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H3zeecmmno, umo zanozenuonwiii neposeckum APbX; (A = CH3NH;", Cs*; X — uon zanozena)
AB1AEMCA NEPCREKMUGHBIM MAMEPUATIOM C UHMEPECHBIMU (DOMO0IIEKMPULECKUMU U ONMOITIEK-
MPOHHBIMU CEOUCHEAMU 071a200aps C60UM XAPAKMEPUCHMUKAM HEPEHOCA 3apadd, y3KOnooc-
HOMY U3TLYUECHUIO, PE2YAUPYEMOTL OTUHE BOIHbL UTIYUCHUSA U 6bICOKOU HOOBUNCHOCHU HOCUMECH.
Oonako, no npuuuHne HeONAONPUAMHBIX PAKMOPOS, MAKUX KAK MOKCUYHOCHb U J1e2KOCHb Pa3-
JLOMCEHUSL NEPOCCKUMA, COOEPHCAULe20 2AI02CHUObL CEUHUA, €20 UCC/1e006aHUEe U NPUMEHEHUE
ozpanuuensl. /[na npeoooieHus MOKCUUHOCHU U J1e2KOCHIU PA3I0HCEHUA 2A/102eHUOHO20 ne-
po6cKuma, 6 ImMoil padome NOO20MO6/IEH MEMOOOM OCAHCOCHUA MAMEPUAT COCMAsa
Cs:NaBiClg:x%Mn* (x =0, 1, 3, 6, 9), 20e uonst Na* u Bi** 3amensiom oéa uona Pb**, a mampuya
fecceuny06020 2anozenudonozo 06oinozo neposckuma (Cs;NaBiClg) nrezuposana Mn*'. Hzyueno
enuanue nezuposanus uonamu Mn>* paznuunvix Konuenmpayuii Ha TIOMUHECUEHMHbIE CEOli-
CM6a NOJlyueHH020 OMHOCUMEIbHO YUCHL020, He umeroue2o opyzux zemepogasz mamepuana. Ko-
20a codepacanue uonose Mn>* docmuzaem 6%, UHMEHCUBHOCI TIOMUHECUCHUUN CAMAA GbICOKAS.
Paznuunvie onunvt 60nn 6030yicoenus (340 um, 363 um, 380 um) u onunvt 6onn ucnyckanus (560 um,
582 um, 600 nm) ucnonvzoeanuce 011 U3MEPEHUA COCMOAHUSA UCHYCKAHUA U 8030YHCOCHHO20 CO-
CMOAHUA NO020MO061eHH020 00pa3ya. Paccuumannvie yeemoswvie xkoopounamot (0,5288, 0,4665)
npuHaonexdcam opamiceso-xceamoil oonacmu. Pezynomamol pabomel noxazviearom, umo nouy-
YeH HeopZaHUUeCKUil 2ai02eHUOHbLIL 06OTIHOI NEPOBCKUMHbBLIL MaAmMepUuas ¢ 601bWUMU NEPCheK-
mueamu pazeumusi.

KiaroueBble cjioBa: OCCCBUHIIOBBIN TaJlOTCHUIHBIA JBOHHOW MEPOBCKUT, METOJ OCAKICHUS,
Cs2NaBiCls, opamxkeBo-xenrtast JTEOMUHECIICHIHS

J1s uuTHPOBAaHUS:
I3un Csonyn, Jlan Tunuan, Yepkacoa T.I'., Xan Tao [lomydeHue W JIOMHUHECHIEHTHBIE CBOMCTBA HE COJIEPKAIIUX
CBUHIIA TaJIOTEHUIHBIX JBOMHBIX MEPOBCKUTHBIX MAaTEPHUATIOB. M38. 8y308. Xumus u xum. mexuonoaus. 2025. T. 68. B 4.
C. 67-72. DOI: 10.6060/ivkkt.20256804.7164.

For citation:
Jing Xiaolong, Lang Tianchun, Cherkasova T.G., Han Tao Preparation and luminescent properties of lead-free halide double
perovskite materials. ChemChemTech [lzv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2025. V. 68. N 4. P. 67—72. DOI:
10.6060/ivkkt.20256804.7164.

ChemChemTech. 2025. V. 68. N 4 67



3un CsomyH u np.

