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Abstract: Since ultraviolet (UV) light, as well as blue light, which is part of visible light, is harmful to skin, samarium–cerium compounds
containing Sm2O2S were synthesized by co-precipitation method. This kind of compounds blocks not only UV light, but also blue light. The
minimum values of average transmittance (360–450 nm) and band gap of samarium–cerium compounds were 8.90% and 2.76 eV, respect-
ively, which were less than 13.96% and 3.01 eV of CeO2. Elemental analysis (EA), X-ray diffraction (XRD), Fourier transformation infrared
(FTIR), and Raman spectra determined that the samples contained Ce4O7, Sm2O2S, Sm2O3, and Sm2O2SO4. The microstructure of samples was
analyzed by scanning and transmission electron microscopies (SEM and TEM). X-ray photoelectron spectrum (XPS) showed that cerium had
Ce3+ and Ce4+ valence states, and oxygen was divided into lattice oxygen and oxygen vacancy, which was the direct cause of the decrease of av-
erage transmittance and band gap.

Keywords: band gap; co-precipitation method; samarium–cerium compound; ultraviolet light; blue light

  

1. Introduction

Ultraviolet  (UV)  light  is  always  divided  into  UVA
(320–400  nm),  UVB  (280–320  nm),  and  UVC  (200–280
nm). Among them, the UVA has the strongest carcinogeni-
city and thus becomes the main inducement of skin wrinkle,
ageing, flabby, and dark spot. To reduce the damage of UV
light to human body, a large number of UV-shielding materi-
als have been developed, and they can generally be split  in
two categories: organic absorbent and inorganic blocker. The
organic  matters  used  to  absorb  the  UV  usually  decompose
easily. The toxicity and skin irritation also limit its wide ap-
plication. By contrast, the inorganic blockers have better ad-
vantages due to its stability and non-toxic. At present, the in-
organic blockers mainly include titanium dioxide (TiO2) [1],
zinc  oxide  (ZnO)  [2],  and  cerium  dioxide  (CeO2)  [3–4].
Among  them,  CeO2 has  a  competitive  advantage  over  the
others in UV-shielding [5–7]. This is mainly attributed to the
variable valences of cerium. The presence of Ce3+ leads to the
formation of oxygen vacancy that produces a donor level at
the  bottom of  the  conduction band.  However,  CeO2 has  no
good shielding effect on UVA.

In addition to the UV, blue light,  which has the shortest
wavelength (400–450 nm) in the visible spectrum, will also
cause hyperpigmentation and accelerate  skin relaxation and
aging [8]. A variety of blue light absorbers, mainly including
Al2O3/polyacrylic  acid  mixture,  TiO2/polyacrylic  acid  mix-

ture  [9–10],  Fe2O3/polyacrylic  acid  mixture,  metal  complex
dyes, benzotriazole compounds [11], PMMA methyl acrylic
acid, and fullerenes [12], have been proposed. Nevertheless,
to the best of our knowledge, the composites that can shield
both ultraviolet and blue light have never been previously re-
ported.

Rare-earth oxysulfides have high light absorption and en-
ergy transfer efficiency, making them an important class of
optical  functional  materials  [13].  Sm2O2S  in  rare-earth
oxysulfides can also be used as a laser stealth absorbent due
to its transition from ground state 6H5/2 to excited state 6F9/2

of Sm3+ [14]. Considering this, a mixture of cerium oxide and
Sm2O2S may extend the shielding range of single CeO2 to the
blue light. For the moment, there is no report on the prepara-
tion  method  of  the  mixture  of  cerium  oxide  and  Sm2O2S.
Therefore, the preparation methods of cerium oxide and rare-
earth  oxysulfides  were  introduced  respectively,  and  then  a
compromise method will be selected for sample preparation.

The  methods  of  synthesizing  cerium  dioxide  mainly  in-
clude  precipitation  method  [15–16],  sol–gel  method  [17],
sonochemistry  method  [18–19],  electrochemical  synthesis
method [20], and hydrothermal method [21–27]. Flux fusion
is the most commonly used method to synthesize rare earth
oxysulfides  as  well  as  other  complex  oxysulfides  [28–34].
The crystal development of the samples prepared by flux fu-
sion method is complete and the crystal properties are good.
However, the process is always operated at a high temperat- 
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ure for a long time, and thus it is difficult to effectively con-
trol  the  reaction.  There  are  some  other  methods,  such  as
thermal decomposition method [35–36], solid–gas synthesis
[37], hydrothermal method [38], homogeneous precipitation
method  [39–40],  radio-frequency  sputtering  [41],  sol–gel
polymer  thermolysis  method  [42],  and  vapor  phase  growth
[43].

