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HgS nanoparticles have been successfully prepared by a hydrothermal method using polyethylene glycol (PEG) as stabilizing 

agent and characterized by a variety of methods. Our experiments confirmed that the size of the HgS nanocrystal could be easily 10 

modified by turning the chain length of PEG. X-ray powder diffraction (XRD) results of the nanoparticles revealed that the 

hexagonal structure of the HgS, i.e. α-phase known as cinnnabar. Morphological studies performed by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) showed the synthesized nanocrystals were nanoparticles. 

Furthermore, a rational mechanism to the formation and evolution of the products is proposed. The optical properties of HgS 

were investigated by diffuse reflectance spectrum (DRS), which indicated that the band gap of the nanoparticles is slightly 15 

decreased from 2.05 to 2.00 eV as the average particle size decreasing from 55 to 35 nm. Furthermore, the photocatalytic 

activity studies of the particles demonstrated their excellent photocatalytic performance in rapidly degrading aqueous methylene 

blue dye solution under visible light irradiation. These results suggest that HgS nanoparticles will be an interesting candidate of 

photocatalyst working in visible light range. 

 20 

1. Introduction  

The rational design and fabrication of nanomaterials with 
special morphology have attracted a great deal of attention 
because the properties of material depend not only on its 
chemical composition and phase, but also depend on its shape 25 

and size.1 Particularly, the synthesis of semiconductor 
nanomaterial with different sizes has motivated much 
attention due to its size-dependent properties, and potential 
applications in the fields of optics, catalysts, electronics, and 
so on.2 Therefore, various approaches have been developed to 30 

synthesize nanocrystals with controlled morphology,3 among 
which the hydrothermal method is considered to be efficient,4 
because it is demonstrated to be effective for controlling the 
shape and size of nanomaterials. 
Sulfides of metal have been extensively investigated due to their 35 

promising properties and potential use in many devices.5 Among 
the metal sulfides, mercury (II) sulfide (HgS) is widely used in 
many fields such as infrared sense and emitter,6 electrostatic 
image materials,7 semiconductor,8 optical applications,9 and 
photoelectric conversion devices.10 These applications are 40 

resulted from its unique physicochemical properties, which 
depend not only on the phase but also on the shape and size. For 
instance, Higginson et al., demonstrated that the HgS crystals 
exhibit different optical properties corresponding to their 
different shape and size changes.11 Over the past few years, great 45 

effort has been made to control the synthesis of HgS 
nanomaterial, many different HgS morphologies have been 

reported, such as nanopartile,12 nanorod,13 nanowire,14 
nanodendrite,15 and nanotubule.16 However, the development of 
facile, mild and effective methods for synthesis of HgS 50 

nanocrystals with a controllable size and morphology is still a 
great challenge. 
In this work, we present a simple hydrothermal synthesis of HgS 
nanocrystals using PEG as stabilizing agent. It is found that the 
morphology variations of the HgS nanoparticles were achieved 55 

by simply varying the PEG length. Namely, the size of HgS 
particles is decreased by increasing the PEG length. Furthermore, 
a rational mechanism to the formation and evolution of the 
products is proposed. The diffuse reflectance spectrum (DRS) 
measurements showed that these HgS samples have the band 60 

gap from 2.05 to 2.00 eV. These HgS nanoparticles could be 
potentially applied to photocatalytic degradation studies. The 
photocatalytic activity of as-prepared HgS nanoparticles was also 
evaluated by using methylene blue dye solution as a model 
organic compound and the result revealed that the product as-65 

obtained had good photocatalytic activity. 

2. Experimental Section 

2.1 Synthesis of HgS nanocrystal.  

The HgS nanocrystals were prepared using analytical grade, 
mercury (II) nitrate (Hg(NO3)2.4H2O (Sigma-Aldrich 99%), 70 

thioacetamide (C2H5NS) (Sigma-Aldrich 99%) and poly(ethylene 
glycol) (PEG) (Merck, Germany). In a typical synthesis, 3.24 
mmol of Hg(NO3)2.4H2O, 5.32 mmol of Thioacetamide (TAA) 
and 0.6 g of PEG (PEG-0, 2000, 4000, and 6000) were dissolved 
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in 50 mL of deionized water to form the reaction solution. The 
mixture was continuously stirred for 30 min at room temperature, 
and then was transferred into an autoclave with a Teflon lining 
and heated at 180oC for 10 h, and then allowed to cool to room 
temperature. The as-prepared product was separated by 5 

centrifugation, washed several times with deionized water and 
ethanol respectively, and dried at 60oC for 24 h. Finally, the 
products were calcined at 350oC for 2 h for further 
characterization. 
2.2 Characterization of HgS nanoparticles.  10 