PREPARATION AND LUMINESCENT PROPERTIES
OF LEAD-FREE HALIDE DOUBLE PEROVSKITE MATERIALS

Jing Xiaolong, Lang Tianchun, T.G. Cherkasova, Han Tao

Jing Xiaolong (ORCID 0000-0003-1391-4285)

School of Materials Science and Engineering, Chongging University of Arts and Sciences, Chongging 402160,
China

T.F. Gorbachev Kuzbass State Technical University, Vesennyaya st., 28, Kemerovo, 650000, Russia

E-mail: jxly1988@163.com

Lang Tianchun (ORCID0000-0002-7867-3307)

School of Materials Science and Engineering, Chongging University of Arts and Sciences, Chongging 402160,
China
E-mail: 394340508@qq.com

Tatiana G. Cherkasova (ORCID 0000-0002-5337-1337)*

T.F. Gorbachev Kuzbass State Technical University, Vesennyaya st., 28, Kemerovo, 650000, Russia
E-mail: ctg.htnv@kuzstu.ru*

Han Tao (ORCID 0000-0002-7396-1676)

College of Materials and New Energy, Chongging University of Sciences and Technology, Chongging 401331,
China
E-mail: 42507706@qg.com

Halide perovskite APbXs (A = CH3NH3*, Cs™; X is a halogen ion) has been proved by schol-
ars to be a material with great potential in photovoltaic and optoelectronic applications due to its
charge transport characteristics, narrow-band emission, adjustable emission wavelength and high
carrier mobility. However, due to adverse factors such as toxicity and easy decomposition of lead
halide perovskite materials, its future development and research application are limited. In order
to overcome the toxicity and easy decomposition of halide perovskite, this paper prepared
Cs:NaBiClg:x%Mn* (x =0, 1, 3, 6, 9) by precipitation method. Na* and Bi** ions are substituted
two Pb?* ions, and the lead-free halide double perovskite (Cs,NaBiCls) matrix was prepared and
doped with Mn?*, The effects of different Mn?* doping concentrations on its luminescence proper-
ties were studied. The results showed that the prepared sample was relatively pure and there were
no other hetero-phase. When the doping concentration of Mn®* reaches 6%, the luminescence in-
tensity is the highest. Different excitation wavelengths (340 nm, 363 nm, 380 nm) and emission
wavelengths (560 nm, 582 nm, 600 nm) were used to measure the emission state and excited state
of the sample, which showed that the prepared sample was the same emission source. The calcu-
lated color coordinates are (0.5288, 0.4665), belonging to the orange-yellow region. Finally, the
inorganic halide double perovskite material with great development prospect was obtained.

Keywords: lead-free halide double perovskite, precipitation method, Cs;NaBiCls, orange-yellow lumi-
nescence

easy decomposition of lead halide perovskite materi-
als, its future development and research application are
limited [7-11]. In order to effectively solve the prob-
lems encountered at present, a new type of perovskite

INTRODUCTION

Halide perovskite APbXs (A = CHsNH?®*, Cs*;
X is a halogen ion) has been proved by scholars to be

a material with great potential in photovoltaic and op-
toelectronic applications due to its charge transport
characteristics, narrow-band emission, adjustable
emission wavelength and high carrier mobility [1-6].
However, due to adverse factors such as toxicity and
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with strong stability and no lead is developed to replace
the traditional lead halide perovskite materials.

The researchers found that the total inorganic
halide double perovskite structure A;MiMiXs (A =Cs,
K*; M= Ag*, K*, Na*, Li* ; My = Bi**, Sb*, In®*;
X =C17, Br7, I"[12-15]. Compared with the traditional
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AMX; perovskite material, the all-inorganic halide
double perovskite material is better in terms of stability
and photoelectric performance, and the double perov-
skite usually does not contain toxic lead elements [16-20].
In addition, its band gap width is relatively narrow, and
its absorption rate of ultraviolet light is higher, so it can
be better applied in photoelectric devices [21-27]. This
alternative method can effectively solve the toxicity
and instability of traditional lead halide perovskite ma-
terials.

In this paper, Na* and Bi®* were selected to re-
place two Pb?* ions, and the lead-free halide double
perovskite (Cs:NaBiCls) matrix was prepared and
doped with Mn?*, By adjusting the doping concentra-
tion of Mn?*, a series of characteristics were carried out
on its phase, luminescence properties, micro-morphol-
ogy and element composition. Finally, the inorganic
halide double perovskite material with great develop-
ment prospect was obtained.

EXPERIMENT AND CHARACTERIZATION

The samples of Cs;NaBiCls:x%Mn?" (x =0, 1,
3, 6, 9) were synthesized by precipitation method, the
required drugs were accurately weighed according to
the stoichiometric ratio, 3 mmol BiCls, 3 mmol NaCl,
6 mmol CsCl and corresponding doping ratio of
MnCl,-4H,O were put into a beaker, stir, add 12 ml
HCI, stir for a certain period of time, pump and filter,
rinse the beaker with anhydrous ethanol, and then put
it into a 70 °C air drying box for about 4 h. Finally get
the required sample.