In  this  paper,  we  tried  to  synthesize  the  compounds  of
cerium oxide  and  Sm2O2S by  co-precipitation  method.  The
advantages of this method are simple operation and low en-
ergy consumption. The material prepared by co-precipitation
method  had  good  UV–visible  shielding  performance.  The
impacts of pH value on the element content, phase composi-
tion, apparent morphology, surface element content, average
transmittance (360–450 nm), and band gap were analyzed in
detail. 

2. Experimental 

2.1. Materials

Cerium nitrate hexahydrate (Ce(NO3)3·6H2O) and samari-
um nitrate hexahydrate (Sm(NO3)3·6H2O) were employed as
cerium  source  and  samarium  source,  respectively.  Sodium
thiosulfate  pentahydrate  (Na2S2O3·5H2O)  played  a  role  of
precipitant.  Polyvinyl  pyrrolidone  (PVP)  was  a  dispersant
agent. Sodium hydroxide (NaOH) was used to adjust pH. All
these chemicals used were of analytical grade and used as re-
ceived without further purification. 

2.2. Synthesis

43.412 g Ce(NO3)3·6H2O and 133.338 g Sm(NO3)3·6H2O
were mixed in water system, and then 10 g PVP and 99.272 g
Na2S2O3·5H2O  were  added  to  the  mixed  solution  success-
ively. The pH value was adjusted to 8, 10, and 12 with Na-
OH precursors (6 mol/L), and the reaction was performed at
50°C for 3 h at a constant stirring rate of 800 r/min. After the
reaction,  the  mixed solution was filtered,  and the  precipita-
tion was washed thrice with water and with ethanol for an-
other three times. The dried precursors were roasted in a tube
furnace with high pure nitrogen flow in 500°C for 3 h to ob-
tain three groups of samples. 

2.3. Materials characterization

Ion  concentrations  were  measured  by  an  ICS-1100  ion
chromatograph. Elemental analysis (EA) was performed on a
Vario EL cube elemental analyzer. X-ray diffraction (XRD)
analysis of samples was carried out on a Bruker AXS D8 Ad-
vance  X-ray  diffractometer  with  Cu  Kα radiation  (λ =
0.15406 nm). The scanning rate was 1°/min in the 2θ range

from 20° to 70°. Fourier transformation infrared (FTIR) was
performed on Bruker Vertex 70. Renishaw inVia Raman mi-
croscopy  was  used  to  obtain  Raman  spectrum.  Scanning
electron  microscopy  (SEM,  voltage  20  kV)  was  performed
on ULTRA PLUS instrument and transmission electron mi-
croscopy  (TEM)  measurements  were  performed  using  a
Tecnai  G2  F20  S-TWIN  field-emission  transmission  elec-
tron microscope. X-ray photoelectron spectrum (XPS) meas-
urement was performed on a Thermo escalab 250Xi spectro-
meter. UV–visible (UV–Vis) transmittance curves were ob-
served under ambient condition on a UV-2550 spectrophoto-
meter (Shimazu Company, Japan) equipped with an integrat-
ing sphere in the wavelength between 200 and 800 nm. 

2.4. Calculation of band gap

The Tauc  plot  method  [44–45]  was  used  to  obtain  band
gap. The formula is as shown in Eq. (1).

(αhv)1/n = A
(
hv−Eg

)
(1)

where α is light absorption index; A is a constant related to
energy; h is Planck constant; v is frequency; Eg is band gap of
the semiconductor; n is related to the type of semiconductor,
as the prepared samples are direct semiconductors, n is sub-
stituted into 0.5. 

3. Results and discussion
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Sodium thiosulfate solution may include , S2−, ,
and . In order to verify the existence state of sulfur ele-
ment in the reaction system, the contents of  and  in
sodium thiosulfate  solution  under  different  pH were  tested,
and  the  results  are  listed  in Table  1.  The  concentration  of

 and  is determined by ion chromatography. S2− is
deduced from the conservation of charge. With the increase
in  pH,  the  content  of  in  the  solution  is  gradually  in-
creasing, whereas that of  was always less than 10−6 g/L.
Therefore,  the  solution  mainly  contained , ,  and
S2−. S2− and  are obtained by the decomposition of 
according to the conservation of charge, so the change trend
of S2− with pH should be consistent with . The titration
curve was used to further determine the reaction process (Fig.
1). When pH value is less than 10, with the addition of Na-
OH, the curve is steep. At this time, part of the precipitation
generated is samarium/cerium hydroxide, and the other part
is formed by the complex of  and samarium (The
reason  for  the  absence  of  cerium will  be  explained  in  sub-
sequent tests).  With the further increase in pH, the slope of
the  curve  slows  down,  indicating  that  the  added  NaOH  is
consumed in large quantities, so a large number of samarium/

