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a b s t r a c t

Hydrogen bromide (HBr) could substantially improve the quality of cesium lead bromide perovskite
(CsPbBr3) nanocrystals (NCs) and greatly enhance their optoelectronic performance. However, clarifying
the role of HBr in the growth of CsPbBr3 NCs has been a substantial challenge thus far. Herein, we design
an in situ cryogenic photoluminescence system using liquid nitrogen to unravel the role played by HBr in
the growth of CsPbBr3 NCs. Compared with no HBr (�40 s), HBr improves the nucleation rate of CsPbBr3
NCs about two times (�20 s), and its emission peak also exhibits a redshift of �30 nm. Thus, we conclude
that HBr accelerates the nucleation rate of CsPbBr3 NCs and extends their growth stage, affording the gen-
eration of large grains. Perovskite light-emitting diodes based on CsPbBr3 NCs with added HBr also exhi-
bit an outstanding performance. These outcomes provide new insights into the role of HBr in CsPbBr3 NCs
and help prepare high-quality CsPbBr3 NCs for use in the fabrication of efficient CsPbBr3 NC-based opto-
electronic devices.

� 2022 Elsevier Inc. All rights reserved.

1. Introduction

All inorganic cesium lead bromide (CsPbX3, X = Cl, Br and I) per-
ovskite nanocrystals (NCs) have attracted considerable attention

owing to their outstanding performances in optoelectronic and
photovoltaic device applications [1,2], such as light-emitting
diodes (LEDs) [3–6], solar cells [7,8], lasers, and photodetectors
[8,9]. In particular, CsPbX3 NCs, prepared using a simple solution-
based synthesis method, possess excellent characteristics, such as
a high photoluminescence quantum yield (PLQY), a narrow full
width of half maximum (FWHM), a high color purity, broad wave-
length tunability, and a high defect tolerance [10,11]. However, the
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intrinsic ionic flexibility of CsPbX3 NCs makes them susceptible to
the chemical environments [12,13]. For example, polar media, such
as water and alcohols, destroy the CsPbX3 NC structure and lead to
lattice distortions [14,15]. Moreover, the surface capping ligands of
CsPbX3 NCs have a high dynamic binding capacity[16]. Conven-
tional ligands have long-chain molecules of oleate (OA) and oley-
lammonium (OAm), which are in an acid-base equilibrium:
OA + OAm � carboxylate anions (OA�) + oleylammonium ions
(OAmH+); OAmH+ + bromide anions (Br�) � OAm + hydrogen bro-
mide (HBr) [17]. Generally, OAmH+ ions combine with Br� ions,
whereas OA� ions combine with lead ions (Pb2+). These dynamic
characters impel reversible protonated and deprotonated pro-
cesses [18], affording the ligands desorption from the NC surfaces
as well as the formation of vacancy defects. Therefore, in the syn-
thesis of high-quality CsPbBr3 NCs, a passivator has to be used to
reduce the vacancy defects.

HBr has been used as a source of bromine in the three-precursor
method used to prepare stable and efficient CsPbBr3 NCs [19], in
the etching of imperfect octahedron structure used to remove sur-
face defects [18] and the in situ passivation of [PbBr6]4- octahe-
drons used to obtain blue nanoplatelets with 96% PLQY [20].
However, the role of HBr in the CsPbBr3 NC growth is still unclear.
Furthermore, the effect of polar water molecules (H2O) and hydro-
gen ions (H+) present in HBr on CsPbBr3 system is still unclear. A
deep understanding of these two mechanisms would enable us
to control the synthetic conditions required for preparing high-
performance CsPbBr3 NCs. Accordingly, a system for the real-time
monitoring of the CsPbBr3 NC growth process is urgently required.
In situ photoluminescence (PL) spectra can provide time-resolved
information on perovskite NCs growth [21–26]. It is a characterisa-
tion method used to study the growth dynamics of perovskite NCs.
Recently, CsPbBr3 NC superstructures have been uncovered
through in situ tracking during their growth [21]. Moreover, PL
spectra can be used to revisit the perovskite NC formation process,
which will be in two stages: nucleation and growth stage [24].
Therefore, in situ PL spectra would provide a significant insight
into the role of HBr in the growth of CsPbBr3 NCs.

