfer mechanism in the composite is changed to type-II.

Therefore, the photo-generated carrier transfer mechanism in the ZnO/ZnS-

based composite can be tailored by La doping concentration.

Introduction

Photocatalytic degradation technology is one of the

effective methods to solve the problem of environ-

mental pollution. Then, the research on photocatalyst

materials has become a hot topic for researchers, such

as ZnO, TiO2 and other materials [1–4]. In fact, due to

the limitation of light absorption capacity, low pho-

toelectric conversion efficiency, high recombination

rate of photo-generated electrons and holes and low

carrier mobility, simple semiconductor materials is

difficult to be directly applied in photocatalysis.

Therefore, it is necessary to prepare composite pho-

tocatalysts containing semiconductor components to

improve visible light absorption capacity, separate

photo-generated electron–hole pairs, or obtain strong

redox ability [5], so as to make the application of

photocatalytic technology in practice possible. In a

composite photocatalyst, whether the carriers can

transfer through the component interface depends on

the energy band relationship of the components. For

example, when two semiconductors with different

Fermi levels form a junction, electrons will transfer

through the interface from the high Fermi level side

to the low Fermi level side until the two Fermi levels

are equal [6, 7]. Thus, on both sides of the interface,

free electrons are depleted in the semiconductor on

the original high Fermi level side and accumulated in

the semiconductor on the low Fermi level side,

forming a built-in electric field at the interface [8].

Finally, on both sides of the interface, the bands of the

high Fermi level semiconductor bend upward, and

those of the low Fermi level semiconductor bend

downward [9]. As a result, the photo-generated

electrons near the interface will transfer in the

opposite direction to the built-in electric field. The

downward bending bands allow electrons to flow

out, but do not allow holes to flow out, while the

upward bending bands prohibit electrons from

flowing out, but allow holes to flow out. This char-

acteristic of composite photocatalysts plays an

important role in driving the opposite transfer of

photo-generated electrons and holes, so as to inhibit

the recombination of photo-generated electrons and

holes in each component. In p–n heterojunction, the

Fermi level change and band bending of semicon-

ductor components are shown in Fig. 1, where ‘‘CB’’

is conduction band, ‘‘VB’’ is valence band, and ‘‘EF’’ is

Fermi level [10, 11].

There are two possible common types of carrier

transfer mechanism in multi-semiconductor com-

posites, namely Z-scheme and type-II, which are

determined by the electron transfer path through the

interface between components [7]. For Z-type carrier

transfer mechanism in semiconductor composites,

the electrons in the conduction band (CB) of one

semiconductor are transferred to the valence band

(VB) of another semiconductor and combined with

the holes there, leaving holes in the VB of the former

and electrons in the CB of the latter. While for type-II

carrier transfer mechanism in composites, electrons

in the CB of the high Fermi level semiconductor flow

to the CB of the low Fermi level semiconductor, while

holes flow in the opposite direction in the composites.

Therefore, in composite photocatalysts, photo-gener-

ated electrons and holes are separated into two dif-

ferent semiconductor components whether carriers

transfer in Z-scheme or type-II mechanism. Gener-

ally, for a given composite photocatalyst, the redox

potential with type-II carrier transfer mechanism is

lower than that with Z-scheme carrier transfer

mechanism. However, compared with carrier loss in

Z-scheme carrier transfer mechanism, more carriers

can participate in photocatalytic reaction in type-II

carrier transfer mechanism [12]. Although a well-

designed composite photocatalyst generally shows

better photocatalytic performance than a single

semiconductor photocatalyst, the properties of dif-

ferent components and interfacial barrier directly

affect the photocatalytic properties of the composite

photocatalyst. Therefore, the selection of composite

photocatalyst component materials is very important.

ZnO is a wide band gap n-type semiconductor, which

has the advantages of high electron mobility, non-

toxic and low cost, so it has become a potential

component of composite photocatalyst. In addition,

ZnS has the same crystal structure and similar
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physical properties as ZnO [13]. After deposited on

the surface of ZnO matrix, the interfacial potential

barrier can be effectively reduced, and the charge

transfer through the interface is easier [5, 14]. Gen-

erally, the photo-generated carrier transfer mecha-

nism in ZnO/ZnS heterojunction is Z-scheme [14, 15].

How to adjust the carrier transfer mechanism in a

composite photocatalyst? It is a feasible solution to

change the carrier transfer way through the interface

by adjusting the Fermi levels of the composite com-

ponents [16]. In this case, the adjustment of Fermi

level of semiconductor components has become very

meaningful, and many adjustment methods have

been reported. Single element donor doping in

semiconductor could generally increase the electron

concentration in the semiconductor, so as to improve

its Fermi level [17–21], while acceptor doping could

decrease the Fermi level of the semiconductor [16].

Furthermore, multi-element co-doping showed

greater flexibility to adjust semiconductor Fermi

level. Donor–acceptor co-doping in semiconductor

showed a large adjustable range of Fermi level [22].

After fixing the oxygen vacancy (OV) defects in

crystal by multi-element co-doping, the adjustment of

Fermi level showed better controllability [23, 24]. In

addition, surface treatment of semiconductors could

also affect the Fermi level of semiconductors, such as

atmosphere treatment [25, 26], interface effect [27, 28]

and surface geometry treatment [29].

Without considering redox ability, ZnO/ZnS

heterojunction with type-II carrier transfer

mechanism can provide more carriers to participate

in photocatalytic reaction than that with

Z-scheme carrier transfer mechanism, which is con-

ductive to improve its photocatalytic degradation

efficiency. Therefore, it is necessary to study the for-

mation conditions of type-II photo-generated carrier

transfer mechanism in ZnO/ZnS-based composites.

In this study, ZnO/ZnS composite photocatalyst with

Z-scheme carrier transfer mechanism was first pre-

pared, and then the switching possibility of carrier

transfer mechanism from Z-scheme to type-II has

been studied by controlling La doping concentration

in ZnO nanorods.

