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All-inorganic CsPblz halide perovskite has become a hot research
topic for applications in next-generation optoelectronic devices.
However, the main limitations are the high-temperature synthesis
and poor phase stability. In this study, we demonstrate a unique
solution-phase strategy for the low-temperature preparation of
black-phase CsPbls by in situ electrochemistry. By controllable
adjustment of the electrochemical growth process, annealing-free
black-phase CsPbl; can be synthesized. The black-phase CsPbl;
showed high-purity red photoluminescence at approximately
690 nm with ultra-high environmental stability for up to 11 days
at a high relative humidity of 70%. The underlying mechanisms of
the formation of the highly stable black-phase CsPbl; at room
temperature have been discussed in this study. The results provide
a new platform for the large scale, low-temperature, and conve-
nient synthesis of black-phase CsPbls perovskite.

Halide perovskite is a promising optoelectronic material with
excellent characteristics, such as high absorption coefficient,
adjustable bandgap, small effective carrier mass, and long
carrier diffusion length."” For traditional hybrid halide per-
ovskites, volatile and hygroscopic organic cations lead to poor
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stability at high temperature and under ambient conditions,
hindering their further development.® Thus, all-inorganic
CsPbX; (X = Cl, Br, I) perovskites have received extensive
attention from researchers for their unique thermal stability.*
Among them, the cubic black-phase (a-phase) CsPbl; exhibits a
suitable bandgap of 1.73 eV, which is ideal for photovoltaic and
light-emitting applications.’® However, owing to its structural
characteristics, the preparation of black-phase CsPbl; requires
high-temperature annealing. In addition, it exhibits poor phase
stability under ambient conditions, and is easily transformed
into a thermodynamically stable non-perovskite yellow-phase
(6-phase).”"® These factors bring great challenges to its applica-
tions in optoelectronic devices.

Various strategies have been developed to improve its envir-
onmental stability. For example, molecular additive modifica-
tion controls the diffusion of precursor ions and can retard
nucleation and crystallization to achieve black-phase CsPbl;
films with enhanced stability.'*™*? Structural distortion to form
low-symmetry B- or y-phase has been reported to realize the
black-phase CsPbl; at relatively low temperatures.'*"> Dimen-
sionality reduction, such as quantum dots or nanocrystals, can
also significantly inhibit the appearance of the non-perovskite
phase.’®™® The infiltration of CsPbl; within pre-synthesized
porous oxides, such as Al,O3, SiO,, and TiO,, has been proposed
to guide the post perovskite growth and protect it from contact-
ing water molecules; thus, improving the stability.”*>> These
methods generally require high-temperature annealing to
obtain the black-phase CsPbl;. In addition, the experimental
procedure is complicated and the obtained black-phase CsPbl;
is not stable in a highly humid environment.

To achieve the direct synthesis of the highly stable black-phase
CsPbl; under ambient conditions, eliminate high-temperature treat-
ment, and meet the needs of large-scale preparation, new strategies
need to be explored. The electrochemical method has the advan-
tages of controllable adjustment of the growth, structures, and
properties of materials by changing the reaction conditions such
as voltage, electrolyte composition and temperature, and reaction
duration. In addition, the electrochemical synthesis is suitable for
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mass production, with the prospect of large-scale applications.
Electrochemistry-assisted preparation of MAPbI; and CsPbBr; per-
ovskite films has recently been reported for highly efficient perovs-
kite solar cells.*** This method might also be utilized to develop
black-phase CsPbl;, although it is prone to phase change at room
temperature compared with MAPbI; and CsPbBr;.