We study the role of HBr in the growth of CsPbBr3 NCs by
employing an in situ cryogenic PL spectra.HBr promotes the nucle-
ation rate of CsPbBr3 NCs by approximately two times and enables
the emission peak of CsPbBr3 NCs to make a � 30 nm redshift. In
situ cryogenic PL spectra particularly demonstrate that HBr accel-
erates the nucleation rates of CsPbBr3 NCs and extends their
growth stage, affording the generation of large grains�H2O (75 or
150 lL) in HBr has almost no effect on CsPbBr3 NC growth and
the excess H+ ions destroy [PbBr6]4- octahedron structures and
cause their fluorescence quenching. CsPbBr3 NCs containing HBr
possess a fewer number of trap states than CsPbBr3 NCs that do
not contain any HBr. Finally, we fabricate perovskite light-
emitting diodes (PeLEDs) using CsPbBr3 NCs with HBr as an emis-
sion layer with a peak external quantum efficiency (EQE) of 5.3%
and a maximum luminance of 53595 cd m�2. A study on the role
of HBr in the growth of CsPbBr3 NCs can provide new insights into
the growth dynamics of perovskite NCs.

2. Results and discussion

To observe the role of HBr in the growth of CsPbBr3 NCs, we
design an in situ cryogenic photoluminescent system that uses liq-
uid nitrogen (LN) and creates a cryogenic environment (Fig. 1(a))
[11]. LN is used to suppress ultrafast nucleation and growth in
CsPbBr3 NCs, which would enable the tracking of PL spectra evolu-
tion over a long period. Fig. S1 shows the temperature variety
curve plotted for the entire process. Fig. 1(b) and 1(c) show the
in situ time evolution of cryogenic PL spectra of CsPbBr3 NCs with-

out (w/o) and with HBr (75 lL) and the redshift of their PL peaks,
which finally reach a maximum limit. The redshift indicates an
increase in the grain size, and thus a large shift would signify the
formation of large grains [27,28]. Generally, a long PL emission
indicates a large crystal size. The final PL emission peaks (strongest
peak) of CsPbBr3 NCs w/o and with HBr are located at approxi-
mately 455 and 485 nm, respectively. The related photographs dis-
play blue and cyan PL emissions under ultraviolet (UV) light as
shown in the insets of Fig. 1(b) and (c). During the first 20 s, no
PL emission peak of CsPbBr3 NCs w/o HBr is present, suggesting
that CsPbBr3 NCs have not nucleated during that period (Fig. S2
(a)). The in situ absorption spectrum of the CsPbBr3 NCs w/o HBr
in Fig. S3 has not obvious absorption peaks at 20 s, further proving
that CsPbBr3 NCs have not nucleated during this period. During the
next 20 s, the weakest PL emission with the broadest FWHM
appears at approximately 427 nm, indicating that the particle size
distribution has become the widest. Thereafter, the PL intensity
gradually increases before reaching its maximum value at 240 s
(Fig. 1(b)). However, the CsPbBr3 NCs with HBr exhibit a weak
emission peak at about 445 nm during the first 20 s and a stable
emission peak centered at 485 nm at 120 s (Fig. 1(c) and Fig. S2
(b)). The appearance of the two peaks can be attributed to the
acceleration of the nucleation and growth rates of the CsPbBr3
NCs by HBr. Thus, emission wavelength has increased, indicating
an increased grain size caused by the addition of HBr.