Experiments

Preparation of ZnO/ZnS composite
photocatalyst

ZnO nanorods were grown on a silica substrate by

hydrothermal method, which is the same as that in

our previous studies [30, 31]. ZnO seed layer was first

deposited on a silica substrate by sol–gel method, and

then La-doped ZnO nanorods were grown on the

seed layer by hydrothermal method. In this process,

lanthanum nitrate hexahydrate (La(NO3)3•6H2O)

was used as the doping precursor of ZnO nanorods,

and the amounts of La3? in hydrothermal solution

were 0.5%, 1.0%, 1.5% and 2.0% of the molar ratio of

Zn2?, respectively. The samples of hydrothermal-

Figure 1 Schematic diagram of band coupling between semiconductor components when p–n heterojunction is formed.
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grown ZnO nanorods with a length of about 1.5 um

were labeled as ‘‘ZnO-c’’ (c = 0, 0.5, 1.0, 1.5 or 2.0) [31].

Deionized (DI) water of 40 mL was poured into a

beaker containing 200 mg of thiourea (CH4N2S) and

ultrasonicated for 5 min, and then a uniform solution

was obtained. The solution was transferred to a

100-mL autoclave containing ZnO nanorods sample,

and kept at 180 �C for 40 min, 50 min, 60 min or

70 min. The partially sulfurized ZnO nanorod sample

was labeled as ‘‘ZnS-T’’ (T = 40, 50, 60 or 70). The pure

ZnS sample was obtained by the same method but

with longer sulfurization time. The sample synthetic

process is shown in Fig. 2.

Characterizations

The structural properties of the samples were char-

acterized by X-ray diffraction (XRD, D8-ADVANCE).

The surface morphology of the samples was exam-

ined by a cold field emission scanning electron

microscope (FESEM, JMS-6700F) and transmission

electron microscope (TEM, JEM-2010). The elemental

composition of the samples was analyzed by an

energy dispersive X-ray spectrometer (EDXS). The

optical properties of the samples were studied with

an ultraviolet–visible spectrophotometer (PE Lambda

35) and fluorescence spectrophotometer (PL, fluo-

rescence spectrophotometer, F97 pro) with an exci-

tation wavelength of 254 nm. The element binding

states of the samples were analyzed by an X-ray

photoelectron spectroscopy (XPS, Thermo Scien-

tificTM, K-AlphaTM, Thermo Fisher). And the elec-

trochemical impedance spectroscopy (EIS) of the

samples was examined by an electrochemical work-

station (CHI660D).

Photocatalytic property test

Under simulated sunlight irradiation (Xe lamp, CEL-

S500/350, 300 nm–2500 nm), the photocatalytic

properties of the samples were tested by the photo-

catalytic degradation efficiency of methylene blue

(MB) solution with an initial concentration of 30 mg/

L. After the sample on substrate was put into a cuv-

ette containing 4 mL of 30 mg/L MB solution, it was

kept in the dark for 15 min, and then irradiated with

simulated sunlight. The distance between the Xe

lamp and the MB solution surface was 15 cm. Under

the photocatalytic action of the sample, the intrinsic

absorbance of MB solution at 665 nm was checked

every 15 min, indicating the concentration change of

MB solution. The degradation efficiency (g) of the

sample was calculated as follows:

g ¼ 1 � C=C0

� �
� 100% ð1Þ

where ‘‘C’’ is the MB solution concentration at time

‘‘t,’’ and ‘‘C0’’ is the initial MB solution concentration.

Results and discussion

Figure 3a, b shows the XRD diffraction pattern of the

samples, from which it can be seen that all the

undoped ZnO nanorods, La-doped ZnO nanorods

and ZnO/ZnS series composite samples show the

hexagonal wurtzite structure of ZnO (JCPDS No. 79-

Figure 2 Schematic diagram

of photocatalyst preparation

process.
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2205). Figure 3a shows the XRD diffraction pattern of

the La-doped ZnO nanorods series samples. The

sharp and strong ZnO (002) peak at about 34� indi-

cates that all the samples have good crystal quality

and preferred growth in (002) direction. In addition,

as indicated in the inset of Fig. 3a, the (002) peak

shifts significantly to the right, which indicates that

La doping leads to the lattice shrinkage of ZnO

crystal according to Bragg’s law. The crystallite size

of the samples was calculated by Debye–Scherrer

formula with the full width at half maximum

(FWHM) of ZnO (002) peak, and is listed in Table 1.

When the La doping concentration is 1.5%, the ZnO

crystallite size is the smallest due to heavy lattice

shrinkage. However, compared with the undoped

ZnO nanorods sample, when the La doping concen-

tration is as high as 2.0%, excessive La atoms enter

the interstitial positions of ZnO lattice and result in

lattice expansion, which is indicated by the slight left

shift of ZnO (002) peak. Therefore, the crystallite size

of the ZnO-2.0 sample is the biggest. Figure 3b shows

the XRD diffraction pattern of the ZnO-c/ZnS-T series

composite samples. A weak peak at about 29.4� in all

the composite samples represents the (104) plane of

hexagonal ZnS (JCPDS No. 72–0163), indicating that

ZnS component was successfully synthesized in situ

on the surface of ZnO nanorods. While in the ZnS

sample, the peak becomes only slightly stronger and

shifts to the left, indicating the degraded crystal

quality and heavy lattice distortion due to high

concentration defects. Debye–Scherrer formula was

used to calculate the crystallite size (D) of the samples

according to the FWHM of ZnO (002) peak:

D ¼ Kk=B cos h ð2Þ

where ‘‘K’’ is a constant, ‘‘k’’ is the incident X-ray

wavelength, ‘‘h’’ is diffraction angle, and ‘‘B’’ is

FWHM.

