
Chinese Chemical Letters 35 (2024) 108521

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Incorporation sodium ions into monodisperse lead-free double

perovskite Cs2AgBiCl6 nanocrystals to improve optical properties

Song Wanga, Ying Xiea, Wenchao Jiangc, Binghang Liua, Keying Shia,∗, Kai Pana,b,∗

a Key Laboratory of Functional Inorganic Material Chemistry, Ministry of Education, Heilongjiang University, Harbin 150080, China
b School of Materials Science and Engineering, Jiangsu Engineering Laboratory of Light-Electricity-Heat Energy-Converting Materials and Applications,

Changzhou University, Changzhou 213164, China
c State Key Laboratory of Catalysis, Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical Physics, Chinese Academy of Sciences,

Dalian 116023, China

a r t i c l e i n f o

Article history:

Received 10 January 2023

Revised 18 March 2023

Accepted 26 April 2023

Available online 30 April 2023

Keywords:

Nanocrystals

Alloy

Double perovskites

Optical properties

Exciton binding energy

a b s t r a c t

Lead-free double perovskite nanocrystals (NCs) have emerged as a promising candidate in the optical

field, owing to their non-toxic, good moist heat and chemical stability. However, their poor optical proper-

ties limited their application. To improve the optical properties of lead-free double perovskite NCs, metal

ion doping or alloying had been suggested as a promising strategy. Here, we prepared monodisperse,

uniformly sized, cubic morphology of Cs2AgBiCl6 NCs with different Na+ incorporation amounts via a

simple hot-injection method. The Na+ incorporation broke the parity-forbidden transition by reducing

the inversion symmetry of the electron wave function at the Ag site, which changed the parity of the

self-trapped exciton wave function and thus allowed radiative recombination. As a result, the photolumi-

nescence quantum yield (PLQY) of Na+-alloyed Cs2AgBiCl6 NCs (12.1%) was higher than that of Cs2AgBiCl6
NCs (2.4%), and the exciton lifetime of Na+-alloyed Cs2AgBiCl6 NCs increased to 36.98 ns from 17.58 ns

for Cs2AgBiCl6 NCs. By adjusting the amount of Na+ incorporation, the band gap of Cs2AgBiCl6 NCs can

be significantly tuned from ∼2.90 eV to ∼3.50 eV. Furthermore, the temperature-dependent photolu-

minescence spectra indicated that the Na+-alloyed Cs2AgBiCl6 NCs possessed higher longitudinal optical

phonon energy and exciton binding energy compared to Cs2AgBiCl6 NCs. This suggested that there were

strong exciton-phonon interactions during exciton recombination, a reduced probability of non-radiative

processes, and excellent thermal stability. It offers a promising strategy for improving the optical proper-

ties of lead-free double perovskite NCs, and have the potential to replace traditional lead halide perovskite

NCs in future optoelectronic applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lead halide perovskite nanocrystals (NCs) possess a unique

three-dimensional perovskite structure and exhibit excellent car-

rier behavior, resulting in outstanding optical properties [1–4].

As a result, these NCs have found widespread use in optoelec-

tronic applications such as light-emitting diodes [4–8], lasers [9–

11], solar cells [12–16], non-linear optics [17], and photodetectors

[18,19]. However, their toxicity, poor moist heat, and chemical sta-

bility severely limit their potential for further applications [20–23].

Therefore, there is an urgent need to explore lead-free perovskite

NCs that offer comparable electronic, structural, and optical prop-

erties to those of lead halide perovskite NCs.

Lead halide perovskite NCs can be modified by replacing two

Pb2+ ions with one monovalent (M+) and one trivalent (M3+)
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metal ion to form Cs2M
+M3+X6 double perovskite NCs (M+ =Na+,

Ag+, etc., M3+ = In3+, Bi3+, Sb3+, etc., X=Cl, Br, I). This strategy

has been proven to effectively reduce toxicity and increase the

stability of the NCs [24–31]. However, these double perovskite

NCs have weaker photoluminescence (PL) and lower photolumi-

nescence quantum yield (PLQY) compared to conventional lead

halide perovskite NCs. This is due to their indirect band gaps

or direct band gaps characterized by the parity forbidden tran-

sitions [26,29,32-34], despite having a similar three-dimensional

perovskite structure and electrical neutrality.