In order to characterize the relevant properties
of the samples, TD-3500 X-ray diffractometer (XRD)
was used to measure the Cs;NaBiCle:6%Mn?" sample,
which is the most luminous, with an operating voltage
of 30 kV, a current of 20 mA, and a test Angle range
of 10-70°. The emission and excitation spectra of
Cs2NaBiClg:x%Mn?* (x = 0, 1, 3, 6, 9) samples were
measured by the Hitachi F-7000 fluorescence spectro-
photometer at different excitation wavelengths and
emission wavelengths. The GeminiSEM 300 field
emission scanning electron microscope (SEM) was
used to observe the microstructure of the sample and
analyze the elemental composition of the sample.

RESULTS AND DISCUSSION

Cs;NaBiCls has a typical face-centered cubic
structure, with alternating combinations of [NaClg]>
octahedrons and [BiCls]* octahedrons forming a ste-
reo-structure. According to the principle of similar
electric neutrality and ionic radius, doped Mn?* will re-
place the site of Bi®* to form [MnCls]*. Fig. 1 shows
the XRD pattern of Cs,NaBiCls:6%Mn?*. The upper
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curve is the pattern of the measured sample, and the
black line at the bottom is the standard PDF 05-9059
card of Cs;NaBiCle. It can be found that each measured
peak is aligned with the standard one. In summary, it
is shown that the prepared sample phase structure is
consistent with the expected, the material is relatively
pure, and there are no other impurity phases.

3500

Cs,NaBiCl_:6% Mn
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Fig. 1. X-ray diffraction pattern of Cs2NaBiCls:6%Mn2*
Puc. 1. Tuppaxrorpamma Cs2NaBiCle:6%Mn?*
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Fig. 2. SEM (a) and EDS (b) spectra of Cs2NaBiCls:6%Mn2*
Puc. 2. Criektpst COM (a) u 3/IC (6) Cs2NaBiCls:6%Mn?*

The morphology of Cs,NaBiCls:6%Mn?" was
observed under scanning electron microscope. As
shown in Fig. 2 (left), the double perovskite sample
prepared by precipitation showed uneven microstruc-
ture. In addition, EDS spectra of Cs;NaBiCl:6%Mn?*
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samples were also analyzed, as shown in Fig. 2 (right).
The detection shows that between 0-1 kV, the first two
peaks are carbon and oxygen, which are the elements
contained in the conductive adhesive used in the prep-
aration of the test sample. The elements corresponding
to the subsequent wave peaks are corresponding to the
elements required for sample preparation, among which,
due to the low doping content of manganese, they are not
shown in the energy spectrum. In summary, the ele-
ments of the measured samples are basically consistent
with the designed and prepared samples.
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800 | G 1oemn® @
@—3%Mn2 ®
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L G®—9%Mn>
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0 3 6 9
Cs,NaBiCl :x% Mn
b
Fig. 3. The excitation spectrum of Cs2NaBiCls: X% Mn?*(x =0, 1,
3, 6, 9) when the emission wavelength is 582 nm (a); the lumi-
nous intensity of different doping concentrations at the same
emission wavelength (b)
Puc. 3. Cnextp Bo36yxaenus CsaNaBiCls:x%Mn?*(x =0, 1, 3, 6,
9) npu JuIMHE BOJIHBI U3Iy4eHHs 582 HM (a); MHTCHCUBHOCTD CBE-
YCHUS NIPU Pa3IMYHbIX KOHUCHTPaUAX JICTUPYIOLICTO BEIIECTBA
[IPY OJTHOM U TOM e JuTiHe BOJIHBI n3inydenus (b)

CszNaBiCls is a standard cubic phase crystal
structure with a wide direct band gap. As shown in
Fig. 3a, the excitation spectra obtained when the mon-
itoring wavelength is 582 nm, it can be found that
CszNaBiCls fluorescent materials with different dop-
ing concentrations of manganese ions have a main ab-
sorption peak centered on the wavelength of 363 nm.
As shown in Fig. 3b, the excitation spectral intensity is
relatively close when the doping concentration of man-
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ganese ions reaches 6%. The excitation spectral inten-
sity reached the highest, and then the luminescence in-
tensity gradually decreased with the increase of doping
concentration.