The main ions and molecule in the HBr solution are H+ and Br�

ions and H2O molecules. To investigate in detail how the H2O in
HBr affect the growth of CsPbBr3 NCs, we conduct experiments in
which H2O (55 or 110 lL) replace HBr (75 or 150 lL). The detailed
calculations are presented in the supporting information provided.
As illustrated in Figs. S4(a) and S4(b), CsPbBr3 NCs containing 55 lL
H2O are not different from those containing 110 lL H2O. The final
emission peaks of both types of NCs are at approximately 456 nm
as with CsPbBr3 NC w/o HBr. The other emission peak present at
approximately 506 nm is too weak to be considered. Thus, we
can reasonably conclude that H2O in place of 75 lL or 150 lL
HBr do not affect the growth of CsPbBr3 NCs.

We also conduct in situ cryogenic PL experiments on CsPbBr3
NCs by adding 150, 300 and 500 lL HBr to study how an excessive
amount of H+ ions could destroy the crystal structure of CsPbBr3
NCs. With the addition of 150, 300 and 500 lL of HBr, the final
emission peaks shift to 483, 463 and 450 nm, respectively (Fig. S5
(a)-(c)). Fig. S5(d) shows the photographs of CsPbBr3 NCs (10 min
later) with 150, 300, and 500 lL of HBr under daylight and UV
light, indicating substantially weakened or even disappeared peaks
of PL intensity. We further execute in situ PL spectra experiments
with adding excess zinc bromide (ZnBr2) and manganese bromide
(MnBr2). As shown in Fig. S5, the final PL peaks of CsPbBr3 NCs with
ZnBr2 and MnBr2 can reach 520 nm and 501 nm, respectively.
Moreover, Zeng et al. reported excess H+ in HBr dissolved and
destroyed the lattice structure of CsPbBr3 NC [20]. Thus, we believe
that it is the excess H+ ions not the Br- ions that destroy the crystal
structure in our work. The positions of the final PL peaks of CsPbBr3
NCs with 75 and 150 lL HBr are approximately same owning to the
small difference between 75 lL and 150 lL; the PL intensity of
CsPbBr3 NCs with 150 lL HBr is below that of CsPbBr3 NCs with
75 lL HBr (Fig. S7). Thus, the addition of only the required amount
of HBr would help improve the nucleation and growth rates of
CsPbBr3 NCs.

Fig. 2(a) and 2(b) show the contour maps of the in situ cryo-
genic PL spectra of CsPbBr3 NCs w/o and with HBr. The variation
of PL emission wavelength with time is illustrated in Fig. 2(c). In
the case of CsPbBr3 NCs w/o HBr, Dt (time taken to detect the first
PL emission) is longer than that of CsPbBr3 NCs with HBr, revealing
that the nucleation and growth rate of CsPbBr3 NCs improved after
HBr is added. The positions of the PL peaks of both types of CsPbBr3
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NCs take approximately 120 s to stabilise. The peaks that gradually
redshift indicate a widening of the particle size distributions (de-
focusing), confirming the findings of previous studies [24,29]. The
cyan arrow pointing to the DE in Fig. 2(c) refers to the energy dif-
ference values between the initial and final PL emissions.DE can be
calculated using the following equation.

DE ¼ hc
k1
� hc

k2
, where h; c; k1 and k2 are the Planck constant, speed

of light, initial PL wavelength of the PL emission and final PL wave-
length of the PL emission, respectively. The DE of CsPbBr3 NCs w/o
and with HBr obtained using the equation are 152.4 meV and
229.3 meV, respectively. The value of DE obtained for CsPbBr3
NCs with HBr is much higher than the previous reported values
(140–150 meV) [23], indicating a remarkable change from initial
grain size to final grain size caused by HBr.

