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In this research, a series of near-infrared (NIR) reflecting nanopigments, based on ZnSxSe1-x (x = 1, 0.75, 0.55, and 0.35), have
been synthesized via a coprecipitation reaction and subsequent calcination. Furthermore, their crystal structure, particle
morphology, chromatic properties, and NIR reflectance have been investigated in detail; the results show that ZnSxSe1-x
pigments have a cubic zinc-blende structure with a space group of F-43m(216), and the pigments’ microstructure presents the
agglomerates composed of the spherical particles of different nanosizes. ZnSxSe1-x pigments exhibit not only colors ranging
from ivory white to bright yellow but also significant NIR solar reflectance, ranging from 80.96% to 86.65%.
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Introduction

Currently, due to the urban heat-island effect [1],
temperatures in city centers are 3 oC–5 oC higher than
in the surroundings. As the urban buildings absorb
sunlight, the indoor temperatures increase, affecting
people’s living comfort and increasing the building
cooling energy consumption. Over the next three
decades, the urban heat-island phenomenon is expected
to become increasingly severe; at the same time, the
energy consumption related to this phenomenon is
estimated to increase with the deterioration of the
ecological environment and the climate. Therefore, the
implementation of urban heat-island mitigation strategies
in the next few years will be crucial. In the past few
decades, “cool pigments” with high solar reflectance
have attracted a broad audience [2, 3]; furthermore,
several inorganic pigments with high NIR reflectance
have been developed to address this issue [4, 5].

The solar/NIR reflectance of inorganic pigments [6]
are closely related to its color. White pigments, e.g.,
TiO2 [7] and ZnO [8], have excellent thermal reflection
properties (total solar reflectance of approximately
85%). However, due to the poor stain resistance of
white coatings, it is necessary to develop a variety of
NIR reflective pigments with different colors that can
simultaneously meet the aesthetics, antiglare, and anti-
fouling properties, so as to meet people’s many needs
for product functionality and practical beauty [9-19].

Recently, zinc seledide sulfide (ZnSxSe1-x) materials
have emerged as promising materials for environmental
and energy applications. ZnSxSe1-x is a continuous solid
solution of two compounds, zinc sulfide [20-24] and
zinc selenide, and its band-gap value shows a continuous
change with the composition x. As a wide-bandgap II–
VI semiconductor material with high photostability and
luminescence quantum yield potential, ZnSxSe1-x has
been widely studied in the fields of light-emitting devices,
solar cells, sensors, and optical recording materials.
However, there are still few reports on the preparation
of ZnSxSe1-x as high NIR reflection inorganic pigments.
Although our previous work found that ZnSxSe1-x/
ZrSiO4 composite can be used as a cool pigment on
ceramic tiles for energy saving, the formation mechanism
of ZnSxSe1-x “cool pigment” is still unknown and the
research on the color and the thermal performance of
ZnSxSe1-x are not systematic enough. 

In this paper, we have synthesized a series of NIR-
reflecting nanopigments based on zinc seledide sulfide
(ZnSxSe1-x, x = 1, 0.75, 0.55, and 0.35) and a solid
solution whose composition changes with the x com-
ponent ratio [25] via a coprecipitation reaction and
subsequent calcination. Furthermore, we have analyzed
the crystal structure, valence state, morphology, chro-
maticity, and NIR reflective properties of the same.

Experimental

Materials and methods
ZnSxSe1-x pigments (x = 1, 0.75, 0.55, and 0.35) have

been synthesized by a coprecipitation reaction and
subsequent calcination (Fig. 1) using ZnSO4·7H2O
(99.5%), Na2S·9H2O (98%), Se (99%), and NaOH
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(97%) as starting materials, which have been supplied
by the Sinopharm Group Co. Ltd., China. Regarding
the compositions of ZnSxSe1-x precursors, the x value is
noted to change (Table 1).

Characterizations
Crystalline phases of samples were examined through

an X-ray diffractometer (PW-1710, Philips Co. Ltd.,
The Netherlands); the elements’ valence state was
determined using an X-ray photoelectron spectroscopy
(ESCALAB 250Xi, Thermo Fisher Scientific Co. Ltd.,
USA); the samples’ morphology was examined through
a scanning electron microscope (EVO-18, Carl Zeiss
AG, Germany); the particle size distributions were
determined by a laser diffraction particle size analyzer
(BT-9300S, Bettersize Instruments Ltd., China); specific
surface areas of samples were determined based on the
nitrogen gas adsorption principle (BET) (Flowsorb III
2310, Micrometrics Co. Ltd., USA); and the samples’
color was determined on a reflection differential colori-
meter (Color Premier 8200, X-Rite Incorporated, USA).
Furthermore, the diffuse reflectance of samples was
measured through a UV–vis-NIR spectrophotometer
(LAMBDA 950, PerkinElmer Co. Ltd., USA), using
BaSO4 as a reference. The solar reflectance in the NIR
region (R*) can be calculated by: 

, (1)

where r() is the spectral reflectance (W·m−2), and i()
is the standard solar spectrum (W·m−2·nm−1) obtained
from the ASTM standard G159-98. 