The morphology of the samples was investigated

with SEM measurements, as shown in Fig. 4. Fig-

ure 4a–e shows the morphology of the ZnO-c series

samples. The image of the undoped ZnO nanorods

sample in Fig. 4a shows that the orientation of the

nanorods with an average diameter less than 100 nm

is not very orderly. La doping increases the diameter

of ZnO nanorods and makes them more ordered. The

higher the La doping concentration, the larger the

average diameter of the ZnO nanorods. When the

doping concentration reaches 2.0%, the nanorods in

the ZnO-2.0 sample becomes very thick, with an

average diameter of more than a few hundred

nanometers, and the nanorods are even squeezed

together. The results are consistent with the previous

XRD measurements. Figure 4f–j shows the morphol-

ogy of the ZnO-0/ZnS-T series samples, from which it

can be seen that the sulfurization process does not

significantly affect the morphology of the samples.

Figure 4k–l shows the EDXS measurements of the

ZnO-0/ZnS-60 sample. O, Zn, Si and S elements are
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Figure 3 XRD patterns of the samples: a ZnO-c series samples and b ZnO-c/ZnS-T series samples (The inset is the local enlargement of the

part surrounded by dotted line in each figure).
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Table 1 FWHM and

crystallite size of the ZnO-c

series samples

ZnO-0 ZnO-0.5 ZnO-1.0 ZnO-1.5 ZnO-2.0

FWHM(�) 0.14743 0.14978 0.14843 0.15604 0.1454

Crystallite Size (D/nm) 53.7958 52.9511 53.4332 50.8220 54.5472

Figure 4 SEM images of the samples: a–e ZnO-c series samples

(c = 0, 0.5, 1.0, 1.5 and 2.0, respectively), f–i ZnO-0/ZnS-T series

samples (T = 40, 50, 60 and 70, respectively), j Surface scanning

area of the ZnO-1.5/ZnS-60 sample, and k–l Element distribution of

the ZnO-0/ZnS-60 sample.

988 J Mater Sci (2022) 57:983–1005



detected, in which Si element comes from the sub-

strate. The existence of S element further confirms the

successful sulfurization of ZnO nanorods, which is

also consistent with the XRD measurement results.

The TEM and EDXS measurements of the ZnO-1.5/

ZnS-60 sample are shown in Fig. 5. As shown in

Fig. 5a, c, the TEM measurements show that the

diameter of the nanorods is about 100 nm. The crystal

plane spacing of 0.274 nm in Fig. 5b and 0.318 nm in

Fig. 5d corresponds to the ZnO (100) and ZnS (104)

planes, respectively, confirming the successful sul-

furization of the ZnO nanorods in the ZnO-1.5/ZnS-60

sample. In addition, as shown in Fig. 5c, the obtained

ZnS nanoparticles with an average size of 40 nm are

sparsely distributed on the surface of Zn nanorods,

which contributes to the weak ZnS (104) diffraction

peak intensity in Fig. 3. Figure 5e shows the selected

area of the ZnO-1.5/ZnS-60 sample for EDXS mea-

surements, and Fig. 5f–j shows the element mapping

of Zn, O, S, La, Si elements, indicating the uniform

distribution of the elements, where Si element comes

from the substrate.

The optical absorption characteristics of the sam-

ples were studied by UV–vis absorption spec-

troscopy. As shown in Fig. 6, the ZnO-c and ZnO-c/

ZnS-T series samples show high absorbance in the

ultraviolet region of about 400 nm, which comes from

the intrinsic absorption of ZnO. In Fig. 6a, all the

samples except the ZnO-0 show high absorbance in

the visible light region of 400–600 nm, which is

attributed to the increase in VO defect concentration

in ZnO crystal [31]. Because the electronegativity of

La (1.10) is lower than that of Zn (1.65), the intrinsic

absorbance of La-doped ZnO is red-shifted [32, 33].

Simultaneously, due to the introduction of a large

number of defects caused by La doping, impurity

energy levels are formed in ZnO band structure,

which improves the visible light absorption of the

ZnO-c series samples. The visible light absorbance of

the ZnO-c series samples first increases and then

decreases with the increase in La doping concentra-

tion, and the maximum value appears in the ZnO-1.5

sample. Figure 6b shows the absorbance of the ZnO-

c/ZnS-T series samples. In the undoped composite

samples, the absorbance of the samples increases first

and then decreases in visible light region with the

increase in sulfurization time, and the maximum

value appears in the ZnO-0/ZnS-60 sample. Consid-

ering the high visible light absorption in the ZnS

sample caused by S-related defects [34], the increase

in visible light absorption of the ZnO-0/ZnS-T series

samples seems to be due to the increase in ZnS con-

tent in the composites. However, the visible light

absorption of the ZnO-0/ZnS-70 sample with higher

ZnS content decreases. Therefore, the increase in

visible light absorption of the ZnO-0/ZnS-T series

samples may be attributed to another possibility of

the separation efficiency of photo-generated electron–

hole pairs in the heterojunctions. Therefore, the

decrease in visible light absorption of the ZnO-0/ZnS-

70 can be explained by the decrease in the separation

efficiency of photo-generated electron–hole pairs due

to the formation of excessive ZnS in the composite. In

addition, the visible light absorption of the ZnO-1.5/

ZnS-60 is higher than that of the ZnO-0/ZnS-60 due to

La doping.

As shown in Fig. 6c, the fitting optical band gap

(Eg) of the samples was calculated by Tauc formula,

and the obtained values of the samples are listed in

Table 2. Tauc formula is as follows [35, 36]:

ahtð Þ1=n¼ A ht� Egð Þ ð3Þ

where ‘‘a’’ is the absorption coefficient, ‘‘A’’ is the

constant, and ‘‘ht’’ is incident light energy. For direct

transition semiconductor, ‘‘n’’ is ‘‘1/2,’’ while for

indirect transition semiconductor, ‘‘n’’ is ‘‘2.’’