Subsequently, we proceed to observe how PL intensity changed
with time (Fig. 2(d)). The PL intensity can change due to three fac-
tors: nucleation/increasing nucleation density, crystal growth and
slow crystal growth accompanied by photodarkening and ther-
mally induced effects [23]. In our study, the PL intensity increases
through three stages. The initial rapid increase in the PL intensity
could be attributed to the fast nucleation of perovskite lattices
and increased nucleation density triggered by the supersaturation
of monomer concentrations (stage Ⅰ). Thereafter, the PL intensity
rises again owing to crystal growth (stage Ⅱ). Finally, PL intensity
starts to increase slowly, belonged to the slow crystal growth
due to the photodarkening and thermally induced effects (stage
III). Fig. 2 (e) and 2 (f) demonstrate the time evolution of PL inten-
sity of the CsPbBr3 NCs w/o and with HBr. The stage Ⅰ of the
CsPbBr3 NCs w/o HBr is longer than that of CsPbBr3 NCs with
HBr, indicating a slower nucleation rate in CsPbBr3 NCs w/o HBr
than that in CsPbBr3 NCs with HBr. On the contrary, as shown in
Fig. 2 (f), CsPbBr3 NCs with HBr show a longer growth stage (stage

Ⅱ) than CsPbBr3 NCs w/o HBr, leading to the formation of large
grains. Thus, HBr accelerates nucleation rate and extends growth
stage of CsPbBr3 NCs, affording the generation of large grains.

We also prepare the CsPbBr3 NCs taken under LN, LN-HBr, ice
water (IW), IW-HBr, room temperature (RT) and RT-HBr conditions
to investigate their structures, morphologies and optical perfor-
mances. The X-ray powder diffraction (XRD) patterns and Raman
spectra are monitored, as indicated in Fig. S8. The XRD patterns
of CsPbBr3 NCs match well with the cubic CsPbBr3 phase (powder
diffraction files No. 75–0412) (Fig. S6(a)). Raman spectra of CsPbBr3
NCs excited with 633 nm laser light are shown in Fig. S6(b). The
strong peaks at approximately 72 cm�1 (t1) can be attributed to
the vibrational mode of [PbBr6]4� octahedrons [30,31]. The vibra-
tional mode t2 at about 127 cm�1 could be attributed to the motion
of Cs+ cations [31]. The Raman spectra confirm the formation of
CsPbBr3 NCs again. Fig. 3(a), (d) and (g) show the PL spectra of
all the CsPbBr3 NCs. Unlike in the case of CsPbBr3 NCs w/o HBr,
the emission wavelengths of CsPbBr3 NCs with HBr have remark-
able redshifts under three different conditions (LN, IW and RT),
suggesting increased grain sizes. The corresponding transmission
electron microscopy (TEM) images and statistics of the size distri-
bution histogram statistics are shown in Fig. 3(b)–(c), (e)–(f) and
(h)–(i) and Fig. S9. The mean grain sizes of CsPbBr3 NCs obtained
under LN, LN-HBr, IW, IW-HBr, RT and RT-HBr conditions are
2.18, 3.62, 4.18, 5.51, 6.04 and 10.03 nm, respectively. HBr and
reaction temperature determine the size of CsPbBr3 NCs. At any
given temperature, the particle size of CsPbBr3 NC increase when
the HBr is present, indicating HBr-driven nucleation growth but
contradicting previously reported results [32,33]. Our results on
the morphologies and sizes are also different from the previously
reported results, originated from different synthesis methods and
the reaction temperatures[20,34].

Fig. 1. Detection of cesium lead bromide perovskite (CsPbBr3) NCs with and without HBr using in situ cryogenic photoluminescence (PL) spectra. (a) Schematic illustrating
the design of the in situ cryogenic photoluminescent system. In situ observation of time evolution of PL emission of CsPbBr3 NCs (b) without (w/o) HBr and (c) with HBr. (Both
the experiments of CsPbBr3 NCs w/o HBr and with HBr were repeated 6 times, and the results were the same as (b) and (c), respectively. The insets in (b) and (c) show the
images of final PL emissions of CsPbBr3 NCs without and with HBr under ultraviolet light.).
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The correlation between the reaction temperature and the Br�

concentration ([Br�]) is presented in Fig. 4(a) and 4(b). As can be
seen in Fig. 4, CsPbBr3 NC sizes positively correlate with the Br-

concentration ([Br�]) and temperature (T). Here, [Br�] involves
the ionization of HBr and the original bromine ions of the solution.
Based on the above mentioned analysis, a simple thermodynamic
equilibriummodel is considered suitable for illustrating the depen-
dence of CsPbBr3 NCs size on [Br�] and T [35]. In this model,
CsPbBr3 NCs size are determined by the equal chemical potentials
of [Br�] between CsPbBr3 NCs lattices and solution medium. The
corresponding equations would be as follows:

lBr� ;sol Br�½ �; Tð Þ ¼ lBr� ;NC l; Tð Þ ð1Þ

lBr� ;sol Br�½ �; Tð Þ ¼ l�
Br� ;solðTÞ þ RTln c Br�½ �ð Þ ð2Þ

where lBr� ;sol Br�½ �; Tð Þ is the Br� chemical potential of CsPbBr3
NCs with or w/o HBr in the solution at a fixed temperature.
lBr� ;NC l; Tð Þ is the Br- chemical potential of CsPbBr3 NC lattice with
size (l) at a given temperature. Equation (2) indicates that
lBr� ;sol Br�½ �; Tð Þ increases logarithmically with [Br�] at a given tem-
perature. l�

Br� ;solðTÞ, R and c in equation (2) are the standard chem-
ical potential of Br� at temperature T, gas constant and activity
coefficient, respectively.

In CsPbBr3 NCs with HBr, the chemical potential of Br� is higher
than that of CsPbBr3 NCs with no HBr, indicating a higher degree of
spontaneous progress and increased particle size of CsPbBr3 NCs.

Fig. 2. Role of HBr on the growth of CsPbBr3 NCs. Contour maps of in situ cryogenic PL spectra of CsPbBr3 NCs (a) w/o HBr and (b) with HBr with time. (c) PL emission
wavelength versus time. (d) Schematic showing the PL intensity as a function of time during the nucleation and growth stages. (e-f) Time evolution of PL intensity of the
CsPbBr3 NCs (e) w/o HBr and (f) with HBr.
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Fig. 3. Morphological and optical characterisation of CsPbBr3 NCs. (a), (d) and (g) Normalised PL spectra and (b), (c), (e), (f), (h) and (i) transmission electron microscopy (TEM)
images of CsPbBr3 NCs with or w/o HBr taken under LN, ice water (IW) and room temperature (RT) conditions, respectively. All scale bars are equal to 100 nm. (All the
experiments of CsPbBr3 NCs w/o HBr and with HBr taken under LN, IW and RT conditions were repeated 6 times, and the results were the same as shown, respectively.).

Fig. 4. Increase in the size of CsPbBr3 NCs determined using a thermodynamic equilibriummodel. (a) Dependence of the CsPbBr3 NC size on the Br� concentration (ionisation
of HBr and the original bromine ion in the solution) and the reaction temperature. (b) Schematic showing the CsPbBr3 NC size determined based on the equal chemical
potentials of Br� between the CsPbBr3 NC lattice and solution medium.
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This thermodynamic equilibrium model is in good agreement with
our experimental results. Additionally, time-resolved PL (TRPL)
decays are performed to reveal the trap states in CsPbBr3 NCs
(Fig. S10). The PL lifetimes of all CsPbBr3 NCs, except those of
CsPbBr3 NC treated with LN-HBr, are fitted by biexponential decay
functions. The PL lifetime of CsPbBr3 NCs treated with LN-HBr is fit-
ted using a single exponential function. The detailed fitting results
are presented in Table S1. Thus, the average PL lifetime of CsPbBr3
NCs with HBr is much higher than that of CsPbBr3 NCs w/o HBr at a
fixed temperature, showing substantially reduced trap states
caused by HBr based on the presence of ligands: oleylamine
(OAm) and oleic acid (OA) and HBr. When HBr with strong acidity
is added to the solution, the acid-base equilibrium mentioned
above is immediately disrupted and a rapid protonation of OAm
(OAm + HBr ? OAmH++ Br-) occurs. Partial OAmH+ ions react with
OA- ions: OA- + OAmH+ ? OAm + OA. This leads to the desorption
of few OA-anions. Thus, imperfect [PbBr6]4- octahedrons with bro-
mine vacancy are reduced and removed [18]. Moreover, HBr cre-
ates a bromine-rich condition to further eliminate bromine
vacancies in CsPbBr3 NCs. These results indicate the addition of
HBr increases the grain sizes of CsPbBr3 NCs while substantially
decreasing their trap states.