The products were characterized by X-ray diffraction (XRD) 
using a Bruker (D5005) X-ray diffractometer equipped with 
graphite monochromatized CuKα radiation (λ = 1.54056 Å). The 
morphology of the as-synthesized products was examined by 
scanning electron microscopy (SEM). The SEM measurements 15 

were performed with a Hitachi S-4800 high-resolution field-
emission scanning electron microscope (HR-SEM), which is 
equipped with an energy dispersive X-ray spectrometer (EDX). 
The morphology of the products was also carried out in 
transmission electron microscope (JEOL JEM-3010). The 20 

chemical states and the relative composition of the samples were 
studied by X-ray photoelectron spectroscopy (XPS), which is a 
highly surface sensitive technique with information depth in a 
few nanometers. The X-ray source is Al Kα radiation (1.486.7 
eV). The photo-emitted electrons escaped from the sample were 25 

analyzed in a hemispherical energy analyzer at a pass energy of 
Ep = 20 eV. All spectra were obtained with an energy step of 0.1 
eV and a dwell time of 50 ms. A software package (Avantage 
Thermo VG) was used to analyze the XPS data and fit the curves. 
The absorption spectrum of the samples in the diffused 30 

reflectance spectrum (DRS) mode was recorded in the 
wavelength range between 200 and 1000 nm using a 
spectrophotometer (Jasco-V670), with BaSO4 as a reference. 
From the absorption edge, the band gap values were calculated by 
extrapolation. 35 

All photoreaction experiments were carried out in a 
photocatalytic reactor system, which consists of a cylindrical 
borosilicate glass reactor vessels with an effective volume of 500 
mL, a cooling water jacket, and a 150 W sodium vapour lamp 
(OSRAM Vialox NAV-TS Super 150 W) positioned axially at 40 

the center as a visible light source. The reaction temperature was 
kept at 20oC by cooling water. A special glass frit as an air 
diffuser was fixed at the reactor to uniformly disperse air into the 
solution. 
Visible light photocatalytic activity studies were performed to 45 

examine the methylene blue (MB) degradation in an aqueous 
solution. For each run the reaction suspensions were freshly 
prepared by adding 0.10 g of catalyst into 250 mL of aqueous 
methylene blue solution, with an initial concentration of 5 mg L-1. 
Prior to the photoreaction, the suspension was magnetically 50 

stirred in a dark condition for 30 min to attain the 
adsorption/desorption equilibrium condition. The aqueous 
suspension containing methylene blue and photocatalyst was then 
irradiated with visible light with constant aeration. At the given 
time intervals, the analytical samples were taken from the 55 

suspension, immediately centrifuged at 4000 revolutions per 
minute (rpm) for 15 min, and then filtered to remove the catalyst. 
The filtrate was analysed by an ultraviolet-visible (UV-vis) 

absorption spectra instrument (Perkin-Elmer Lambda 45 UV-vis 
spectrometer) to understand the methylene blue degradation. The 60 

degree of degradation has been derived from the UV-vis 
absorption intensity, which has been integrated at the wavelength 
of 664 nm. 

3. Results and Discussion 

3.1 Structure and composition determination 65 

The XRD patterns of the samples prepared in different length of 
PEG are shown in Fig. 1. All diffraction peaks in the patterns can 
be indexed to be a pure hexagonal phase (α-phase) HgS (JCPDS 
card no. 6-0256). It is worth to note that similar XRD patterns 
were observed for all samples prepared with different PEG 70 

lengths, indicating that changing PEG length does not change the 
phase and crystallinity of HgS. 