Doping or alloying double perovskite NCs with metal ions is

an effective way to improve their band gap structure or parity

forbidden transition, leading to enhanced PL intensity and PLQY.

For instance, Xia’s group prepared Cs2AgInCl6 NCs and Bi3+-doped
Cs2AgInCl6 NCs using a simple hot-injection method [28]. Bi3+

doping adjusted the band gap of Cs2AgInCl6 NCs from 4.25 eV

https://doi.org/10.1016/j.cclet.2023.108521
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Fig. 1. (a) Colloidal synthesis of double perovskite Cs2AgBiCl6 NCs and Na+-
alloyed Cs2AgBiCl6 NCs. Crystal structure of (b) Cs2AgBiCl6 NCs and (c) Na+-alloyed
Cs2AgBiCl6 NCs.

to 3.28 eV, and altered the emission spectrum from blue to or-

ange. Meanwhile, Bi3+ doping significantly improved the PLQY of

Cs2AgInCl6 NCs (∼11.4%). Han’s group prepared Cs2NaInCl6 NCs

and Ag+-doped Cs2NaInCl6 NCs using a variable temperature hot-

injection method [35]. Ag+ doping transformed the dark self-

trapping excitons (STEs) state of Cs2NaInCl6 NCs into a bright STEs

state, which was attributed to the interaction between [AgCl6]
5−

and [NaCl6]
5− octahedra breaking the parity forbidden transi-

tion, resulting in bright yellow emission. The PLQY of Ag+-doped
Cs2NaInCl6 NCs was significantly enhanced (∼31.1%) compared to

that of Cs2NaInCl6 NCs. Moreover, they also prepared Mn2+-doped
Cs2NaInxBi1-xCl6 (0 < x < 1) NCs using a colloidal synthesis strat-

egy [36]. The emission spectrum changed from blue emission to

bright orange-red emission. Meanwhile, the PLQY of Mn2+-doped
Cs2NaInxBi1−xCl6 (0 < x < 1) NCs can reach 44.6% compared to

the undoped NCs (∼38%). However, there were relatively fewer re-

ports on alkali metal-alloyed double perovskite NCs, and the effect

of such incorporation on the exciton binding energy and longitudi-

nal optical phonons of double perovskite NCs remains unexplored.

In this work, we prepared a series of monodisperse, uniformly

sized cube morphology Cs2AgBiCl6 NCs with different Na+ in-

corporation amounts via a simple hot-injection method. By vary-

ing the amount of Na+ incorporation, we were able to signifi-

cantly tune the band gap of the Cs2AgBiCl6 NCs from ∼2.90 eV

to ∼3.50 eV. The 56% Na+-alloyed Cs2AgBiCl6 NCs exhibited the

strongest PL and the highest PLQY (12.1%) compared to other

NCs, and the exciton lifetime was also extended from 17.58 ns to

36.98 ns. It was noteworthy that the 56% Na+-alloyed Cs2AgBiCl6
NCs exhibited higher exciton binding energy and longitudinal op-

tical phonon energy than Cs2AgBiCl6 NCs. This indicated 56%

Na+-alloyed Cs2AgBiCl6 NCs possessed excellent thermal stability,

strong exciton-phonon interactions, and lower non-radiative prob-

ability. Our findings highlight the crucial role of metal ion incorpo-

ration in regulating the band gap and optical properties of double

perovskite NCs.

