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1  Introduction

Semiconductor materials with stable physical and chemi-
cal properties to photo-catalytic degradation of pollut-
ants have gained substantial attention. Semiconductor 
photocatalysis is a progressive technology that initiates 
the holes on the valence band and electrons on the con-
duction band after band gap excitation, pollutants can 
be decomposed by photo-oxidization or photo-reduction 
reaction. For a photocatalytic reaction, an ideal semi-
conductor photocatalyst should be: (I) photo-active; (II) 
capable of utilizing visible and UV light; (III) chemically 
and biologically inert; (IV) photo-stable; (V) low-cost. 
As agreed by most studies, TiO2 basically fulfills the 
whole criteria (I–V) and is one of the most recognized 
and widely used photocatalysts [1–3]. More recently, 
the n-type semiconductor photocatalysts have been 
researched in-depth, such as ZnO [4], CdS [5] and TiO2 
[6–8]. However, these n-type photocatalysts have wide 
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band gaps and can be used in UV illumination. As for 
p-type semiconductor photocatalysts, there is very few 
related literature.

The semiconductor TiO2 is one of the best photocat-
alysts due to its many advantages such as high chemi-
cal stability, green, low-cost and high-power efficiency 
etc. However, a pure TiO2 can absorb barely 3–5% of 
visible light in solar spectrum due to its wide bandgap 
(Eg ≥ 3.0  eV), which greatly limits its application in 
visible-light photocatalysis. There are some drawbacks 
in the use of TiO2 in powder form during photocatalytic 
processes, namely: (i) difficulty in fully separating it 
from aqueous solution, (ii) tendency to aggregate at high 
concentrations, and (iii) difficulty in recycling the mate-
rial [1, 7]. Consequently, extensive research works have 
focused on discovering advance photo-sensitizer materi-
als, which need to be highly efficient, offer a long func-
tional lifetime, earth abundant and inexpensive has gener-
ated great interest in area of photocatalysis research.

In recent decades, quaternary copper-based chalcoge-
nide Cu2ZnSnS4 (CZTS) has emerged as a most promis-
ing candidate for both economic and ecological thin film 
solar cells studies with elemental abundance, favorably 
matched band gap (1.1–1.5  eV) to solar spectrum, high 
optical absorption coefficient (≥104 cm−1), relative abun-
dance of the component elements with excellent photo-
stability and low toxicity and various synthetic methods 
[9–11]. Maximizing material performance in a particular 
application frequently requires the simultaneous opti-
mization of several functional properties. In the field of 
photocatalysis, the material needs to be able to absorb 
the major part of the solar spectra, to adsorb the reac-
tants and generally to efficiently exchange charge with 
them. The quaternary chalcogenide semiconductors such 
as Cu2ZnSnS4, Cu2FeSnS4, Cu2MnSnS4, Cu2CoSnS4 
and Cu2NiSnS4 have similar structures. The optical band 
gap can be tuned by Fe, Mn, Co, Ni substituting for Zn 
in visible-light range, and we believe that the photocata-
lytic properties of CZTS nanocrystals can be improved 
by doping. As far as we all know, no report have been 
found to study photocatalytic properties of doped CZTS 
nanocrystals.

Herein, flower-like CZTS nanocrystals were synthesized 
using the solvothermal method. Structural, morphologi-
cal properties were investigated by different characteriz-
ing techniques such as X-Ray diffraction (XRD), Raman 
spectroscopy and Scanning electron spectroscopy (SEM). 
The photocatalytic properties of p-type Cu2ZnSnS4-based 
nanocrystals were evaluated by degrading the methylene 
blue (MB) dye under visible light irradiation. The photocat-
alytic properties of doped Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, 
Mn, Co, Ni) were also investigated for MB dye under the 
same conditions.

2 � Experimental Details

2.1 � Materials

Cupric chloride dihydrate (CuCl2·2H2O), zinc acetate 
dihydrate [Zn(CH3COO)2·2H2O], Iron(III) nitrate nonahy-
drate [Fe(NO3)3·9H2O], Cobalt(II) acetate tetrahydrate 
[Co(CH3COO)2·4H2O], Manganese(II) acetate tetrahy-
drate [Mn(CH3COO)2·4H2O], Nickel(II) acetate tetrahy-
drate [Ni(CH3COO)2·4H2O], Tin(II) chloride dehydrate 
(SnCl2·2H2O) and Thiourea (H2NCSNH2) are of analytical 
grade, used without any further purification.