 
Fig. 1. XRD patterns of the as-prepared HgS products with different PEG 
lengths (a) PEG-0, (b) PEG-2000, (c) PEG-4000, and (d) PEG-6000. 75 

To confirm the composition of the samples (HgS-PEG-2000 
sample, for example), XPS analysis was carried out, as shown in 
Fig. 2. The binding energies obtained in the XPS analysis are 
corrected for specimen charging by referencing the C1s to 285.2 
eV. The wide XPS spectrum was shown in Fig. 2a. No peaks of 80 

other elements except C, O, Hg, and S were observed. The 
observed C peak is due to the carbon supporting film on the 
copper TEM grid, and the O peaks can be attributed to the 
absorption of oxygen on the sample surface. The XPS spectra of 
HgS sample was consistent with the typical HgS spectrum 85 

reported in the literature.17 Figures 2b and 2c showed the high-
resolution XPS spectra of Hg 4f and S 2p, respectively. The two 
strong peaks taken for the Hg region at 99.4 and 103.3 eV were 
assigned to the Hg 4f binding energy. The peaks measured in the 
S energy region detected at 160.7 and 161.5 eV were attributed to 90 

the S 2p transitions. These values are in good agreement with the 
reported data.18 According to the measurements of the Hg 4f and 
S 2p peak areas, the atomic ratio of Hg : S is 1.07:1, very close to 
the composition of HgS.  
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Fig. 2. XPS analysis of the sample HgS-PEG-2000: (a) survey spectrum, 

(b) Hg 4f bonding-energy spectrum, and (c) S 2p bonding-energy 

spectrum. 5 

3.2 Morphology of samples 

 
Fig. 3. The morphology and structure of as-prepared HgS nanoparticles 

by PEG-2000 assistance. (a) low-, and (b) high-magnification TEM 

images; (c) HRTEM image of the selected area marked with a pink square 10 

in (b); the inset is the corresponding fast Fourier transformation (FFT) 

pattern; (d, e) the corresponding EDS elemental mapping images of Hg 

and S. (f) EDX spectrum of the HgS nanoparticles.  

Morphologies of the HgS nanocrystals prepared in different PEG 
lengths under the same reaction condition that is the reaction 15 

temperature kept at 180oC for 10 hours and the molar ratio of 
Hg2+/S2- at 1:1. As an example, when PEG-2000 is employed, the 
product is comprised of nanoparticles with a diameter of 30-50 
nm (Fig. 3a), which agrees well the value of crystalline size based 
on the Scherrer Formula, from the XRD data. The HRTEM image 20 

of the edge of the single nanoparticle (Fig. 3b) marked by a 
square in Fig. 3c shows that the distance between adjacent lattice 
planes is about 0.33 nm, corresponding to the (101) plane, 
indicating that the final HgS nanoparticle exhibits a preferred 
growth along the [101] direction. The EDX image recorded from 25 

the same region also confirms that the components of the 
products are only Hg and S with a ratio of 1.03 : 1 (Fig. 3f), 
which is supported by the element map (Figures 3d and 3e). The 
Cu signal is attributed to the copper supporting grid.  
The morphology of the samples with different PEG lengths is 30 

further examined by SEM (Fig. 4). When PEG-2000 was used, 
the diameters of the as-obtained HgS nanoparticles are 40-60 nm 
(Fig. 4b). When the PEG length is decreased to PEG-0, the 
diameters are dispersed more from 40 to 70 nm (Fig. 4a). When 
the PEG-2000 further increase to PEG-4000, the diameter 35 

disperse rang is back to 30-50 nm (Fig. 4c).When PEG-6000 is 
employed, the product is comprised of the smallest nanoparticles 
illustrated in Fig. 4, about 25-45 nm. The results indicate that the 
size of HgS nanoparticles can be easily controlled by turning the 
chain length of PEG. Namely, the size of the HgS nanoparticles is 40 

decreased as the PEG with longer length is used. 

 
Fig. 4. SEM images of the as-prepared final HgS products with different 

PEG lengths (a) PEG-0, (b) PEG-2000, (c) PEG-4000, and (d) PEG-6000. 