Cs2AgBiCl6 NCs with different Na+ incorporation amounts were

prepared via a simple hot-injection method (Fig. 1a). Briefly,

Cs(ac), Bi(ac)3, Ag(ac)/Na(ac) were dissolved in a mixed solution

of ODE, OA, and OAm. The mixed solution was heated until the

temperature reached 145 °C, followed by the rapid injection of

trimethylchlorosilane (TMS-Cl) to initiate nucleation and crystal-

lization of the NCs (see the experimental section in Supporting

information for details). Cs2AgBiCl6 NCs with different Na+ incor-

poration amounts was obtained by adjusting the ratio of Ag/Na

metal precursors (Table S1 in Supporting information). The pre-

cise Na+ incorporation amounts of Cs2AgBiCl6 NCs were obtained

by inductively coupled plasma optical emission spectrometer (ICP-

OES), which were 8%, 26%, 56% and 74%, respectively (Table S2 in

Supporting information). In addition, the crystal structure diagrams

of Cs2AgBiCl6 NCs and Na+-alloyed Cs2AgBiCl6 NCs were shown in

Figs. 1b and c.

The X-ray diffraction patterns (XRD) of Cs2AgBiCl6 NCs with dif-

ferent Na+ amounts were shown in Fig. S1a (Supporting informa-

tion). The XRD results revealed that Cs2AgBiCl6 NCs with different

Na+ incorporation amounts possessed a cubic double perovskite

structure with Fm-3m space group [32]. The sharp diffraction

peaks of the NCs indicated good crystallinity. Furthermore, as the

Na+ incorporation amounts increased, the XRD diffraction peaks of

Na+-alloyed Cs2AgBiCl6 NCs were shifted towards a smaller 2θ an-

gle, which was attributed to the bond length of the newly formed

Na-Cl bond (2.736 Å) [37] was longer than that of the Ag-Cl bond

(2.708 Å) [38], resulted in lattice expansion. Fig. S1b (Supporting

information) provided a magnified view of the (220) diffraction

peak, further confirming the shift of the diffraction peak to smaller

2θ angles. With the increase of Na+ incorporation amount, the

intensity of the (111) crystal plane diffraction peak gradually in-

creases (marked with an asterisk in Fig. S1a), which was related to

the difference in scattering factors of Na and Ag atoms, indicating

that alloyed Cs2Ag1-xNaxBiCl6 NCs would be formed when working

under the intermediate composition of Na/Ag [39].

The UV-vis absorption spectra of Cs2AgBiCl6 NCs with different

Na+ incorporation amounts were shown in Fig. S1c (Supporting in-

formation). The exciton absorption peak was observed to blue shift

from 364 nm to 326 nm with an increase in Na+ incorporation

amount. This corresponds to a change in exciton absorption en-

ergy from 3.40 eV to 3.80 eV (Fig. S1d in Supporting information)

and an increase in PLQY from 2.4% to 12.1% (Table S3 in Support-

ing information). In order to display the measurement results, we

added distribution histograms of the PLQY results as Fig. S2 (Sup-

porting information). Each measurement result was either close to

or equal to the average value, indicating that our results exhib-

ited a good repeatability. Meanwhile, the band gap values of Na+-
alloyed Cs2AgBiCl6 NCs were estimated according to the Tauc plots

(Fig. S3 in Supporting information), revealing an increase in band

gap from 2.9 eV to 3.5 eV with an increase in Na+ incorporation

amount (Fig. S1d). This could be attributed to the participation of

Na+ orbitals (Na-s) in the formation of the conduction band min-

imum (CBM) of Na+-alloyed Cs2AgBiCl6 NCs, which regulates the

electronic structure of the NCs [40,41].

PL spectra showed that Na+ incorporation into the Cs2AgBiCl6
NCs produced a broad emission peak centered at 615 nm (Fig.

S1e in Supporting information), which was attributed to the STEs

state [39]. With the increase of Na+ incorporation amounts, the

intensity of the broad emission peak increases gradually, indicat-

ing more free excitons were transferred to the STEs state to form

self-trapped domain excitons. There were two reasons for the dif-

ference in PLQY with different doping gradient. Firstly, Na doping

broke the inversion-symmetry-induced parity-forbidden transition

of the Cs2AgBiCl6 NCs lattice by reducing the inversion symmetry

of the electron wave function at the Ag site, which changed the

parity of the STEs wave function and allowed radiative recombi-

nation. Secondly, the [NaCl6]
5− octahedra could act as barriers to

restrict the spatial distribution of STEs. The incorporation amount

increased from 26% to 56%, with a large doping gradient, resulting

in a significant increased orbitals overlap and the transition dipole

moment [42,43]. Therefore, the PLQY increased from 7.6% to 12.1%.