The PL spectra of the samples are shown in Fig. 7.

The ZnO intrinsic emission peak at about 390 nm

appears in all the composite samples. And the peak at

about 460 nm is attributed to the emission associated

with oxygen vacancy (VO) defects. Figure 7a shows

that La doping improves the intrinsic emission

intensity of ZnO, indicating the improvement of ZnO

crystal quality, which is consistent with the XRD

measurement results. As shown in Fig. 7b, the

intrinsic emission intensity of ZnO decreases gradu-

ally with the increase in sulfurization time in the

ZnO-0/ZnS-T series samples, implying that ZnO/ZnS

heterojunction is formed by the formation of ZnS

component. Considering that both ZnO and ZnS are

n-type semiconductors, due to the potential differ-

ence of the conduction band minimum (CBM)

between ZnO and ZnS, a built-in electric field from

ZnO to ZnS is formed at the interface when ZnO and

ZnS form a heterojunction, which promotes the sep-

aration of photo-generated electron–hole pairs and

prolongs carrier lifetime. Therefore, with the increase

in sulfurization time, the ZnS content in ZnO/ZnS

composite increases and the recombination of photo-

generated electrons and holes is inhibited. In

J Mater Sci (2022) 57:983–1005 989
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Figure 5 Composition and element distribution measurements of the ZnO-1.5/ZnS-60 sample: a-d TEM measurements, e Selected area for

EDXS measurements and f-j Element mapping of Zn, O, S, La and Si elements.

990 J Mater Sci (2022) 57:983–1005



addition, compared with the ZnO-0/ZnS-60 sample,

the ZnO intrinsic emission intensity of the ZnO-1.5/

ZnS-60 sample is greatly increased, which may be due

to two possibilities. One is that La doping increases

carrier concentration, and the other is that the origi-

nal Z-scheme electron transport mechanism in the

heterojunction is changed to type-II. In addition, as

shown in Fig. 7b, with the increase in sulfurization

time, the intrinsic emission intensity of ZnO in the

undoped composite samples becomes lower and

lower, and the lowest value appears in the ZnO-0/

ZnS-60 sample, indicating that the number of ZnO CB

electrons falling back to the VB becomes less, which is

attributed to the separation of photo-generated car-

rier in heterojunction [30]. However, the ZnO intrin-

sic emission intensity in the ZnO-1.5/ZnS-60 sample is
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Figure 6 UV–vis measurements of the samples: a ZnO-c series samples, b ZnO-0, ZnS and ZnO-c/ZnS-T series samples, and c Tauc plots

of the ZnO-0, ZnO-1.5, ZnO-0/ZnS-60, ZnO-1.5/ZnS-60 samples.

Table 2 Optical band gaps of

the ZnO-0, ZnO-1.5, ZnO-0/

ZnS-60, ZnO-1.5/ZnS-60 and

ZnS samples

Sample ID ZnO-0 ZnO-1.5 ZnO-0/ZnS-60 ZnO-1.5/ZnS-60 ZnS

Optical band gap (Eg) 3.28 eV 3.22 eV 3.17 eV 3.10 eV 3.68 eV
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much higher than that in the ZnO-0/ZnS-60 sample,

which may be caused by the decrease in carrier

mobility caused by heavy doping in the ZnO-1.5/ZnS-

60 sample. For Z-scheme carrier transfer mechanism

in ZnO/ZnS heterojunction, the electrons in the CB of

ZnO are transferred to the VB of ZnS and combined

with the holes there, leaving holes in the VB of ZnO

and electrons in the CB of ZnS. While for type-II

carrier transfer mechanism in ZnO/ZnS heterojunc-

tion, carrier transport direction depends on cascade

band structure of the composite. If the carrier transfer

mechanism in the ZnO-1.5/ZnS-60 sample is changed

from Z-scheme to type-II, more electrons in the CB of

ZnO can fall to the VB of ZnO and combine with the

holes there. Then, the increase in ZnO intrinsic

emission intensity is possible.

Figure 8 shows the photocatalytic activity of the

samples, which is characterized by the degradation

efficiency of MB solution under simulated sunlight.

The MB solution containing the sample to be tested

was first placed in the dark for 15 min to obtain the

molecular adsorption and desorption equilibrium on

its surface, and then irradiated with simulated sun-

light for 60 min. By tracking the intrinsic absorbance

change of the MB solution at 665 nm wavelength, the

concentration change of the MB solution caused by

the photocatalytic behavior of the sample can be

determined. In Figure 8a, compared with the ZnO-0

sample, the degradation efficiency of the ZnO-c series

samples is much improved. And it increases first and

then decreases with the increase in La doping

concentration, and the maximum value appears in

the ZnO-1.5 sample. However, compared with the

ZnO-1.5 sample, the ZnO-1.5/ZnS-60 composite sample

shows better photocatalytic performance due the

separation of photo-generated electron–hole pairs.

Figure 8b shows the photocatalytic performance of

the ZnO-c/ZnS-T series samples, which first increases

and then decreases with sulfurization time, and the

maximum value appears in the ZnO-0/ZnS-60 sample.

In addition, although the ZnO-0/ZnS-60 sample

shows the best photocatalytic performance in the

ZnO-0/ZnS-T series samples, the performance of the

ZnO-1.5/ZnS-60 sample seems to be better than it due

to La doping. Figure 8c, d shows the photocatalytic

performance comparison of the samples, and the

detailed values are listed in Table 3.

Figure 9 shows the pseudo-first-order reaction rate

constant of MB solution photocatalyzed by the sam-

ples. Figure 9a, b shows the fitting degradation

kinetic curves of MB solution photocatalyzed by the

ZnO-c and ZnO-c/ZnS-T series samples, respectively.

