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Abstract: In important applications, thermoelectric technology has been widely applied for precise
temperature control in intelligent electronics. This work synthesized and characterized low-content
copper-doped SnSe thermoelectric catalysts using an easy and effective hydrothermal method. It was
discovered that doping increased the crystal plane spacing of SnSe, increased the carrier concentration,
and improved the thermoelectric properties. The best degradation was attained at x = 0.0025. The
thermoelectric degradation performance of low-dose copper-doped tin selenide Sn1−xCuxSe (x = 0,
0.0005, 0.001, 0.0015, 0.002, 0.0025, 0.003), for the degradation of methylene blue from organic
wastewater at 75 ◦C, was examined. Our research indicates that by using this approach, we can create
more high-performance catalysts.
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1. Introduction

Tin sulfur compounds have excellent properties and potential applications due to
its thermoelectric and catalytic properties, and tin selenide, a thermoelectric material
in tin sulfur compounds, has attracted much attention because of its lack of a negative
impact on public health and its environmental protection benefits [1–4]. Tin selenide, a
two-dimensional layered semiconductor material family member, is found in abundance in
the Earth’s elemental composition. It is an exceptional thermoelectric material, character-
ized by its high thermoelectric conversion efficiency. Notably, it possesses high electrical
conductivity, while maintaining an impressively low level of thermal conductivity [5–8].
Its excellent thermoelectric properties mainly stem from its ultra-low thermal conductivity,
due to its strong anharmonic and anisotropic bonding. The conversion efficiency of thermo-
electric materials is determined by the thermoelectric figure of merit, ZT = S2σT/κ, where
S, σ, T, and κ are the Seebeck coefficient, electrical conductivity, absolute temperature, and
thermal conductivity, respectively [9–16]. It is difficult to significantly enhance S2σ by
simply improving one of the parameters.

Moreover, the complex interrelationships between these thermoelectric parameters
make it difficult to obtain high ZT values, for e.g., lower carrier concentrations lead to
more significant Seebeck coefficients, but are detrimental to conductivity; larger effective
masses (m*) may increase the Seebeck coefficients, but decrease carrier mobility, which
leads to lower conductivity. Increasing the material’s power factor (S2σ) and thermoelectric
properties is necessary. Both of these aspects are closely related to the carrier concentration
of the material, so continuously improving the carrier concentration is one of the most
feasible ways to improve the thermoelectric merit value of the material, and doping the
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material is one of the effective means to do so [17,18]. In 2015, Shi and Kioupakis et al. [15]
proposed the introduction of hole doping to improve the thermoelectric properties of
SnSe; Chen [19] and Leng et al. [20] proposed Ag as a dopant for SnSe; Qian [21] and
Wei et al. [22] proposed Na as a dopant for SnSe, with both obtaining high ZT values; much
effort has been put into regulating the carrier concentration of SnSe [23–26]. Copper and
silver belong to the same group, so they can also be used as dopants for SnSe [27]. In the
work of previous generations, Gong [28], Li [29], and Ghuzlan Sarhan Ahmed et al. [30],
proposed enhancing the thermoelectric properties of tin selenide with copper doping up to
1%–7%. Unlike them, we dope with less copper.

In this work, we draw on the method proposed by Zhao et al. [31] to introduce trace
amounts of copper into SnSe to enhance its thermoelectric properties. SnSe crystals doped
with a small amount of copper were synthesized using a simple hydrothermal method,
and the copper doping occupied the Sn vacancies that initially existed in SnSe, which
effectively regulated the crystal structure, while increasing the hole carrier concentration.
As the doping concentration slowly increases, the carrier migration first increases and then
decreases, and the excess Cu occupies Sn vacancies, replaces Sn in the lattice, and strongly
scatters the carriers. It was applied to wastewater treatment, and the thermal degradation
of methylene blue was carried out with low-dose copper-doped SnSe at 75 ◦C. It was found
that the concentration of methylene blue was significantly reduced after doping.