Finally, we fabricate perovskite light-emitting diodes (PeLEDs)
with a device structure of indium tin oxide (ITO) glass substrate/
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:
PSS)/ Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(4,40-(N-(4-
butylphenyl) (TFB)/CsPbBr3 NCs/lithium fluoride (LiF)/aluminium
(Al), as illustrated in Fig. 5(a). Fig. 5(b) depicts the normalised elec-
troluminescence (EL) spectra (at 6 V), which exhibits green emis-

sion peaking at 505 nm in CsPbBr3 NCs w/o HBr and at 518 nm
in CsPbBr3 NCs with HBr. The EL spectra of CsPbBr3 NCs w/o and
with HBr at different operating voltages are also shown in
Fig. S11. According to the figure, the EL intensity has a tendency
to initially increase and subsequently decrease and the emission
wavelengths stay constant under operating voltages in the range
of 3–7 V. The current density–voltage–luminance curves show that
the device fabricated with CsPbBr3 NCs containing HBr possesses a
lower turn-on voltage than the device with CsPbBr3 NCs containing
no HBr (Fig. 5(c)). This difference in the turn-on voltage could be
attributed to the decreased number of trap states and suppressed
leakage current in CsPbBr3 NCs with HBr. The maximum luminance
of PeLEDs with HBr was 53595 cd m�2, which is higher than that of
PeLEDs w/o HBr (34306 cd m�2). Furthermore, the PeLEDs with
HBr show a peak EQE of 5.3%, while the peak EQE of the PeLED
w/o HBr is only 2.1% (Fig. 5(d)). This dramatic improvement in
the performance of PeLEDs with HBr can be attributed to the out-
standing emission properties and improved carrier balance of HBr
[36].

3. Conclusion

In summary, we study the role of HBr in the growth of CsPbBr3
NCs by performing an in situ cryogenic PL spectra using LN. In con-
trast to w/o HBr, HBr improved the nucleation rate of CsPbBr3 NCs
by approximately two times and its PL emission peak exhibited
a � 30 nm redshift. At the same time, we can conclud that HBr
accelerates the nucleation rate and extends the growth stage of

Fig. 5. Performance of PeLEDs fabricated with CsPbBr3 NCs with and w/o HBr. (a) PeLED device structure. (b) EL spectra. (c) Current density/luminance versus voltage curves.
(d) EQE versus current density curves.
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CsPbBr3 NCs, affording the generation of large grains. Moreover,
the TRPL results prove that the addition of HBr to CsPbBr3 NCs sub-
stantially reduces the number of trap states. Improved PeLED per-
formances also demonstrate the role of HBr in producing high-
quality CsPbBr3 NCs. These findings confirm that HBr plays a signif-
icant role of growth dynamics of CsPbBr3 NCs. The in situ cryogenic
PL spectra performed using LN helps build a bridge between micro-
scopic growth dynamics and the final steady-state of NCs, which
can guide the design of high-quality NCs for use in efficient opto-
electronic devices.
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