800
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Fig. 4. The emission spectrum of Cs2NaBiCls:x%Mn?*(x = 0, 1, 3,
Fig. 4. The exitation spectrum of Cs2NaBiCle:x%Mn?*(x =0, 1, 3,
6, 9) with an excitation wavelength of 336 nm (a); the luminous
intensity of different doping concentrations at the same excitation
wavelength (b)
Puc. 4. Criextp mznyuenns CszNaBiCle:x%Mn?*(x =0, 1, 3, 6, 9)
MIPY JJTHHE BOJIHBI BO30OYkaeHHs 336 HM (a); HHTCHCHBHOCTH CBe-
YECHUA NTPU PA3JIUNYHBIX KOHIICHTPAIUAX JICTUPYIOMIETO BEIIECTBA
MIPU OJIHOM U TOM e AnHe BONHBI Bo30yxaenus (b)

ol

Fig. 4a shows the emission spectrum of
Cs2NaBiClg:x%Mn?*(x = 0, 1, 3, 6, 9) fluorescent ma-
terial at an excitation wavelength of 336 nm. It can be
seen from the figure that the undoped Cs;NaBiCls ma-
trix has a very low luminous intensity and almost no
absorption peak. This is in line with the fact that the
inherent parity transition prohibition with double per-
ovskites results in low luminous efficiency [27]. With
the continuous increase of manganese ion doping con-
centration, its luminous intensity first increases and
then decreases. When the doping ratio reaches 6%, the
luminous intensity reaches the maximum as shown in
Fig. 4b. This emission band is due to the doping of
manganese ions, which breaks the parity forbidden
transition, and the d orbital of manganese ions has an
energy level transition from “T; to ®A; [28], which also

W3B. By30B. Xumust u xuM. texHosorust. 2025. T. 68. Beim. 4



produces a relatively obvious orange-yellow photolu-
minescence.

Cs NaBICI 6% Mn

{D—340nm
@—363nm
{3—380um
{@—560nm
& »5820m
&—600nm

800
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400

intensity(a.u.}

200
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Wavelength(nm)
Fig. 5. Spectra of Cs2NaBiCls:6%Mn?* at different excitation and
emission wavelengths
Puc. 5. Cexrpsr Cs2NaBiCle:6%Mn?* npu pasnu4HbIx umHax
BOJIH BO30Y)KICHUS U U3ITy4CHUS

254 nm

Jing Xiaolong et al.

Different excitation wavelengths (340 nm,
363 nm, 380 nm) and emission wavelengths (560 nm,
582 nm, 600 nm) were used to measure the emission
state and excited state of the sample (as shown in Fig. 5),
and it was found that the excitation spectrum and emis-
sion spectrum were not offset, indicating that the pre-
pared sample was the same emission source.

All the prepared samples were placed under
the three-purpose ultraviolet analyzer for preliminary
observation as shown in Fig 6a. It was observed that
the samples with different doping concentrations
showed different intensity of orange-yellow light at
254 nm and visible light, but the luminous intensity
was stronger in visible light mode. The color coordi-
nates of the data measured in the excitation spectrum
are added to the analysis system, and the color coordi-
nates obtained from the calculation plot (0.5288,
0.4665) are also in the orange-yellow region, as shown
in Fig. 6b.

Fig. 6. Photos and coordinate analysis diagram of Cs2NaBiCle:x%Mn?* under ultraviolet analyzer
Puc. 6. @otorpaduu u cxema ananuza koopaunat CsaNaBiCls:x%Mn?* B yisTpadHuoneToBoM aHaTH3aTope

CONCLUSION

In this paper, a series of Cs,NaBiCls:x%
Mn#(x =0, 1, 3, 6, 9) double perovskite fluorescence
materials were prepared and synthesized by precipita-
tion method [29, 30]. Through the characterization of
various instruments and the analysis of data, it was
found that the obtained sample phase is pure and al-
most free of other impurities. The obtained samples are
basically consistent with the elements of the experi-
mental design. The luminescence of the sample comes
from the same excitation source. With the increase of
manganese ion doping concentration, the luminous in-
tensity of the sample increases, reaching the highest at

ChemChemTech. 2025. V. 68. N 4

6%, and showing a strong orange-yellow light, but
with the increase of Mn?* doping concentration, due to
the concentration quenching effect, the intensity de-
creases. The preparation method has the advantages of
simple process, low raw material cost, short reaction
time and pure material ratio. Therefore, Cs;NaBiCls:
X% Mn?* fluorescent materials have great application
potential in the preparation of LED devices and lumi-
nous display agents.

The authors declare the absence of a conflict
of interest warranting disclosure in this article.
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