3.3 Growth mechanism of HgS nanoparticles. 45 

In the synthesis, when Hg(NO3)2 and C2H5NS are dissolved into 
the deionized water, a clear solution were obtained. As illustrated 
in Fig. 5, CH3SNH2 can be first hydrolysis to H2S, which are easy 
to be further ionized into S2- ions. Then, S2- ions can directly react 
with Hg2+ ions and HgS clusters can be quickly formed, which 50 

will be used as the growth units. When the solution 
supersaturation, the crystal began to grow and the HgS monomers 
will be formed. It is known that the morphology of the as-
prepared products can be determined by their crystal structures to 
some extents.19 The isotropic unit cell structure generally results 55 

in isotropic growth of particles and accordingly leads to 
spherical-like morphology of the products.20 Therefore, after the 
initial nucleation, the HgS monomers can grow into relatively 
small nanocrystals. Driven by the minimization of surface energy, 
the HgS crystals have a tendency to grow bigger, resulting in a 60 

thermodynamics stable state. During this process, the surface of 
the as-growth HgS monomers could be easily absorbed by the 
nonionic PEG molecular, which will stabilize and protect the 
nanoparticle, and finally, the sphere-like morphology of HgS 
nanocrystals will be formed. The possible growth mechanism of 65 

HgS nanoparticles is schematically illustrated in Fig. 5. This is 
similar to the formation process of PbS and MoS2 nanoparticles 
reported previously.21,22  
An interesting discovery is that the sizes of HgS nanoparticles are 
decreased as increasing the chain length of PEG (Fig. 4). The 70 

phenomenon can be understood as the following reasons: 
(i) The shorter length of PEG can form stronger bonds than 

that of longer length.23 According to Boltzmann distribution, the 
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stronger adsorption will provide a higher density of PEG on HgS 
crystal surrounding. The adsorbed PEG molecules will slow 
down the rate of growth units moving to the as-growing HgS 
crystal surface. This contribute to the growth units have enough 
time to move the lowest energy position. Thermodynamics plays 5 

a dominant role in this process, the whole system has the lowest 
energy, thus form the bigger particles. In comparison, the longer 
length PEG owns a weaker adsorption, the adsorption density of 
PEG on HgS surfaces is smaller, nucleating rate is increased, thus 
the relative smaller particle was formed.  10 

(ii) The polarity of the PEG increases with decreasing the 
length of the carbon chain length, which causes the decrease of 
the nucleation rate of HgS resulting in the formation of bigger 
particles. Therefore, the reactivity of the ions in solution can be 
controlled by adjusting the PEG length in the mixed solvent. 15 

Longer PEG length leads to easier nucleation, greater reactivity 
of the reactants, and faster reaction rate, and thus a lack of time to 
age and produce crystals with small size and even assemble to 
irregular particles (Fig. 4D). Moreover, the fluid viscosity of the 
PEG with longer chains is higher than the shorter one, even 20 

though the nucleation does not change, the post growth will be 
suppressed obviously. 

 
Fig. 5. Possible growth mechanism of the HgS nanoparticle. 

3.4 Optical properties.  25 

It is known that controlling the size of nanomaterial synthesis 
affords an opportunity to obtain samples with desirable optical 
performances.24 In order to investigate the optical property of the 
obtained HgS nanoparticles, the UV-vis adsorption spectrum of 
the product is measured. Fig. 6 illustrates the DRS spectra of 30 

samples HgS-0, HgS-2000, HgS-4000, HgS-6000. The absorption 
edges of the HgS nanoparticles were found between 604 and 620 
nm, corresponding to the absorption edge of a semiconductor 
material. The absorption edge for the samples from HgS-6000 to 
HgS-0 showed a small blue shift, which seems to be inconsistent 35 

with the general principle of the quantization size effect, namely 
the band-gap of semiconductors increases with decreasing in 
particle size.25 The ratio of Hg/S was 1.07 and 1.03 by XPS and 
EDX measurements, as shown in Figures 2 and 3, which indicates 
that the obtained HgS samples are off stoichiometric and the high 40 

surface defects exist. These defects may be the real reason why 
the band gap is increasing with increasing size of the HgS 
nanoparticles. 
By extrapolating the absorption edge using a linear fitting method, 
the band gap values of HgS nanoparticles were calculated (Table 45 

1). The band gap values increased slightly from 2.00 to 2.05 eV 
as the particle size increased. The steep shape of the visible 
region reveals that the absorption band of HgS is due to the 
transition from the valence band to the conduction band26 and is 
not due to the transition from the metal impurity level to the 50 

conduction band, as observed for metal-ion-doped 
semiconductors.27 Thus, the steep absorption edge implies single-
phase HgS, which is consistent with our XRD results. It is 
expected that the novel property of the HgS nanoparticles may 

offer exciting opportunities for the potential application in infra-55 

red emitters and catalysts. 
 