In this study, we report the in situ electrochemical synthesis of
black-phase CsPbl; at room temperature to eliminate high-
temperature processing and stabilize the black phase. The electro-
chemical reaction is conducted in air at room temperature in an
electrolyte containing the perovskite precursors, which makes the
synthesis of black-phase CsPbl; cost effective and scalable. The
overall process can be divided into two steps. In step I, porous TiO,
was prepared and Pb®" was introduced simultaneously by anodic
oxidation in a Pb**-containing electrolyte.>> In step II, the obtained
Pb*-infiltrated TiO, reacted with Cs" and I to form a CsPbl,
nanocomposite. The sample showed red photoluminescence (PL)
with a peak at approximately 690 nm under ultraviolet (UV) excita-
tion, indicating the effective formation of black-phase CsPbl;. When
exposed to highly humid air (relative humidity RH = 70%), red
emission was maintained for more than 11 days.

The preparation process was conducted under ambient
conditions and described in two steps. In step I, Pb>" was
introduced into porous TiO, via in situ electrochemical oxida-
tion for different durations. The optimized applied voltage and
F~ concentration in the electrolyte were determined to be 30 V
and 0.5 wt%, respectively. The results showed that a high
voltage or F~ concentration would lead to severe corrosion of
the Ti sheet; however, porous TiO, could not form if the voltage
was too low. For Pb>", it was discovered that excess F~ and Pb>*
in the electrolyte would form an insoluble white precipitate of
PbF,. Thus, a saturated PbI, concentration of 0.01 mol L™ was
selected. In step II, the anodized Ti sheet was soaked in a Csl/
methanol solution with different CsI concentrations, promot-
ing the combination of Pb*>" and CsI to form CsPbl,. The
optimized soaking temperature and time were found to be
50 °C and 20 min, respectively, to achieve a complete reaction.
The synthesis details are given in the ESI.{ The resulting
samples are referred to by their anodization time and CsI
concentration as “anodization time-CsI concentration”, i.e.,
sample 12 h-8 mg ml~" was anodized for 12 h with a CsI
concentration of 8 mg ml~'. The schematic diagram of the
experimental process is shown in Fig. 1.

The morphology of the nanocomposite was investigated using
scanning electron microscopy (SEM). TiO, porous structures were
obtained, as shown in Fig. S1 (ESI{). Energy-dispersive X-ray (EDX)
elemental mapping showed that Cs, Pb, I, O, and Ti elements were
uniformly distributed on the surface, and the ratio of Pb:I was
approximately 1:3 (Fig. S2, ESI{). The composition and valence
states were also characterized using X-ray photoelectron spectro-
scopy (XPS). The survey spectrum and high-resolution spectra of Cs
3d, Pb 4f, and I 3d are shown in Fig. 2. The two symmetric peaks at
binding energies of 738.1 and 724.2 eV with a separation of 13.9 eV
were attributed to Cs 3ds, and 3ds), energy levels, respectively.>®
The spectrum of Pb 4f shows 4fs;, (143.3 eV) and 4f;, (138.3 eV)
peaks with a separation of 5.0 eV, indicating the formation of Pb**
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Fig. 1 Schematic diagram of the experimental process. (a) In situ incor-
poration of Pb2* into porous TiO, by electrochemical anodization; (b)
conversion of Pb?* to CsPblz by immersion in Csl/methanol solution; (c)
formation of black-phase CsPbls in porous TiO, after the two steps.
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Fig. 2 XPS spectra of black-phase CsPbls. (a) Survey spectrum and core
level spectra of (b) Cs 3d, (c) Pb 4f, and (d) | 3d.

ions.”” The double peaks of I 3d, (630.0 €V) and 3ds, (618.5 €V) in
the I 3d spectrum were attributed to I" . The powder X-ray diffraction
(PXRD) pattern of the composite matched well with the calculated
v-CsPbl; pattern with only additional Cs,TiFs peaks (Fig. S3, ESIt),
which clearly proved the effective formation of the black-phase
CsPbl; by electrochemical reaction at room temperature.