Results and Discussion

Powder X-ray diffraction analysis
Fig. 2(a) shows XRD patterns of ZnSxSe1-x (x = 1,

0.75, 0.55, and 0.35) composite pigments. Comparing
the standard JCPDS File of ZnS (JCPDS card No. 05-
0566) with that of ZnSe (JCPDS card No. 37-1463),
we found that they have the same cubic zinc-blende
(zb) structure with a space group of F-43m(216). The
zb-ZnS shows characteristic features at 28.6o, 33.1o,
and 56.3o, corresponding to (111), (220), and (311) planes,
respectively. Similarly, zb-ZnSe shows characteristic
features at 27.2o, 31.5o, and 45.2o, respectively, corres-
ponding to the same planes. As the Se content further
increases, the samples begin to show peaks of zb-ZnSe
(JCPDS card No. 37-1463, cell parameters of a = 5.669
Å).  Fig. 2(b) and  Fig. 2(c) show the shifts of the Bragg
reflections (111) and (220) of ZnSxSe1-x powders; these
are due to changes in the cell volume of ZnSxSe1-x
pigments. The ionic radius of Se2− (1.91 Å) is greater
than that of S2− (1.84 Å) on the tetrahedral sites. When
S2− is substituted by Se2−, the bond length of Zn-Se is
less than that of Zn-S. On the contrary, when the Se
content in ZnSxSe1-x increases, (111) and (220) planes
shift toward lower 2θ values, increasing the lattice
parameters.

Fig. 1. Flowchart for synthesis procedure of ZnSxSe1-x pigments.

Table 1. Compositions of ZnSxSe1-x precursors

Sample Precursor atomic ratio Zn:S:Se

ZnSxSe1-x

ZnS 1:1:0

ZS-0.75 1:0.75:0.25

ZS-0.55 1:0.55:0.45

ZS-0.35 1:0.35:0.65
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Valence state analysis
Fig. 3 shows the XPS spectra of the ZnSxSe1-x (x =

0.35) pigment, while  Fig. 3(b) shows the high-resolution
Zn 2p electron region. The binding energy interval
1022.1 and 1045.14 eV, and that between Zn 2p3/2 and
Zn 2p1/2 are characteristic of a Zn2+ oxidation state
[26]. The chemical state of S 2p is shown in  Fig. 3(c).
The peak at 160.27 eV is ascribed to S 2p3/2, which is
in agreement with the 160–164 eV scope attained for S
in the sulfide phase [27]. The locations of the major
peaks (54.04 and 54.79 eV) represent Se 3d3/2 and Se

3d1/2, respectively, indicating that element Se mainly
exists as a chemical state of Se2− [28], as shown in 
Fig. 3(d).

Particle size and morphological analysis
Fig. 4 shows the SEM micrographs of ZnSxSe1-x

pigments. The result shows that the increase of Se
content in ZnSxSe1-x does not significantly change the
samples morphology, which are granular and have a
relatively uniform size distribution (see Fig. 5). However,
the samples’ microstructure presents agglomerates

Fig. 2. (a) XRD patterns of ZnSxSe1-x (x = 1, 0.75, 0.55, and 0.35) pigments; (b) Bragg reflection shifts for (111) plane; and (c) for (220) plane.

Fig. 3. XPS spectra of (a) Survey scan; (b) Zn 2p; (c) S 2p; and (d) Se 3d for the ZnSxSe1-x (x = 0.35) pigment.
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composed of spherical particles of different nanosizes.
The specific surface areas of ZnSxSe1-x pigments are

shown in Table 2. According to the BET test results,
the specific surface area of the ZnS sample is 8.14 ±
0.03 m2/g. As the x value decreases, the specific surface
area of ZnSxSe1-x pigments gradually decreases to 5.27
± 0.03 m2/g (x = 0.35).