SO2−
4 SO2−

3 S2O2−
3Table 1.    Concentration and proportion of  ,  , S2−, and   in sodium thiosulfate solution

Sample
Ion concentration / (g·L−1) Ion proportion / wt%

SO2−
4 SO2−

3 S2− S2O2−
3 SO2−

4 SO2−
3 S2− S2O2−

3

pH = 8 0.042 <10−6 0.042 63.159 0.066 <10−5 0.066 99.867
pH = 10 0.566 <10−6 0.566 62.111 0.895 <10−5 0.895 98.210
pH = 12 2.500 <10−6 2.500 58.243 3.953 <10−5 3.953 92.094
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cerium hydroxide generates. In addition, there was also a part
of samarium sulfide in the precipitation.

The  result  of  EA  of  samples  is  summarized  in Fig.  2,
which  shows  that  with  the  increase  in  pH,  the  contents  of
cerium (Ce),  samarium (Sm),  and oxygen (O) show an up-
ward trend, whereas that of sulfur (S) exhibits a downward
trend.  What’s  more,  the  molar  ratio  of  Sm  and  Ce  in  the
samples  is  roughly  consistent  with  the  added  amount  (The
molar ratio of Sm and Ce is 3/1).

 
 

60

7

50

8

40

9

30

10

20

11

10

12
0

13

C
o
n
te

n
t 

/ 
w

t%

pH value

Sm

O

Ce

S

(8, 50.00) (10, 50.20) (12, 51.30)

(8, 25.91) (10, 26.18) (12, 26.49)

(8, 16.80) (10, 16.90) (12, 17.50)

(8, 7.29) (10, 6.72) (12, 4.71)

Fig. 2.    Element content of samples.
 

Fig. 3 is the XRD patterns of the three groups of precurs-
ors. It can be seen from the Fig. 3 that the precursors have no
good  crystal  morphology. Fig.  4 presents  XRD  patterns  of
samples.  The  samples  contained  phase  Ce4O7,  Sm2O2S,
Sm2O3, or Sm2O2SO4 (When pH value is 12, the diffraction
peaks  of  Sm2O2SO4 is  not  obvious  or  even  disappeared).

Combined with the above results, the reaction equations dur-
ing roasting process are speculated to include Eqs. (2)–(5).
4Ce(OH)3 = Ce4O7+5H2O+H2 (2)

2Sm(OH)3 = Sm2O3+3H2O (3)

Sm2(S2O3)3+5H2O = Sm2O2SO4+5H2S+4O2 (4)

Sm2S3+2H2O = Sm2O2S+2H2S (5)

SO2−
4

SO2−
4

In  order  to  confirm  the  presence  of  these  phases  in  the
samples,  FTIR and Raman characterizations  were  also  per-
formed. Fig. 5 shows the FTIR spectra of the samples. When
pH value is 8 and 10, there is a similar FTIR spectrum. The
broad band centered at 1191 (1195) and 1052 (1058) cm−1 are
derived  from  that  confirmed  samarium  oxysulfate  is
formed. The band located at 1105 (1109) and 995 (996) cm−1

is attributable to O2S6−. The absorption bands at 660 and 620
cm−1 are  the  characteristic  bending  modes  of  RE–O  and
RE–S, respectively. As pH value is 12, there is no character-
istic  peak  of ,  which  is  consistent  with  the  results  of
XRD.
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Fig. 5.    FTIR spectra of roasted samples.
 

For purpose of proving that the binding ability of cerium
and sulfur is weaker than samarium and sulfur, we prepared
the single-system compounds cerium oxysulfide (SOC) and
samarium oxysulfide (SOS) respectively, and conducted Ra-
man spectra of the roasted samples, as shown in Fig. 6. Fig.
6(a) shows the Raman spectra of SOC. The band at 457 cm−1

should  be  assigned  to  F2g mode  in  cubic  fluorite  structure.
The band at 579 and 1172 cm−1 can be attributed to oxygen
vacancy.  The  band  at  1021  cm−1 corresponds  to  the  signal
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peak of adsorbed O2− on the surface, which also indicates the
existence of  oxygen vacancy. Fig.  6(b) presents  the Raman
spectra of SOS. The Raman peaks at 1008, 814, and 495 cm−1

belong to Sm2O2(SO4)3, Sm2O2S, and Sm2O3, reapectively.
Fig. 7 shows the SEM images of the precursors prepared

under different pH values. The particle size shows a decreas-
ing trend, and the dispersion also gradually get better. Ana-
lysis of roasted samples by SEM (Fig. 8) reveal that particle

size  decreased  with  the  increase  in  pH.  The  pH  value
changed  from  8  to  12,  and  the  morphology  of  samples
changes  from lamellar  to  spherical. Fig.  9 shows TEM im-
ages and the corresponding selected area electron diffraction
(SAED) patterns. As indicated in Fig. 9, the roasted samples
are made up of Sm2O2S, Sm2O3, Ce4O7, or Sm2O2SO4. In ad-
dition,  the  morphology  of  TEM  is  consistent  with  that  of
SEM.
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Fig. 7.    SEM images of precursors from different pH solutions: (a) pH = 8; (b) pH = 10; (c) pH = 12.
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Fig. 8.    SEM images of roasted samples from different pH solutions: (a) pH = 8; (b) pH = 10; (c) pH = 12.
 