 
Fig. 6.  UV-vis DRS spectrum of HgS nanoparticles with different PEG 

lengths. 60 

Table 1. Band gap values of HgS nanoparticles calculated from DRS data. 

Sample Linear fit wavelength (nm) Band gap (eV) 

HgS-0 604.878 2.05 

HgS-2000 607.843 2.04 

HgS-4000 610.837 2.03 
HgS-6000 620.000 2.00 

3.5 Photocatalytic performance of HgS nanoparticles. 

Methylene blue is one kind of organic dye and often used as a 
model pollutant to study the photocatalytic activity or 
performance of nanomaterials.28 The maximum absorptive energy 65 

of methylene blue is at 664 nm. In this study, methylene blue was 
chosen as an object to investigate the photocatalytic degradation 
properties of the as-prepared HgS nanoparticles with the help of 
UV-vis absorption spectra. In Fig. 7, it is found that the 
absorptive intensity of methylene blue at 664 nm gradually 70 

decreases with a prolonging the irradiation time when the mixed 
solution of methylene blue and HgS nanoparticles was exposed to 
visible light irradiation by a sodium vapour lamp at high pressure 
and room temperature. This result indicates that methylene blue 
underwent degradation behavior under the catalysis of HgS 75 

nanocrystals. If the degradation ratio is defined as the ratio 
between the decreased absorptive intensity and that of the initial 
methylene blue solution, the degradation ratio is about 85% when 
the mixed solution was irradiated for 3 h. These imply that the as-
synthesized HgS nanoparticles have good photocatalytic activity 80 

for methylene blue and are likely to be efficient photocatalysts in 
the applied field. As per the photocatalytic mechanism of HgS 
nanoparticles on methylene blue, we assume that the electron 
injection from photoexcited methylene blue molecules to HgS 
nanoparticles leads to a reduction of molecular oxygen and 85 

oxidative decomposition of the electron-deficient methylene blue. 
To the best of our knowledge, the photocatalytic performances of 
HgS nanoparticles have not been reported and the catalytic 
mechanism of HgS has not been well understood until now. In 
our future work, we will investigate the catalytic mechanism of 90 

HgS nanoparticles in detail. 
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Fig.7 Time-dependent UV-Vis absorption spectra of methylene blue 
(5mg/L) degradation in HgS nanoparticles under visible light irradiation. 

4. Conclusion 

In summary, we have reported a simple hydrothermal method 5 

to prepare HgS nanoparticles using PEG as stabilizing agent 
and characterized by a variety of methods. The XRD analysis 
confirmed that the HgS nanoparticles are in hexagonal phase. 
SEM and TEM analysis revealed the nanoparticles with an 
average size from 55 to 35 nm. On the basis of the structural 10 

and morphological studies, a growth mechanism has been 
proposed to explain the formation of the HgS nanoparticle. 
The UV-vis DRS measurements confirmed that the samples 
have the band gap from 2.00 to 2.05 eV and slightly change 
upon changing the size of HgS nanoparticles. The HgS 15 

nanoparticles exhibited good photocatalytic activity for the 
degradation of MB aqueous solution under visible-light 
illumination. Because of their hydrothermal synthesis and 
controlled morphology, the obtained HgS nanoparticles have 
the potential applications in catalysis. 20 
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HgS nanoparticles have been synthesized by a hydrothermal method using polyethylene glycol 

(PEG) as stabilizing agent. The as-prepared HgS nanomaterials show good photocatalytic behaviour. 
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Fig. S1. SEM image of the as-prepared HgS products with the assistance of PEG-0. 

 

 

 

Fig. S2. SEM image of the as-prepared HgS products with the assistance of 

PEG-2000. 
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Fig. S3. SEM image of the as-prepared HgS products with the assistance of 

PEG-4000. 

 

 

Fig. S4. SEM image of the as-prepared HgS products with the assistance of 

PEG-6000. 
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