2.2 � Preparation of CZTS Nanocrystals

In this experiment, CuCl2·2H2O (2M), Zn(CH3COO)2·2H2O 
(1M), SnCl2·2H2O (1 M) and H2NCSNH2 (4M) were added 
in 40  ml ethylene glycol to dissolve under sustained stir-
ring at 45 °C for 40 min until have a clear yellow colloidal 
suspension. Furthermore, the obtained clear colloidal sus-
pension was placed in a 50 ml Teflon autoclave. Thereafter, 
tightly closed autoclave was heated at 200 °C for 24 h and 
followed by, left to cool at ambient conditions. The precipi-
tates were collected by centrifugation, washed with etha-
nol and deionized water several times and then dried under 
vacuum at 80 °C for 3 h. Furthermore, Doped Cu2(Zn, Me)
SnS4 (Me = Fe, Mn, Co, Ni) nanocrystals were also syn-
thesized by following the same procedure. The as-obtained 
products could be achieved reproducibly owing to simple 
and mild reaction.

2.3 � Characterization

The phase and crystallographic information of CZTS 
nanocrystals were obtained from the X-ray diffraction pat-
terns (PANalytical X’Pert PRO diffractometer with Cu 
Kα radiation, λ = 0.15406  nm,) and JY-T64000 Raman 
spectroscopy. Surface morphologies of the as-synthesized 
samples were characterized using LEO-1530VP scanning 
electron microscope (SEM). UV–Vis spectrophotometer 
(UV-2450, Shimadzu) was used to study the photocatalytic 
degradation of MB dye.

2.4 � Photocatalytic Reaction

The photocatalytic reaction of CZTS-based nanocrystals 
was determined by degradation of methylene blue (MB) 
dye in an aqueous solution under exposure of UV–Vis light. 
Initially, a 0.05  g of as-prepared CZTS-based nanocrys-
tals powder were added to 50 ml of MB solution with the 
concentration of 10−5  mol/l. The solutions were stirred 
under no light irradiation for 30 min to achieve the adsorp-
tion–desorption equilibrium between the catalyst and MB 
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dye solution before visible light irradiation. Furthermore, 
the solutions were exposed to visible light under continu-
ous stirring. At given time intervals, a small amount of as-
obtained solution were measured as samples after removing 
CZTS-based nanocrystals.

3 � Results and Discussion

X-ray powder diffraction (XRD) pattern and Raman spec-
trum of as-synthesized CZTS nanocrystals are shown 
in Fig.  1a, b. It can be seen from Fig.  1a, all the diffrac-
tion peaks are well indexed with the kesterite structure of 
CZTS (JCPDS No. 26-0575). The main diffraction peaks at 
2θ = 28.7°, 32.8°, 47.2° and 56.4° can be attributed to the 
(112), (200), (220) and (312) plans of CZTS, respectively. 
Figure  1a shows no any other binary/tertiary byproducts 
from other crystalline forms. The calculated lattice parame-
ters are a = b = 5.437 Ǻ and c = 10.805 Ǻ, which are in good 
agreement with standard CZTS powder data. Moreover, 
the average grain size can be calculated by Debye–Scher-
rer formula. The average grain size is found to be about 
4.69  nm. The sharp peaks in XRD pattern indicate the 
obtained CZTS nanocrystals have higher nanocrystallin-
ity. It means higher nanocrystallinity leads to an addition in 
the surface areas, thus enhance the adsorption of reactants 
and subsequently higher the photo-reactivity. The CZTS 
structure needs to distinguish further due to its similarity 
to that of Cu2SnS3 and ZnS. In order to further ensure the 
structural homogeneity, Raman measurement was taken. A 
strong peak at 337 cm−1 corresponding to a kesterite CZTS 
can be seen from Fig. 1b. Which is in good agreement with 
that of CZTS nanocrystals reported in the literature [12]. 
No additional peaks for other phases, such as ZnS (274 

and 351 cm−1) and Cu2SnS3 (290, 318, and 348 cm−1) are 
seen, indicating the single phase of the CZTS nanocrystals. 
The results above show that the preparation conditions are 
proper.