2. Materials and Methods
2.1. Materials Synthesis

All chemicals used in this experiment were of analytical grade. We synthesized Sn1−xCuxSe
(x = 0, 0.0005, 0.001, 0.0015, 0.002, 0.0025) using 99.999% SeO2 (Aladdin Reagent (Shanghai)
Co., Ltd., Shanghai, China), SnCl2 (Sinopharm Group Chemical Reagent Co., Ltd., Shanghai,
China), and CuCl2 (Shanghai Xinbao Fine Chemical Factory, Shanghai, China); the molar
ratio of SeO2 and SnCl2 was 1.2:1.

SeO2 was dissolved in ethylene glycol (Sinopharm Chemical Reagent Co., Ltd.), and
then after dissolving stannous chloride dihydrate in deionized water, sodium hydroxide
(Aladdin Reagent (Shanghai) Co., Ltd., China) was added to dissolve it thoroughly. Differ-
ent molar masses (0%, 0.05%, 0.1%, 0.15%, 0.2%, 0.25% and 0.3%) of copper chloride were
added to the SnCl2 solution. The SnCl2 solution was then transferred to the SeO2 solu-
tion and mixed by thorough stirring, into which hydrazine hydrate (Sinopharm Chemical
Reagent Co., Ltd.) was slowly dripped and, after stirring, the whole solution was trans-
ferred into a stainless-steel reactor lined with polytetrafluoroethylene, and was reacted for
12 h at 180 ◦C. The solution obtained in the reactor was centrifuged and washed, then dried
to obtain a black solid powder, Sn1−xCuxSe (x = 0, 0.0005, 0.001, 0.0015, 0.002, 0.0025, 0.003).
The methylene blue (Ron Reagent) solution was configured at a 45 mg/L concentration.

2.2. UV Absorption Spectrum Test

The UV absorption spectrum of the methylene blue solution was measured using a
UV spectrophotometer (Shanghai Wangwan Technology, Shanghai, China, TU 1810). A
total of 10 mL of the configured methylene blue solution was placed in a glass vial to which
10 mg of Sn1−xCuxSe (x = 0, 0.0005, 0.001, 0.0015, 0.002, 0.0025, 0.003) powder was added.
It was then put into an oil bath at 75 ◦C, with stirring, and 300 µL was taken out into a
cuvette every 15 min to measure the UV absorption spectrum.

2.3. Characterization

The crystal structure and morphology of the final products were characterized using
X-ray diffraction (XRD, Phillips X-Pert Pro Panalytical, k = 1.540598 Å, PANalytical Co.,
Ltd., Almelo, The Netherlands), scanning electron microscopy (SEM, FEG Zeiss Supra 55,
Zeiss Co., Ltd., Oberkochen, Germany), and transmission electron microscopy (FEI Tecnai
G2 30 UT, 300 KV, FEI Co., Ltd., Hillsboro, OR, USA), respectively.
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3. Results and Discussion

SnCl2 was used as the Sn source, SeO2 as the Se source, and copper chloride was
used to provide copper ions. Sn and Se had a molar ratio of 1.2:1. Distilled water and
ethylene glycol were used as solvents, and NaOH as pH adjuster. Sn1−xCuxSe (x = 0, 0.0005,
0.001, 0.0015, 0.002, 0.0025, 0.003) crystals were synthesized using a simple and efficient
hydrothermal method [32]. Throughout the synthesis process, SnCl2 was a source of Sn
and a reducing agent.

The powder X-ray diffractograms of the Sn1−xCuxSe (x = 0, 0.0005, 0.001, 0.0015,
0.002, 0.0025, 0.003) samples are shown in Figures 1 and A1. After doping, all the samples
showed the Pnma space group and the orthogonal structure of SnSe (JCPDS 48-1224),
with an obvious peak shape indicating high crystallinity [33]. To observe the XRD pattern
more clearly, we enlarged a part of it, and through the enlarged XRD pattern, we saw
that the XRD peaks shifted at a low angle at x = 0.0025, which is also the case under
Vegard’s law [34]. The cell parameters of 0.25 wt% Cu-doped SnSe were a = 11.50376
Å, b = 4.15423 Å, and c = 4.43174 Å, whereas for pure SnSe, they were a = 11.48467 Å,
b = 4.14859 Å, and c = 4.44 Å (as shown in Table 1), which indicates that the cell parameters
of SnSe became larger after doping and the crystal plane spacing became larger. Elemental
analysis of the samples (Figure 1c) showed that all the elements (Cu, Sn, and Se) were
uniformly distributed. X-ray diffraction and elemental analysis showed successful Cu
doping into the SnSe lattice. In addition, we also calculated the bandgap of SnSe and
Cu-doped SnSe (as shown in Figure 1d). An estimation of the optical bandgap can be
calculated by the following equation:

A =
K
(
hv − Eg

)m/2

hv

where A is the absorbance, K is a constant, and m = 1 stands for the direct transition,
and m = 2 for the indirect transition. We found that the bandgap becomes narrower with
an increase in the doping concentration. The bandgap was the narrowest at a doping
concentration of 0.25 wt%, and as the bandgap became narrower, the concentration of its
intrinsic carriers increased, which made its electrical conductivity better.

Figure 1. (a) X-ray diffraction (XRD) pattern of SnSe. (b) Enlarged view of the boxed region of the XRD
pattern. (c) Elemental distribution diagram of SnSe. (d) Bandgap of SnSe and copper-doped SnSe.
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Table 1. Lattice parameters of SnSe correspond to different copper-doping concentrations.

wt% a (Å) b (Å) c (Å)

0 11.48467 4.14859 4.44
0.05 11.4976 4.1533 4.43976
0.1 11.50171 4.15472 4.43963

0.15 11.50255 4.15343 4.43935
0.2 11.50305 4.1538 4.43827

0.25 11.50376 4.15423 4.43175

The synthesized SnSe powder was analyzed using X-ray photoelectron spectroscopy (XPS)
to investigate the valence states of copper atoms in copper-doped SnSe (as shown in Figure 2).
Figure 2a shows a full spectral scan of the 0.25 wt% Cu-doped SnSe, indicating the presence
of Sn 3d, Se 3d, and Cu 2p energy states. In order to explore the information about the
specific energy states of these elements, Figure 2b–d shows the high-resolution scans of the
XPS spectra, from which we can see that Se has only one valence state, while Sn has three
valence states. Figure 2b shows the binding energy peak located at 53.7 eV, indicating that
only Se-3d is present in the sample, and Figure 2c shows that Sn3d includes three valence
states, Sn4+, Sn2+, and Sn, with Sn2+ being the most predominant and dominant, suggesting
that the main phase in the sample is SnSe with a small amount of SnSe2. In addition, as
shown in Figure 2d, the binding energy peak located at 932 eV is consistent with Cu2p3/2.
Further indicating the successful doping of Cu. In addition, no significant fluctuations were
found around 940–945 eV, and the presence of other Cu can also be ruled out.
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As shown in Figures 3 and A2, the SEM images show the layered microstructure of
SnSe crystals. With the increase in the doping concentration, the SnSe transformed from
a nanoflower laminar structure to an irregular laminar structure, and the layers became
thinner. The doping concentration of 0.25% resulted in the formation of a laminar structure
with a rougher surface, which was more favorable for the contact with methylene blue,
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and the roughened surface feature enhanced the absorption of methylene blue dye and its
thermal catalytic performance.

Figure 3. (a) SEM images of pure SnSe, (b) SEM images of 0.05 wt% Cu-doped SnSe, (c) SEM
images of 0.1 wt% Cu-doped SnSe, (d) SEM images of 0.15 wt% Cu-doped SnSe, (e) SEM images of
0.2 wt% Cu-doped SnSe, and (f) SEM images of 0.25 wt% Cu-doped SnSe.