Generally, the time dependence of ln(C0/C) is

approximately linear, and the slope of the fitting line

is described as degradation rate constant (K). There-

fore, the detailed degradation rate constants of MB

solution photocatalyzed by the ZnO-c and ZnO-c/

ZnS-T series samples are shown in Fig. 9c, d, and the

highest value of 0.03916 is for the ZnO-1.5/ZnS-60

sample (Table 4).

Figure 10 shows the performance stability test of

the ZnO-1.5/ZnS-60 sample in the cyclic photocatalytic

400 500 600 700

In
te

ns
ity

 (a
. u

.)

Wavelength (nm)

ZnO-0
ZnO-0.5
ZnO-1.0
ZnO-1.5
ZnO-2.0

(a)

400 500 600 700

In
te

ns
ity

 (a
. u

.)

Wavelength (nm)

 ZnO-0
ZnO-0/ZnS-40
ZnO-0/ZnS-50
ZnO-0/ZnS-60
ZnO-0/ZnS-70
ZnO-1.5/ZnS-60

(b)

Figure 7 PL spectra of the samples: a ZnO-c series samples, and b ZnO-c/ZnS-T series samples.
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degradation of MB solution. As shown in Fig. 10a,

after four cyclic tests, the degradation efficiency of

MB solution still remains at 90.25%, indicating good

stability of the sample. In addition, the structural

stability of the sample is also investigated with XRD

measurements. As shown in Fig. 10b, the sample

structure does not change after four cyclic tests, and

even the intensity of ZnO (002) peak does not change
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Figure 8 Photocatalytic characteristics of the samples to MB solution: a ZnO-c series samples, b ZnO-c/ZnS-T series samples and c,

d Degradation rate constants of MB solution photocatalyzed by the samples.

Table 3 Degradation rate constants of MB solution photocatalyzed by the ZnO-c and ZnO-c/ZnS-T series samples, respectively

Sample ID Degradation efficiency of MB solution (%) Sample ID Degradation efficiency of MB solution (%)

ZnO-0 79.66 ZnO-0 79.66

ZnO-0.5 84.65 ZnO-0/ZnS-40 82.45

ZnO-1.0 89.65 ZnO-0/ZnS-50 87.80

ZnO-1.5 91.92 ZnO-0/ZnS-60 90.99

ZnO-2.0 86.29 ZnO-0/ZnS-70 80.18

ZnO-1.5/ZnS-60 93.92 ZnO-1.5/ZnS-60 93.92
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visibly, indicating that the ZnO-1.5/ZnS-60 sample has

good structural stability in photocatalytic degrada-

tion process.

The surface element binding states of the samples

are studied with the X-ray photoelectron spec-

troscopy (XPS) measurements for the ZnO-0, ZnO-1.5,

ZnO-0/ZnS-60 and ZnO-1.5/ZnS-60 samples. As shown

in Fig. 11a, Zn, O, S, and La elements are confirmed

in the ZnO-1.5/ZnS-60 sample. Figure 11b shows Zn

2p binding energy of the samples. For the ZnO-0

sample, the peaks at 1042.17 eV and 1019.11 eV cor-

respond to Zn 2p1/2 and Zn 2p3/2 states, respectively.

The energy difference between the two peaks is

23.06 eV, indicating that Zn element exists in the

oxidation state of Zn2? [36]. Compared with the ZnO-

0 sample, the peak positions of Zn 2p in the ZnO-0/

ZnS-60 sample shift slightly to the direction of low
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Figure 9 Photocatalytic performance of the ZnO-c and ZnO-c/ZnS-T series samples for MB solution: a. b Fitting degradation rate curves

and c, d Degradation rate constants of the ZnO-c and ZnO-c/ZnS-T series samples, respectively.

Table 4 Degradation rate constants of MB solution

photocatalyzed by the ZnO-c and ZnO-c/ZnS-T series samples

Sample ID Rate constant Sample ID Rate constant

ZnO-0 0.0218 ZnO-0 0.0218

ZnO-0.5 0.0275 ZnO-0/ZnS-40 0.0246

ZnO-1.0 0.0316 ZnO-0/ZnS-50 0.0295

ZnO-1.5 0.0349 ZnO-0/ZnS-60 0.0329

ZnO-2.0 0.0276 ZnO-0/ZnS-70 0.0223

ZnO-1.5/ZnS-60 0.0391 ZnO-1.5/ZnS-60 0.0391
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binding energy, which may be induced by the lower

electronegativity of S atom (2.58) than O atom (3.44).

Furthermore, another factor leading to the peak shift

cannot be ignored, that is, free charges migrate

through the interface in heterojunction and form a

built-in electric field in the ZnO-0/ZnS-60 sample

[37, 41]. The XRD, SEM and TEM measurements

confirm a fact that ZnS content in all the composite

samples is very low, and then Zn2? ions mainly come

from the ZnO component in the composites [1].