Figure  2a shows the indexed XRD patterns of solvo-
thermal synthesized Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, 
Co, Ni). This patterns are also well-matched with the pure 
phase kesterite CZTS. It can be seen that kesterite CZTS 
structures are not be changed by partially substituting Zn 
with Fe, Mn, Co, Ni. However, the crystallinity of doped 
Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) samples is 
less compared to CZTS nanocrystals. No secondary phase 
except for the (112), (220) and (312) plans of CZTS, are 
observed, indicating that synthesized Cu2(Zn0.8Me0.2)SnS4 
(Me = Fe, Mn, Co, Ni) samples are highly phases-pure. 
In addition, the Raman spectra of Cu2(Zn0.8Me0.2)SnS4 
(Me = Fe, Mn, Co, Ni) nanocrystals in Fig. 2b exhibit some 
major peaks (between 330 and 338 cm−1) with broadness, 
which can be assigned to the A1 mode of kesterite CZTS 
structure [13]. The significant changes in the Raman peak 
position with partially Fe, Mn, Co, Ni replacing Zn are not 
observed, indicating CZTS-based structural homogeneity, 
which is in accordance with XRD analysis.

The morphological and microstructural features of the 
as-obtained nanostructure were further investigated by 
using SEM. The different magnification SEM images of 
the CZTS nanocrystals are shown in Fig. 3a, b. The SEM 
images reveal that the CZTS as a representative hybrid 
material indicates that the as-obtained CZTS sample is 
composed of self-assembly flower-like structure with the 
petals thickness of about 60 nm (Fig. 3b). The definition 
of the flower-like CZTS structure comes from the geo-
metrical similarity to flowers. The flower-like structure 
has a large surface area, aspect ratio whose internal parts 

Fig. 1   a XRD patterns and b Raman spectrum of as-synthesized CZTS nanocrystals
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may not be fully utilized, which is helpful to improve the 
photocatalytic properties. The growth process of the self-
assembly CZTS flower-like nanocrystals can be explained 
as follows: CZTS nanoparticles form through homogene-
ous nucleation and growth process followed by the for-
mation of CZTS nanosheets owing to oriented aggrega-
tion. These building CZTS nanosheets further attach to 
flower-like particles through self-assembly process.

The SEM images of Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, 
Mn, Co, Ni) are shown in Fig.  4. It can be seen that 
all Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) sam-
ples exhibit flower-like nanocrystals. Compared with 
pure CZTS nanocrystals, The thickness of the petals of 
Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) crystals 
enhances due to grain growth being caused by the increas-
ing of lattice energy. Meanwhile, we also can see that the 
surface of the petals of Cu2(Zn0.8Me0.2) SnS4(Me = Fe, 

Mn, Co, Ni) are rougher than that of CZTS nanocrystals, 
which help photocatalysis degradation.

Optical absorption characteristic is an important prop-
erty of photocatalyst. UV–Vis absorption spectroscopy was 
used to investigate photocatalytic properties of the CZTS 
nanocrystals. It is well-accepted that the creation of e−/h+ 
pairs is the foremost reason of the photocatalytic reaction. 
The as-synthesized p-type CZTS semiconductor nanocrys-
tals have holes as main carriers for the oxidation resistance. 
The band gap radiation can result in the redox reactions 
with adsorbed species over the surface of CZTS catalysts. 
It is believed that the photo-catalytic degradation of a dye 
takes place in the following manners: when UV–Vis radia-
tion exposed over a catalyst, generation of electron–hole take 
place.

(1)CZTS + hv → CZTS + h
+
+ e

−

Fig. 2   a XRD patterns and b Raman spectra of as-synthesized partially substituted Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) nanocrystals

Fig. 3   SEM images of the flower-like CZTS structure with low (a) and high (b) magnifications



1848	 H. Guan et al.

1 3

Together these entities migrate on the surface of CZTS 
catalyst, where a redox reaction takes place with other spe-
cies which presents on the CZTS catalyst surface. In many 
circumstances, h+ reacts with H2O easily, which bounds on 
the CZTS catalyst surface and creates hydroxyl radicals, 
however, e− reacts with O2 and creates radicals. These elec-
tron and hole do not combine together.

These produced •OH and radicals react with the MB dye 
to create additional species and consequently, responsible 
for the discoloration of MB dye.

A possible schematic mechanism is shown in Fig.  5. 
It should be noted that if both water and dissolved oxy-
gen molecules are present then all above-mentioned steps 
in photocatalysis are possible. Highly reactive hydroxyl 
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radicals (•OH) might not be created in the absence of water 
molecules, which prevent the photo-degradation of organic 
molecules in liquid phase [14]. The evaluation of the 
absorption spectra during the photodegradation of MB is 
shown in Fig. 6. The absorption spectra display the absorp-
tion at 662 ± 3  nm, however, It can be seen from Fig.  6a 
that the strength of the absorption peak decreases with 
increasing in exposure time, indicating CZTS nanocrystals 
have the ability for visible light photocatalytic decomposi-
tion of MB. It can be seen from Fig. 6b that the absorption 
equilibrium for the MB on the surface of flower-like CZTS 
nanocrystals is established for 30  min in the dark. Addi-
tionally, the curves in Fig.  6b show the degradation rates 
(c/c0) of the Methylene Blue (MB) dye with and without 
CZTS nanocrystals under visible-light irradiation. It can 
be seen that in the presence of CZTS nanocrystals a 62% 
of the dye were decomposed in 240 min under exposure of 
visible light, while the photocatalytic degradation rate of 
MB without CZTS nanocrystals was about 3%.