Interestingly, the 56% Na+-alloyed Cs2AgBiCl6 NCs possessed the

strongest emission peak and the largest PLQY value (∼12.1%) com-

pared to other Na+-alloyed Cs2AgBiCl6 NCs (Table S3). However,

the intensity of the emission peak decreased with the increase of

Na+ incorporation amounts, which might be caused by the concen-
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Fig. 2. Transmission electron microscopy (TEM) images of (a) Cs2AgBiCl6 NCs and

(d) 56% Na+-alloyed Cs2AgBiCl6 NCs. High-resolution TEM (HRTEM) images of (b)

Cs2AgBiCl6 NCs and (e) 56% Na+-alloyed Cs2AgBiCl6 NCs. Edge length distribution

histogram of (c) Cs2AgBiCl6 NCs and (f) 56% Na+-alloyed Cs2AgBiCl6 NCs. High-angle

annular dark field scanning transmission electron microscopy (HAADF-STEM) image

of (g) 56% Na+-alloyed Cs2AgBiCl6 NCs and corresponding elemental mapping im-

ages of (h) Cs, (i) Na, (j) Ag, (k) Bi, and (l) Cl, respectively. Scale bars are 20 nm.

tration quenching effect [44,45]. In addition, Cs2NaBiCl6 NCs did

not had a broad emission peak, which was mainly due to the exis-

tence of dark STEs state (Fig. S1f in Supporting information) [46].

Transmission electron microscopy (TEM) images (Figs. 2a and c,

Fig. S4 in Supporting information) and the histograms of the edge

length distribution (Figs. 2e and f, Fig. S4) demonstrated the mi-

croscopic morphology and edge length distribution of Cs2AgBiCl6
NCs with different Na+ incorporation amounts, respectively. The

Cs2AgBiCl6 NCs with different Na+ incorporation amounts exhib-

ited uniform, monodisperse cubic morphology. The edge length

of the Na+-alloyed Cs2AgBiCl6 NCs gradually increased from 9.15

± 0.89 nm to 9.63 ± 0.86 nm with increased Na+ incorporation

amounts (Fig. S5 in Supporting information). This was attributed

to the larger lattice constant of Cs2NaBiCl6 NCs (10.84 Å) com-

pared to that of Cs2AgBiCl6 NCs (10.78 Å). The 56% Na+-alloyed
Cs2AgBiCl6 NCs were further investigated due to their highest PLQY

(12.1%). High-resolution TEM (HRTEM) images of Cs2AgBiCl6 NCs

and 56% Na+-alloyed Cs2AgBiCl6 showed that both NCs had clear,

highly crystalline lattice fringes and exhibited a cubic crystal struc-

ture corresponding to the (220) crystal plane (Figs. 2b and d). The

lattice constant of the 56% Na+-alloyed Cs2AgBiCl6 NCs was found

to have increased slightly from 0.380 nm (Cs2AgBiCl6 NCs) to 0.384

nm. This could be attributed to the formation of a longer Na-Cl

bond, compared to the Ag-Cl bond, which resulted in lattice ex-

pansion, which was consistent with the XRD results discussed ear-

lier. The high-angle annular dark field scanning transmission elec-

tron microscopy (HAADF-STEM) and energy dispersive X-ray spec-

troscopy (EDS) elemental mapping of 56% Na+-alloyed Cs2AgBiCl6
NCs were shown in Figs. 2g-l. The presence and homogeneous dis-

tribution of Cs, Na, Ag, Bi and Cl elements in the 56% Na+-alloyed
Cs2AgBiCl6 NCs confirmed the successful incorporation of Na+ into

the Cs2AgBiCl6 NCs.