Photographs of the as-prepared 12 h-8 mg ml~" sample on
the Ti sheet and that under UV excitation are shown in Fig. 3a,
which exhibits a uniform red PL emission in the entire area
(with a sample size of approximately 2 cm?). This indicates the
uniform formation of black-phase CsPblI; on the surface with-
out additional post-synthesis heat treatment. However, after
high-temperature annealing at 320 °C, the sample became non-
emissive, which is possibly due to the formation of a CsPbl;-
TiO, heterojunction resulting in PL quenching.”® We found
that the sample prepared in N, atmosphere was not emissive
under UV excitation due to the formation of the Cs,Pblg
intermediate under the CsI-rich soaking condition.?® The inter-
mediate can be transformed into the black-phase CsPbl; after
reacting with water molecules in air; thus, the sample gradually
presented a red PL emission when exposed to humid air.

The PL spectrum of the 12 h-8 mg ml~" sample excited by a
CW laser is shown in Fig. 3b. The peak position is located at
approximately 690 nm, showing a 10 nm blue shift compared

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 PL and TRPL of black-phase CsPbls. (a) Photographs of the
12 h-8 mg ml™ sample on a Ti sheet containing black-phase CsPbls
under (left) normal light and (right) UV excitation. The nanocomposite
shows uniform red PL emission in the entire sample area (size of approxi-
mately 2 cm?). (b) Room-temperature PL spectrum and (c) TRPL decay
curves.

with that of thin-film CsPbl; at approximately 700 nm. The blue
shift indicated the formation of small-sized CsPbl; crystals,*
leading to a large surface area. The total energy of the black
phase was smaller than the yellow phase, and thus the black-
phase CsPblI; became thermodynamically more stable. We can
deduce that the crystal size was approximately 16 nm, accord-
ing to the previously reported results (Fig. S4, ESIT). Besides, a
small PL peak was found at approximately 560 nm, which is
primarily caused by TiO, oxygen vacancies.

The carrier dynamics were characterized using time-resolved PL
(TRPL) spectroscopy, as shown in Fig. 3c. The decay curve was fitted
by a biexponential function: y = Ajexp(—x/t1) + Aexp(—x/t2) + Yo,
where 7; and 7, are the fast and slow components of the decay
lifetime, respectively.*" Details of the fitting parameters can be found
in Table S1 (ESIt). The results showed that the values of 7; and 1,
were 0.11 and 0.88 ns, respectively. The short PL decay lifetime was
due to the close contact of CsPbl; with TiO,, which accelerated
charge transfer.”® The obtained black-phase CsPbl; exhibited high
phase stability that remained emissive up to 157 h of exposure to
humid air (RH = 70%) without encapsulation (Fig. S5, ESIT).

For comparison, reference sample A was synthesized by a typical
two-step process, consisting of spin-coating Pbl, thin films and
soaking in the CsI solution. The resulting A sample was not emissive
under UV excitation, indicating the formation of yellow-phase
CsPbl;,** as shown in Fig. S6 (ESIt). If Pb*>" was introduced ex situ
(reference sample B, by pre-anodizing Ti sheet in NH,F/EG, soaking
in NH,F/PbL/EG, and then soaking in Csl/methanol), the sample
surface was not smooth, and the PL emission was not uniform, as
shown in Fig. S7 (ESIt). The PL intensity and phase stability were
also not as good as those obtained by in situ introduction of Pb*",
Direct filling of CsPbl; precursor solution into porous TiO, was also
attempted (reference sample C), which resulted in the complete
transformation of black-phase to yellow-phase in humid air (RH =
70%) within 5 h, as shown in Fig. 4a and b. The results indicate that
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Fig. 4 Variation of the PL spectra of black-phase CsPblz with time under
highly humid conditions (RH = 70%). (a) Tracking of PL intensity with time
and (b) corresponding PL spectra of reference sample C. Variation of (c) PL
intensity, (d) PL spectra, (e) peak position, and (f) FWHM with time of the
24 h-16 mg ml™* sample.

the electrochemical process changed the nucleation dynamics and
formation energy of CsPbl;, which promoted the crystallization of
the specific black phase and enhanced stability.