Therefore, if the low energy direction peak shift of Zn

2p is caused by the built-in electric field in the ZnO-0/

ZnS-60 composite sample, the built-in electric field

direction can be deduced from the ZnS component to

the ZnO component. Compared with the ZnO-1.5

sample, two Zn 2p peaks in the ZnO-1.5/ZnS-60 sam-

ple shift to the direction of high binding energy,

which illustrates that the number of free charges in

the ZnO component becomes more due to La donor

doping, the increase in Fermi level in the La-doped

ZnO component promotes free charges to migrate to

ZnS component in the heterojunction [38, 39], and the

direction of the built-in electric field in the hetero-

junction is from the ZnO component to the ZnS

component, which is opposite to that in the ZnO-0/

ZnS-60 sample. The results show that the peak shift

direction of the element binding energy in the com-

posites is dominated by the free charge migration

direction through the interface between the two

components, rather than by the electronegativity

difference between S and O atoms. In addition,

compared with the ZnO-0 sample, the Zn 2p peak

positions in the ZnO-1.5 sample shift slightly to the

direction of low binding energy, which is due to the

fact that the electronegativity of La atom (1.10) is

lower than that of Zn atom (1.65). In Fig. 11c, O ele-

ment binding state in the Zn-0 sample can be fitted

into three peaks of 527.87 eV (I), 529.39 eV (II), and

530.60 eV (III), which correspond to the lattice oxy-

gen atom, OV defect, and surface adsorbed oxygen,

respectively [38–41]. Compared with the Zn-0 sample,

the peak II intensity decreases and the peak I inten-

sity increases in the Zn-0/ZnS-60 sample, which

illustrate that the free charge transfer from the ZnS

component to the ZnO component in the composite

reduces the concentration VO defects and increases

the concentration of lattice oxygen atoms. In addition,

compared with the ZnO-0 sample, the obtained free

charges make the peak II and peak III in the Zn-0/

ZnS-60 sample shift to the direction of low binding

energy. In the composite, although the ZnO compo-

nent obtains free charges from the ZnS component,

the decrease in VO defect concentration and the

increase in lattice oxygen atom concentration make

the peak I move slightly to the direction of high

binding energy. Moreover, for the ZnO-1.5/ZnS-60

sample discussed above, La donor doping introduces

a large number of free charges into the ZnO compo-

nent in the sample, which leads to an increase in ZnO

Fermi level. Therefore, the migration of free charges
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from ZnO to ZnS forms a built-in electric field from

the ZnO component to the ZnS component in the

sample. In Fig. 11c, compared with the ZnO-1.5 sam-

ple, the high-energy direction shift of the O 1 s

binding states (indicated by the Peak I, Peak II and

Peak III) is caused by the free charge transfer from the

ZnO component to the ZnS component. Figure 11d

shows that in the ZnO-0/ZnS-60 sample, the binding

peaks of S 2p1/2 and S 2p3/2 are located at 160.62 eV

and 159.21 eV, respectively, while in the ZnO-1.5/

ZnS-60 sample, the binding peaks of S 2p1/2 and S

2p3/2 are located at 160.47 eV and 159.24 eV respec-

tively. Compared with the ZnO-0/ZnS-60 sample, the

peak shift of S 2p1/2 and S 2p3/2 in the ZnO-1.5/ZnS-60

sample illustrates that the La doping concentration in

ZnO affects the elemental binding states in the ZnO/

ZnS-based composites, and may even affect the car-

rier transfer mechanism in the heterojunctions. Fig-

ure 11e illustrates that the binding energies of La 3d3/

2 and La 3d5/2 are detected in both of the ZnO-1.5 and

ZnO-1.5/ZnS-60 samples [42, 43]. Compared with the

ZnO-1.5 sample, the La 3d binding peaks in the ZnO-

1.5/ZnS-60 sample shift to the direction of high

energy, which confirms a fact that the free charges in

the ZnO component are transferred to the ZnS com-

ponent through the interface and a built-in electric

field is formed in the heterojunction.

According to Mott–Schottky equation, the carrier

density (ND) of the samples can be calculated. The

Mott–Schottky plots (M-S plot) of the samples are

shown in Fig. 12, by which the flat band potentials

(EFB) of the samples are obtained. Mott–Schottky

equation is as follows [44, 45]:

1=C2
s ¼ 2=qee0NDð Þ EAP � EFBð Þ � KT=q½ � ð4Þ

ND ¼ 2=qee0ð Þ d 1=C2
s

� �
=dE

� ��1 ð5Þ

where ‘‘q’’ is elementary charge, ‘‘K’’ is the Boltzmann

constant, ‘‘T’’ is the absolute temperature, ‘‘e0’’ is the

vacuum dielectric constant, ‘‘e’’ is the dielectric con-

stant of ZnO, ‘‘Cs’’ is the capacitance of the space

charge region per unit area of semiconductor, and

‘‘EAP’’ is the applied potential between the electrodes

for M-S plot [38]. The Mott–Schottky equation is

derived from plate electrodes, so the calculated ‘‘ND’’

and ‘‘EFB’’ values are only used for comparison pur-

pose [46]. According to the Mott–Schottky plots, the

EFB potentials of the ZnO-0, ZnO-1.5, ZnO-0/ZnS-60,

ZnO-1.5/ZnS-60 and ZnS samples are fitted with SCE

as the reference potential in Fig. 12. The detailed

values are converted by using NHE as the reference

potential and listed in Table 5. Since EFB can be

regarded as the conduction band minimum potential

(ECBM) approximately for n-type semiconductor, its

valence band maximum potential (EVBM) can be cal-

culated as follows:

EVBM = Eg + ECBM ð6Þ

where ‘‘Eg’’ is the optical band gap of semiconductor.

Therefore, the calculated results of the samples are

also shown in Tab. 5. The positive fitting curve slope

of the ZnO-0, ZnO-1.5, ZnO-0/ZnS-60, ZnO-1.5/ZnS-60

and ZnS samples indicates that all the samples are

n-type semiconductor. Since carrier density ND is

inversely proportional to the slope of fitting line

according to Eqs. (4) and (5), the carrier concentration

in the ZnO-1.5/ZnS-60 sample is inferred to be the

highest.