Fig. 10 shows the XPS spectra of Ce 3d and O 1s obtained
from as-prepared samples.  As presented in Fig.  10(a),  ceri-
um possesses two valence states, namely, Ce3+ and Ce4+. The
peaks v and v0 at 903.9 and 884.3 eV, respectively, belong to
Ce3+,  whereas  the  other  peaks  belong  to  Ce4+.  Oxygen  has
two valence states, oxygen vacancy (OV) and lattice oxygen
(Oβ), corresponding to 531.7 and 529.0 eV, respectively [46].

The percentages of Ce3+, Ce4+, Ce3+/Ce4+, OV, Oβ, and OV/Oβ

were calculated based on the XPS spectra of Ce 3d and O 1s
(Table 2). As shown in Table 2, the percentage of Ce3+ and
OV decreases with the increase in pH, whereas that of Ce4+

and Oβ increases.
Fig.  11 shows  UV–Vis  transmittance  and  (αhv)2 varies

with hv curves of all  samples in the experiment.  Compared
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with CeO2 in our previous study [15], the samarium–cerium
compounds prepared in this experiment show good shielding
effect  in  ultraviolet  and visible  light  regions.  The values  of
average transmittance between 360 and 450 nm were calcu-
lated based on UV–Vis transmittance curves to compare the
UV–Vis  shielding  performance  of  the  samples  intuitively
(Table  3).  As  shown  in Table  3,  average  transmittance
(360–450 nm) shows a decreasing trend with the increase in
pH. As pH value is 12, the minimum value of average trans-

mittance is 8.90%. The band gap was also calculated accord-
ing to the UV–Vis transmittance curves (Table 3), the min-
imum value of which is only 2.76 eV. Both the average trans-
mittance and the band gap of the compounds are better than
that of CeO2.

Based  on  the  previous  characterization,  there  are  three
reasons for the decrease of band gap of the samarium–ceri-
um compound. Firstly, the doping of Sm3+ and Ce3+ causes a
lot of oxygen vacancies in the sample. The oxygen vacancies

Table 2.    Surface element contents of roasted samples

Sample Ce3+ / mol% Ce4+ / mol% Ce3+/Ce4+ OV / mol% Oβ / mol% OV/Oβ

pH = 8 49.81 50.19 0.99 93.26 6.74 13.84
pH = 10 49.77 50.23 0.99 84.41 15.59 5.41
pH = 12 41.17 58.83 0.70 77.29 22.71 3.40
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will cause the impurity energy level to appear below the con-
duction band, thus reducing the band gap, as shown in Fig.
12. Secondly, the ionic radii  of Sm3+ (0.0958 nm) and Ce3+

(0.102 nm) are larger than that of Ce4+ (0.087 nm), so there
will be a certain degree of lattice expansion, which will also
reduce the band gap. Finally, Sm2O2S itself is a good light ab-
sorbing material. 

4. Conclusion

Co-precipitation  method  was  used  to  synthesize  samari-
um–cerium  compounds  containing  Sm2O2S.  EA  indicated
that the sulfur content in the compound was negatively cor-
related with the pH. XRD, FTIR, and Raman spectra showed
the samples contained Sm2O2S, Sm2O3, Ce4O7, or Sm2O2SO4.
The morphology changed from lamellar to spherical with the
increase in pH according to SEM and TEM images. Cerium
had two valence states of Ce3+ and Ce4+, and oxygen had two
forms of OV and Oβ. With the increase in pH, the contents of
Ce3+ and  OV  decreased,  whereas  that  of  Ce4+ and  Oβ in-
creased. Average transmittance (360–450 nm) and band gap
were determined by UV–Vis transmittance curve. Among all
samples, the minimum average transmittance (360–450 nm)
reached 8.90% as pH value was 12, and the minimum band
gap was only 2.76 eV, much smaller than that of cerium ox-
ide  (3.01  eV).  Therefore,  the  prepared  samarium–cerium
compounds  block  not  only  UV  light,  but  also  blue  light,
which is part of visible light. 
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