The MB degradation rates (c/c0) under visible-light for 
Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) nanocrystals 
are shown in Fig. 7. After 240 min of visible-light irradia-
tion, about 92, 74, 84 and 89% of MB were decomposed by 
Cu2(Zn0.8Fe0.2)SnS4, Cu2(Zn0.8Mn0.2)SnS4, Cu2(Zn0.8Co0.2)
SnS4 and Cu2(Zn0.8Ni0.2)SnS4 nanocrystals, respectively. 

Fig. 4   SEM images of Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) nanocrystals. a Cu2(Zn0.8Fe0.2)SnS4, b Cu2(Zn0.8Mn0.2)SnS4, c 
Cu2(Zn0.8Co0.2)SnS4, d Cu2(Zn0.8Ni0.2)SnS4
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As we all know, the optical characteristic is a crucial prop-
erty of photocatalyst [1]. It can be seen from Fig.  8 that 
the band gaps of doped CZTS nanocrystals are lower than 
that of CZTS nanocrystal, which can enhance the MB deg-
radation rates by expanding visible light response. Mean-
while, The MB degradation rates of doped CZTS nanocrys-
tals decrease with decreasing band gaps of the ones. As 
Cu2(Zn0.8Fe0.2)SnS4 nanocrystal by small amounts of Fe3+ 
replacing Zn2+ increases concentration of electrons in the 
conduction band, the surface barrier becomes higher and 
the space charge region narrower [15]. The electron–hole 
pairs photogenerated with in this region are effectively 
seperated before the recombination [16]. It can improve 
photocatalytic activity. For Cu2(Zn0.8Mn0.2)SnS4 nanocrys-
tal, the low photocatalytic degradation rate of MB is also 
influenced by lattice distortion due to different ionic radius 

Fig. 5   Illustration of photocata-
lytic redox reaction occurring 
via photocatalysis to produce 
•OH to react with MB dye

Fig. 6   a Absorption spectra of MB in the presence of CZTS 
nanocrystals under visible-light irradiation. b Photodegradation rate 
of MB as a function of different time with and without the addition of 

CZTS nanocrystals under illumination and with the addition of CZTS 
nanocrystals in the dark

Fig. 7   The degradation rates of MB as a function of different time 
with and without of Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) 
nanocrystals under visible-light
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[17]. For similar ionic radius of Zn2+ (0.074  nm), Co2+ 
(0.074  nm) and Ni2+ (0.072  nm), the photocatalytic deg-
radation rate of MB for Cu2(Zn0.8Co0.2)SnS4 is lower than 
that for Cu2(Zn0.8Ni0.2)SnS4 due to a reduction in the sur-
face areas being caused by too large grain size [1]. It is in 
accordance with XRD and SEM images.

4 � Conclusions

In current research, we have successfully synthesized 
CZTS and Cu2(Zn0.8Me0.2)SnS4 (Me = Fe, Mn, Co, Ni) 
nanocrystals by a solvothermal method. The as-obtained 
CZTS-based nanocrystals were characterized by XRD, 
SEM, Raman spectroscopy and UV–Vis spectroscopy. 
XRD results reveal that CZTS nanocrystals are single 
kesterite crystalline in natures, whereas Cu2(Zn0.8Me0.2)
SnS4 (Me = Fe, Mn, Co, Ni) nanocrystals are polycrystal-
line in nature. Surface morphology reveals that the CZTS 
nanocrystals were composed of flower-like particles, 
which could degrade about 62% of MB within 240  min 
under visible-light irradiation. The photocatalytic deg-
radation rates of MB within 240  min for Cu2(Zn0.8Fe0.2)

SnS4, Cu2(Zn0.8Mn0.2)SnS4, Cu2(Zn0.8Co0.2)SnS4 and 
Cu2(Zn0.8Ni0.2)SnS4 are about 92, 74, 84 and 89%, respec-
tively, showing that CZTS is indeed a promising photocata-
lyst worthy of further study and providing an opportunity 
to solve pollutant problem in waste water.
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