In order to further investigate the carrier transfer

mechanism in ZnO/ZnS-based composite photocat-

alysts, the band structures of the ZnO-0, ZnO-1.5, ZnO-

0/ZnS-60, ZnO-1.5/ZnS-60 samples are shown in

Fig. 13. The band structure change of ZnO after La

doping is shown in Fig. 13a, in which the valence

band of ZnO is mainly from the orbital levels of O 2p,

and the conduction band is mainly from the orbital

levels of Zn 4 s. When La element is doped in ZnO

nanorods, the partial hybridization between the

outermost electron orbitals of La element and the

electron orbitals in ZnO conduction band produces

an additional occupied shallow donor state, resulting

in the narrowing of ZnO band gap [47]. In addition,

La donor doping introduces more free electrons into

ZnO, as shown in Fig. 12, making the Fermi level of

the ZnO-1.5 sample close to its CB. For the same rea-

son, the electron binding energy of Zn and O ele-

ments in the ZnO-1.5 sample decreases to a certain

extent, as shown in Fig. 11. Thus, the overall band

structure of the ZnO-1.5 sample moves upward. Since

the ZnO intrinsic absorbance in the ZnO-0/ZnO-60

sample is higher than that in the ZnO-0 sample as

shown in Fig. 6b and the ZnO intrinsic emission in

the ZnO-0/ZnS-60 sample is lower than that in the

ZnO-0 sample as shown in Fig. 7 (b), it can be inferred

that photo-generated electrons and holes are sepa-

rated in the ZnO-0/ZnS-60 sample. According to the

band structures of the ZnO-0 and ZnO-0/ZnO-60

samples shown in Fig. 13b, due to the band bending

induced by the built-in electric field in the hetero-

junction, when the photo-generated electrons in the
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Figure 13 Schematic diagram of band structure of the samples: a band structure change of ZnO caused by La donor doping and b band

structures of the ZnO-0, ZnO-1.5, ZnS, ZnO-0/ZnS-60 and ZnO-1.5/ZnS-60 samples.

Table 5 ECBM, EVBM and Eg values of the ZnO-0, ZnO-1.5, ZnO-0/ZnS-60, ZnO-1.5/ZnS-60 and ZnS samples with NHE as the reference

Sample ID ECBM EVBM Eg

ZnO-0 - 0.09 V ? 3.19 V 3.28 eV

ZnO-1.5 - 0.26 V ? 2.96 V 3.22 eV

ZnO-0/ZnS-60 - 0.06 V ? 3.11 V 3.17 eV

ZnO-1.5/ZnS-60 - 0.36 V ? 2.74 V 3.10 eV

ZnS - 0.96 V ? 2.72 V 3.68 eV
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CB of ZnO are transferred between the components,

they can only be transferred to the VB of ZnS and

combine with the photo-generated holes there. Thus,

the separation mechanism of photo-generated elec-

tron and hole pairs in the ZnO-0/ ZnS-60 sample can

be clarified as a Z-scheme carrier transfer mechanism.

When the sample is irradiated by light, the VB elec-

trons of ZnO and ZnS are excited to their respective

CBs. Some of the photo-generated electrons fall back

to their respective CBs, contributing to the intrinsic

emissions of ZnO and ZnS. Simultaneously, some of

the CB electrons of ZnO are transferred to the VB of

ZnS, and combined with the photo-generated holes

there, leaving the electrons in the CB of ZnS and holes

in the VB of ZnO. While in the ZnO-1.5/ZnS-60 sam-

ple, the Fermi energy in ZnO is increased due to

heavy La donor doping, and the free charges in the

ZnO component are transferred to the ZnS compo-

nent. Then, a new built-in electric field from ZnO to

ZnS is formed in the heterojunction, and its direction

is opposite to that of the ZnO-0/ZnS-60 sample. The

corresponding band bending forms a cascade band

structure between the two components, as shown in

Fig. 13b. Then, the photo-generated carrier transfer in

the heterojunction follows a type-II mechanism, that

is, the photo-generated electrons in the CB of ZnS are

transferred to the CB of ZnO, and the photo-gener-

ated holes in the VB of ZnO are transferred to the VB

of ZnS. The inference of type-II carrier transfer

mechanism in the ZnO-1.5/ZnS-60 sample is sup-

ported by the UV–vis and PL measurements.

In order to further study and clarify the photocat-

alytic reaction mechanism in the degradation of MB

solution, the active group trapping experiments in

photocatalytic reaction of MB solution were carried

out on the ZnO, ZnO-0/ZnS-60 and ZnO-1.5/ZnS-60

samples under 75 min of Xe lamp irradiation. Tri-

ethanolamine (TEOA), isopropanol (IPA) and ben-

zoquinone (BQ) were used as trapping agents to

detect the contribution of photo-induced holes (h?),

hydroxyl radicals (•OH) and superoxide radicals

(•O2) to the degradation of MB solution, respectively

[48–51]. The results are shown in Fig. 14. Since •O2

group generation potential (O2/•O2 vs. NHE, -0.33 V

[12]) is lower than the CBM of ZnO (-0.09 V), •O2

groups cannot be produced by the ZnO-0 sample.

However, the introduction of ZnS component in the

ZnO-0/ZnS-60 and ZnO-1.5/ZnS-60 samples modifies

their band structure, and even provides a new

transfer path for photo-generated carriers. Since the

CBM of ZnS (-0.96 V) in the ZnO-0/ZnS-60 sample

with Z-scheme carrier transfer mechanism is more

negative than -0.33 V, the formation condition of •O2

groups can be met in the ZnO-0/ZnS-60 sample. For

the ZnO-1.5/ZnS-60 sample with type-II carrier trans-

fer mechanism, the elevated CBM of ZnO (-0.36 V)

due to La donor doping is also more negative than -

0.33 V, and •O2 groups can also be produced in the

sample. These are the reasons why the •O2 active

groups produced by the ZnO-0, ZnO-0/ZnS-60 and

ZnO-0/ZnS-60 samples have different contributions to

the degradation of MB solution. In addition, holes are

accumulated at the VB of ZnO (? 3.11 V) in the ZnO-

0/ZnS-60 sample and at the VB of ZnS (? 2.72 V) in

the ZnO-1.5/ZnS-60 sample due to different carrier

transfer mechanisms. Although they can all partici-

pate in photocatalytic degradation reactions, the

holes in the ZnO-0/ZnS-60 sample exhibit stronger

oxidation ability. Furthermore, it can be seen that for

all the samples, the degradation efficiency of MB

solution decreases significantly after adding IPA,

illustrating that •OH radicals are the main active

groups in the photocatalytic reaction of MB solution.