The synthesis parameters of step I were modified to optimize
the CsPbl; phase stability. As shown in Fig. S8 (ESI), the PL
lifetime of the 24 h-8 mg ml~' sample was longer than that of
the 12 h-8 mg ml™ " and 36 h-8 mg ml™* samples at the same
Csl concentration, indicating that the optimized reaction time
was 24 h. If the anodization time was too short, the amount of
Pb** required to fill the porous TiO, was insufficient. However,
if the anodization time was too long, the top of the porous TiO,
was dissolved and blocked, which impeded further reaction of
Pb*" with CslL.

The influence of CsI concentration in step II was also investi-
gated. The results showed that the 24 h-16 mg ml™* sample had the
longest PL lifetime compared with that of the 24 h-8 mg ml™* and
24 h-4 mg ml~* samples (Fig. 4c and Fig. S8, ESIt). For the as-
prepared 24 h-16 mg ml~* sample, the peak PL intensity of CsPbl;
gradually increased with time when exposed to air. The maximum
value was achieved at 12.5 h (intensity increased by about 322%
from the initial value) and then gradually weakened. The enhanced
PL intensity was caused by the phase transition of Cs,Pbly triggered
by moisture in air, increasing the number of CsPbl; crystals.
The transformation process also existed in the 12 h-8 mg ml ™",
24 h-8 mg ml™ ', 36 h-8 mg ml™", and 24 h-4 mg ml~" samples.
The time for the moisture to complete Cs,Pbls phase transfor-
mation was shorter and the transition was not obvious in these
samples, since the number of intermediates was less than that of the
24 h-16 mg ml~* sample.*

After 50 h of exposure to humid air (RH = 70%), the PL
intensity of the 24 h-16 mg ml~ ' sample remained the same as
its initial value. The red emission can still be observed after
11 days (Fig. S5, ESIT), indicating high phase stability compared
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with previous reports (Table S2, ESIt). Fig. 4d shows the PL
spectra of the 24 h-16 mg ml™" sample monitored from 0 to
278 h. The emission peak of CsPblI; was first red-shifted from
685 to 691 nm, and then blue-shifted to 669 nm, as shown in
Fig. 4e. The corresponding FWHM changed from 48 to 37 nm
and then to 47 nm, as shown in Fig. 4f. The initial PL originated
from small crystals formed at the early stage, while the degra-
dation of the small CsPbl; crystals led to the red shift. The
slight blue shift may be attributed to the size reduction due to
surface etching caused by exposure to air over a long period.

The mechanism of integration of CsPbl; with TiO, and signifi-
cantly improved phase stability were further investigated. In the
electrochemical reaction process, I" ions lost electrons and formed
I, at the anode, which quickly dissolved in the electrolyte to form HI.
This caused the formation of yellow liquid near the anode during the
reaction. It is possible that Pb*>" ions reacted with the anions (such as
F ) and formed a negatively charged micelle, which increasingly
accumulated at the anode, and were trapped into porous TiO, due to
cation-exchange reaction.*"** Subsequently, the embedded Pb** fully
reacted with Cs™ and I" in methanol to form CsPbl;. The stable
black-phase primarily originates from the following two factors.
First, small-sized CsPbl; grains were protected by the porous TiO,,
slowing down the transition from the black phase to the yellow
phase.®® Second, the soaking process was conducted in a Csl-rich
environment, which can stabilize the black phase over the yellow
phase.”® Further improvement of the water stability and one-step
electrochemical synthesis may be required for future investigation.

In summary, photoactive black-phase CsPbl; was prepared
by introducing CsPbl; into porous TiO, with a two-step solution
strategy at room temperature. By optimizing the parameters,
the CsPbl; nanocomposite stability was significantly improved
under highly humid conditions monitored by PL. This study
provides a new strategy to stabilize black-phase CsPbl; at room
temperature under ambient conditions, which has potential
applications in future photovoltaics, light-emitting diodes, and
other optoelectronic devices.
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