In order to further confirm the existence of Na+, the Cs2AgBiCl6
NCs and 56% Na+-alloyed Cs2AgBiCl6 NCs were tested by X-ray

photoelectron spectroscopy (XPS) [47]. Compared with Cs2AgBiCl6
NCs, an additional clear Na 1s peak appeared on the full XPS spec-

trum of 56% Na+-alloyed Cs2AgBiCl6 NCs (Fig. S6a in Supporting

information), meanwhile, in the high-resolution XPS spectrum of

Na 1s (Fig. S6b in Supporting information), a Na 1s peak was dis-

played at 1070.7 eV, which confirmed the successful incorporation

Fig. 3. (a) Time-resolved PL (TRPL) decay profiles of Cs2AgBiCl6 NCs (wine) and

56% Na+-alloyed Cs2AgBiCl6 NCs (orange). (b) The PL mechanism of Na+-alloyed
Cs2AgBiCl6 (DS: defect state; STEs: self-trapped excitons).

of Na+ into the Cs2AgBiCl6 NCs. The high-resolution XPS spectra of

Cs 3d, Ag 3d, Bi 4f, and Cl 2p were shown in Figs. S6c-f (Support-

ing information). When compared to Cs2AgBiCl6 NCs, the binding

energy peaks of Ag 3d and Cl 2p of 56% Na+-alloyed Cs2AgBiCl6
NCs were shifted towards lower binding energy (Figs. S6d and f),

suggesting that the incorporation of Na+ weakens the Ag-Cl bond.

This was attributed to the lower electronegativity of Na relative to

Ag, which resulted in a stronger Na-Cl bond [48,49]. Moreover, the

peaks of binding energy for Cs 3d and Bi 4f were slightly shifted

towards the lower binding energy (Figs. S6c and e). This was at-

tributed to the increased electron density of Cl around Cs and the

weakened interaction between Bi and Cl [50].

Fig. 3a showed the time-resolved PL (TRPL) decay curves of

Cs2AgBiCl6 NCs and 56% Na+-alloyed Cs2AgBiCl6 NCs. The TRPL de-

cay curve was fitted with a double exponential decay [51], and the

luminescence lifetime decay time (τi) and relative amplitude (Ai)

were obtained, which was summarized in Table S4 (Supporting in-

formation). According to formula τavg = ∑n
i (Aiτ

2
i
/Aiτi), the average

decay times of Cs2AgBiCl6 NCs and 56% Na+-alloyed Cs2AgBiCl6
NCs were calculated to be 17.58 ns and 36.98 ns, respectively. This

indicated that the incorporation of Na+ can effectively enhance

the exciton lifetime of Cs2AgBiCl6 NCs and prolonged the exci-

ton lifetime by about 2.1 times, which could be attributed to the

formation of STEs state resulting from the incorporation of Na+

[39]. Based on the results discussed above, a possible PL mecha-

nism of Na+-alloyed Cs2AgBiCl6 NCs was proposed (Fig. 3b). Under

the light excitation of 365 nm, the carriers were excited from the

ground state to the excited state, which led to the formation free

excitons locally. These free excitons undergo non-radiative relax-

ation and transferred to the STEs state, resulting in the formation

of STEs. Finally, the recombination of STEs generated a broad emis-

sion peak.

To investigate the impact of Na+ incorporation on the PL

properties of Cs2AgBiCl6 NCs, we obtained temperature-dependent

PL spectra of both the Cs2AgBiCl6 NCs and 56% Na+-alloyed
Cs2AgBiCl6 NCs within the range of 80-300 K. These spectra were

showed in Figs. 4a-d. The temperature-dependent PL spectra pro-

vided insight into the exciton binding energy (Eb) and the exciton-

phonon interaction of the NCs. As shown in Figs. 4a and b, the

PL intensities of both NCs decrease with increasing temperature,

which was attributed to the creation of more non-radiative de-

cay channels with increasing temperature [52]. The variation of

PL intensity with temperature (Fig. 4e) was fitted according to Eq.

1 [7,53].