In the same way, the contribution of h? groups to the

degradation of MB solution is determined to be the

second, while •O2 radicals have the least effect.

The EIS properties of the ZnO-0, ZnO-1.5, ZnO-0/

ZnS-60 and ZnO-1.5/ZnS-60 samples are investigated

to explore the carrier transfer characteristics of the

samples. The EIS Nyquist plot of all the samples

shows a standard semicircle, as shown in Fig. 15a.
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The semicircle radius in Nyquist plot illustrates the

charge transfer impedance in the sample, and the

radius of semicircle indicates the charge transfer

impedance of the sample. The smaller the radius, the

smaller the impedance. Then, as shown in the figure,

the electrochemical impedance of the ZnS sample is

the highest, while that of the ZnO-0 sample is the

lowest. For the ZnO-1.5 sample, although the free

electron concentration increases due to heavy La

donor doping, the defect-induced scattering effect

results in a decrease in carrier mobility. Therefore, the

synergistic effect makes an increase in the sample

impedance [34]. After sulfurization, the electro-

chemical impedance of the ZnO-0/ZnS-60 and ZnO-

1.5/ZnS-60 samples increases due to the interface

barrier between ZnO and ZnS components, but it is

still less than that of the ZnS sample, which is con-

sistent with the report [5]. In order to further verify

the carrier transfer mechanism difference in the ZnO-

0/ZnS-60 and ZnO-1.5/ZnS-60 samples, the photocat-

alytic formation ability of •OH groups by the two

samples is investigated with the yield of hydrox-

yterephthalic acid since terephthalic acid (TA) can

react with •OH groups to produce hydroxytereph-

thalic acid in solution [52, 53]. Due to the consump-

tion of holes by the combination of the CB electrons

of ZnO and VB holes of ZnS in Z-scheme carrier

transfer mechanism, the formation amount of •OH

group in the TA solution photocatalyzed by the

composite with Z-scheme carrier transfer mechanism

should be less than that photocatalyzed by the com-

posite with type-II carrier transfer mechanism. As

shown in Fig. 15b, the characteristic peak intensity of

hydroxyterephthalic acid in solution photocatalyzed

by the ZnO-1.5/ZnS-60 sample is higher than that

photocatalyzed by the ZnO-0/ZnS-60 sample, illus-

trating that the photo-generated hole amount pro-

duced by the ZnO-1.5/ZnS-60 sample is higher than

that by the ZnO-0/ZnS-60 sample. The results are

consistent with the inference that the carrier transfer

mechanism in the ZnO-0/ZnS-60 sample is Z-scheme,

while that in the ZnO-1.5/ZnS-60 sample is type-II.

Based on the above discussions, the photocatalytic

mechanism of the ZnO-1.5/ZnS-60 sample is shown in

Fig. 16. According to the type-II carrier transfer

mechanism, the photo-generated electrons in the CB

of ZnO are transferred to the CB of ZnS, and the

photo-generated holes in the VB of ZnS transfer to the

VB of ZnO at the same time. Therefore, the photo-

generated electrons and holes in the composite are

separated into the two different components. The

electrons in the CB of ZnO reduce the adsorbed O2

molecules to •O2 active groups (O2/•O2 vs. NHE, -

0.33 V) and the holes in the VB of ZnS oxidize OH-

ions in solution to •OH hydroxyl radicals (•OH/OH-

vs. NHE is ? 1.99 V and •OH/H2O vs. NHE is ?

2.34 V, respectively) [12]. Both •O2 active groups and

•OH hydroxyl radicals can participate in photocat-

alytic reaction at the same time, which improves the

photocatalytic performance of the composite
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photocatalyst. Figure 11 shows that •OH hydroxyl

radicals are the main active groups producing cat-

alytic activity. Therefore, the ZnO-1.5/ZnS-60 sample

with type-II carrier transfer mechanism shows the

best photocatalytic degradation performance.

Conclusions

ZnO nanorod-based ZnO-c/ZnS-T series samples

were prepared with sol–gel and hydrothermal

methods. The effects of La doping concentration in

ZnO nanorods and sulfurization time on the struc-

tural and optical–electric properties of the composite

were investigated. Furthermore, the transfer mecha-

nism of photo-generated carriers in composite sam-

ples with different La doping concentration was also

studied. With the increase in La doping concentra-

tion, the ZnO (002) peak intensity first increases and

then decreases, and the maximum value appears in

the ZnO nanorods sample with La doping concen-

tration of 1.5%. In addition, with the increase in sul-

furization time of ZnO nanorods in the composite,

the visible light absorption of the composite samples

first increases and then decreases, and the maximum

value appears in the sample sulfurized for 60 min. In

the ZnO-0/ZnS-60 sample with sulfurization time of

60 min but without La doping, the Fermi level of

ZnO is less than that of ZnS, and the electrons in the

composite are transferred from ZnS component to

ZnO component, thus a built-in electric field is

formed in the composite from ZnS to ZnO. The

photo-generated carrier transfer in the ZnO-0/ZnS-60

composite sample follows a Z-scheme mechanism.

While in the ZnO-1.5/ZnS-60 sample with La doping

concentration of 1.5% and sulfurization time of

60 min, the heavy La donor doping increases the

Fermi level of ZnO, and the electrons in the com-

posite are transferred from ZnO component to ZnS

component, thus a new built-in electric field is

formed in the composite from ZnO to ZnS. And its

direction is opposite to that of the ZnO-0/ZnS-60

sample. The photo-generated carrier transfer in the

ZnO-1.5/ZnS-60 composite sample follows a type-II

mechanism. Therefore, by changing La donor doping

concentration in ZnO nanorods, ZnO nanorods/ZnS

composite can be prepared with the required carrier

transfer mechanism, which provides a basis for the

design of ZnO/ZnS-based composites.
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