In order to further confirm the microstructure of SnSe and post-doped crystals, SnSe
and 0.25% Cu-doped SnSe crystals were analyzed by TEM, respectively (Figure 4). By
comparing Figures 4a and 4c, we can see that the SnSe crystals change from an irregular
polygonal shape to a more regular rectangular structure again, which echoes the SEM im-
ages, and the edges become thinner after doping. The crystal structure is further confirmed
by HRTEM, which shows that the sample exhibits clear lattice stripes. We measured the
stripe spacing and found that the average spacing in the doped sample expanded from
0.28 nm to 0.29 nm, 3.5% of the spacing expansion was obvious, which indicates the success
of the Cu doping, and this is in agreement with the results of the XRD.
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Thermal degradation experiments were then carried out, as shown in Figures 5a and A3,
where the UV absorption spectra of SnSe and methylene blue solutions with different
Cu-doped concentrations were measured. It is seen that the concentration of the mixed
solution of methylene blue and SnSe gradually decreases with the increase in the doping
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concentration at 75 ◦C, and the best degradation effect is achieved at a doping concentration
of 0.25%. To explain this phenomenon, we measured the voltage changes in SnSe and
Cu-doped SnSe at different temperatures, as shown in Figure 5b. However, measuring the
voltage of SnSe directly using a nanoscale was challenging. We used a 1 cm × 5 cm silicon
wafer as a substrate, spread 10 g SnSe powder evenly on the substrate, covered the powder
with a slide, and pressed it firmly to obtain a uniform, dense SnSe film. After that, we
placed two copper electrodes at both ends of the film and fixed them with PDMS to obtain
a simple SnSe device. To create a temperature gradient in the SnSe device, we put one
end of the device on the heating table for about 1 min to reach the target temperature, and
immediately took the device to the probe table, and used the probe to make contact with the
two copper electrodes, respectively, to test the voltage at both ends. Because SnSe has good
thermoelectric properties, there will be strong potential at both ends of the device, and it
is obvious that the thermoelectric voltage increases with the increase in the temperature
difference. Due to copper’s extremely low thermoelectric coefficient, the potential that can
be measured is attributed to the SnSe thermoelectric effect. Cu doping enhances the carrier
concentration [28], and introducing copper can suppress carrier mobility (µ).

Figure 5. (a) Degree of degradation of methylene blue in Cu-doped SnSe with different concentrations
of Cu at 75 ◦C. (b) Measurements concerning the relationship between voltage and temperature.
(c) Impedance plots of SnSe and 0.25 wt% Cu-doped SnSe.

Moreover, the carrier mobility decreased after the first increase, because the extra cop-
per occupies the Sn vacancies in the SnSe and replaces some Sn, weakening the scattering
caused by the defects, thus increasing the carrier mobility. As the copper content increases,
copper becomes predominantly doped to increase the hole carrier concentration. The sub-
sequent decrease in carrier mobility may be because the additional Cu becomes interstitial
atoms, strongly scattering the carriers and enhancing the thermoelectric properties of SnSe
and, thus, resulting in a higher thermoelectric voltage. We also measured pure SnSe and
0.25 wt% impedance plots for further verification. The 0.25 wt% Cu-doped SnSe, as shown
in Figure 5c, clearly shows that the resistance of the doped samples becomes smaller and
the conductivity becomes more significant, again proving that the thermoelectric properties
improve. Furthermore, this increase in the efficiency of degrading methylene blue stems
from the thermoelectric effect of SnSe. With constant stirring of the methylene blue during
the test, the temperature of the solution converged rapidly, and the extremely low thermal
conductivity of SnSe made the SnSe nanoparticles unable to keep up with the temperature
rise of the solution, thus creating a temperature difference. As the temperature difference
increases, the concentration of electron–hole pairs and hydroxyl radicals on the surface
of the SnSe increases, and the destruction rate of the methylene blue structure increases.
Therefore, the degradation efficiency of methylene blue increases with the increase in the
thermoelectric properties of doped SnSe.

4. Conclusions

Low-dose copper-doped SnSe crystal samples were synthesized using a simple and
efficient hydrothermal method. The thermoelectric properties were improved by increasing
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the doping concentration, which accelerated the degradation of methylene blue. The
catalytic degradation of methylene blue by UV absorption spectroscopy at 75 ◦C was
best achieved when the doping amount was 0.25%. The results suggest better thermal
degradation can be obtained by doping with a small amount of copper in SnSe. Our work
provides a new direction for environmentally friendly organic degradation and wastewater
treatment using thermal catalytic technology.
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