I(T) = I0

1 + Ae−Eb/kbT
(1)

where I(T) and I0 are the integrated PL intensity at temperature T

and 0 K, respectively, Eb is the exciton binding energy, and kb is the

Boltzmann constant. The fitting results in Fig. 4e revealed that the

Eb for Cs2AgBiCl6 NCs and 56% Na+-alloyed Cs2AgBiCl6 NCs were

170 meV and 223 meV, respectively. The significant increase in Eb
for 56% Na+-alloyed Cs2AgBiCl6 NCs suggested a higher probabil-
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Fig. 4. (a) Waterfall maps of temperature-dependent PL spectra of (a) Cs2AgBiCl6
NCs and (b) 56% Na+-alloyed Cs2AgBiCl6 NCs. The 2D color maps of temperature-

dependent PL spectra of (c) Cs2AgBiCl6 NCs and (d) 56% Na+-alloyed Cs2AgBiCl6
NCs. (e) Integrated PL intensity and (f) FWHM as a function of temperature.

ity of radiative recombination compared to Cs2AgBiCl6 NCs [54].

Moreover, this result indicates that 56% Na+-alloyed Cs2AgBiCl6
NCs exhibited relatively high thermal stability [55]. However, the

PLQY of 56% Na+-alloyed Cs2AgBiCl6 NCs was relatively low com-

pared to other reported double perovskites [35,42]. This was at-

tributed to the fact that 56% Na+-alloyed Cs2AgBiCl6 NCs were an

indirect band gap material. Meanwhile, the colloidal synthesis led

to the production of surface defects, which further decreased the

PLQY.

Meanwhile, the interaction between excitons and phonons dur-

ing carrier recombination was studied by analyzing the broaden-

ing behavior of the full-width half-maximum (FWHM) of the PL

peak. Fig. 4f showed the variation of FWHM with temperature for

Cs2AgBiCl6 NCs and 56% Na+-alloyed Cs2AgBiCl6 NCs. The variation

of FWHM with temperature was fitted according to Eq. 2 [56,57].

Γ (T ) = Γ0 + Γ0p

eh̄ω0p/kbT − 1
(2)

where Γ (T) is the FWHM of the sample at temperature T, Γ0 is

the inhomogeneous broadening contribution at 0 K, Γop is the

exciton-optical phonon coefficient, �ωop is the longitudinal opti-

cal phonon energy, and kb is the Boltzmann constant. Based on

the fitting results in Fig. 4f, we determined that the �ωop values

for Cs2AgBiCl6 NCs and 56% Na+-alloyed Cs2AgBiCl6 NCs were 64.3

meV and 83.7 meV, respectively. The Cs2AgBiCl6 NCs exhibited a

smaller �ωop value, indicating that more phonons were generated

and become non-radiative recombination centers. In contrast, 56%

Na+-alloyed Cs2AgBiCl6 NCs had a larger �ωop value, which sug-

gested strong exciton-phonon interactions and lower non-radiative

probability during exciton recombination [55].

In this work, we successfully prepared monodisperse, uniformly

sized, cubic morphology of Cs2AgBiCl6 NCs with different Na+ in-

corporation amounts via a simple hot-injection method. The incor-

poration of Na+ directly affects the electronic structure and opti-

cal properties of Cs2AgBiCl6 NCs. By varying the amount of Na+

incorporation, the band gap of the NCs was significantly tuned

from ∼2.90 eV to ∼3.50 eV. Meanwhile, the 56% Na+-alloyed
Cs2AgBiCl6 NCs had the stronger PL and the higher PLQY (∼12.1%)

compared to the Cs2AgBiCl6 NCs (∼2.4%), and the exciton lifetime

was also extended ∼2.1 times than Cs2AgBiCl6 NCs. Furthermore,

temperature-dependent PL spectroscopy studies revealed that the

56% Na+-alloyed Cs2AgBiCl6 NCs exhibited higher longitudinal op-

tical phonon energy and exciton binding energy compared to the

Cs2AgBiCl6 NCs, indicating their strong exciton-phonon interactions

during exciton recombination, lower non-radiative probability, and

good thermal stability. Overall, this study offers an effective ap-

proach for enhancing the optical properties of lead-free double

perovskite NCs, which further advanced the potential application

of their in the field of optoelectronics.
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