Chromatic properties analysis
Fig. 6 shows photographs of as-synthesized ZnSxSe1-x

pigments with different component ratios (x = 1, 0.75,
0.55, and 0.35) by calcination in an N2 atmosphere at
600 oC. The visual color of calcined powders varies
from ivory white to bright yellow with the variation of
the component ratio.

Fig. 7 shows the chromaticity coordinates of

Fig. 4. SEM micrographs of ZnSxSe1-x pigments: (a) ZnS; (b) ZS-0.75; (c) ZS-0.55; and (d) ZS-0.35.

Fig. 5. Particle size distributions of ZnSxSe1-x pigments.

Table 2. Specific surface areas of ZnSxSe1-x pigments

Samples ZnS ZS-0.75 ZS-0.55 ZS-0.35

Specific surface area (m2/g) 8.14 ± 0.03 7.68 ± 0.03 6.23 ± 0.03 5.27 ± 0.03
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ZnSxSe1-x pigments: these are gradually close to yellow
with increasing Se content, which is consistent with the
fact that the samples’ color changes from ivory white
to bright yellow.

Table 3 shows the influence of the x component ratio
on L*, a*, and b* ZnSxSe1-x parameters. As the x value

decreases, brightness (L*) increases from 67.58 to
81.85. The yellow chromaticity (b*) of the samples
depends on the degree of Se2− substituting S2−. With
the increase of Se content, the b* value consistently
increases from 33.57 to 56.58, indicating that the
yellowness of the sample is enhanced.

NIR reflectance
Fig. 8 shows NIR reflectance and solar reflectance of

ZnSxSe1-x pigments. The former are greater than 80%
in the wavelength range of 700–2,500 nm (Fig. 8(a)).
With the increase of Se content, the R

* of ZnSxSe1-x
pigments increased from 80.96% to 86.65%, while the
TSR increased from 65.30% to 71.1% (Fig. 8(b)).

Table 4 shows the comparison of color and NIR
reflectance value of ZnSxSe1-x pigments, taking into
account data from past researches [29-35]. The ZnSxSe1-x
(x = 0.75, 0.55, 0.35) pigments show a good color
rendering and excellent NIR reflection performance.
With the increase of Se content, the yellowness of the
ZnSxSe1-x pigments increases significantly along with
the NIR reflectance.

Conclusions

To develop the color-turntable inorganic pigments
with high NIR reflectance, this paper synthesizes
nanopigments based on ZnSxSe1-x (x = 1, 0.75, 0.55,
and 0.35) via a coprecipitation reaction and subsequent
calcination. The visual color of calcined ZnSxSe1-x
powder varies from ivory white to bright yellow with
the variation of the component ratio. Moreover, the

Fig. 8. (a) NIR reflectance and (b) NIR solar reflectance of ZnSxSe1-x pigments.

Fig. 6. As-synthesized ZnSxSe1-x pigments.

Fig. 7. Chromaticity coordinates of ZnSxSe1-x pigments.

Table 3. L*, a*, and b* parameters of ZnSxSe1-x pigments

Samples L* a* b*

ZS-0.75 67.58 12.57 33.57

ZS-0.55 61.21 10.18 31.15

ZS-0.35 81.85 12.54 56.58
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samples of ZnSxSe1-x (x = 0.75, 0.55, and 0.35) possess
higher NIR reflectance in the range of 80.96–86.65 at
700–2500 nm. As the x value decreases, brightness (L*)
increases from 67.58 to 81.85. With the increase of Se
content, the yellow chromaticity (b*) value consistently
increases from 33.57 to 56.58, indicating the excellent
yellow properties of ZS-0.35 pigment. Based on the
NIR reflectance and various color hues obtained, the
ZnSxSe1-x nanopigments could have an application as
excellent candidates for “cool pigments.”
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Table 4. Comparison of color and NIR reflectance value of ZnSxSe1-x pigments, taking into account data from past researches

Pigment Color NIR reflectance (%) Ref.

Y4-xZrxMoO9+δ 83–90 [29]

Y4-xAxMoO9+δ (A = Ta, Tb) 70–90 [30]

[(LiRE)0.125Bi0.75][W0.25V0.75]O4 (RE = La-Yb) 89–91 [31]
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[(LiLaZn)x/3Bi1-x][MoxV1-x]O4 70–88 [35]

ZnSxSe1-x 
(x = 0.75, 0.55, and 0.35)

ZS-0.75 80.96

This studyZS-0.55 86.09

ZS-0.35 86.65

 

 

 

 

 

 

 

 

 

 


