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So far the controllable synthesis of one-dimensional (1D) CsPblz nanocrystals still remains a challenge due
to the fast reaction kinetics of the iodine system as compared with other halide perovskites. Here we report
the direct synthesis of high-quality 1D CsPbls nanorods by a facile solvothermal method. The as-prepared
CsPbls nanorods show high purity and uniform morphology with ultrafine diameters down to ~5 nm. By
simply changing the solvothermal reaction conditions, fine-tuning of the sizes of the CsPbls nanorods
can be well achieved, which leads to the successful modulation of their photoluminescence (PL)
emission. The solvothermal reaction offers relatively low crystal growth rate, which is of great
importance for the size control of the CsPbls nanocrystals. PL quantum yields (PLQYs) and lifetime
results indicate that the obtained nanorods maintain a good surface state over long reaction time. Our
work not only provides a reliable means for the synthesis of 1D iodine-related perovskites, but also
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Introduction

In recent years, all-inorganic perovskite CsPbX; (X = Br, Cl, I)
nanocrystals with high absorption coefficient," high photoelectric
conversion efficiency,> adjustable band gap,® high photo-
luminescence (PL) quantum yield (QY)* and better air stability® have
shown high application value in the fields of semiconductor devices
such as solar cells, light-emitting diodes, and photodetectors.”® It is
well known that perovskite nanocrystals have strong quantum
confinement effects, and their PL characteristics are influenced by
their morphology and size.""** Among them, iodide perovskite
nanocrystals have attracted great attention due to the unique
narrow band gap and tunable efficient red emission.'*** More
noteworthy is the one-dimensional (1D) CsPbl; nanocrystals with
a particular crystallographic direction. Different from other struc-
tures and compositions of inorganic perovskite nanocrystals, 1D
CsPbl; nanocrystals have fewer grain boundaries, limits carrier
transport area and shortens the carrier transport distance, which
provides conditions for the generation of high-efficiency optoelec-
tronic devices.'*"

So far, many efforts have been developed for preparation of
1D CsPbl; nanocrystals. For example, Fang et al. synthesized
CsPbl; nanorods with diameter of ~45 nm using a polar solvent
controlled ionization method.'® Zhang et al. used a solution-
phase method to synthesize CsPbl; nanowires with tens to
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expands the study of size-related PL properties on perovskites nanocrystals.

hundreds of diameters.” Recently, Chen et al. reported a two-
step injection method for directly synthesizing CsPbI; nano-
wires with high stability.>* In addition, the indirect synthesis of
small-scale 1D CsPbI; nanocrystals (anion exchange,”* chemical
cutting®®) has also received great attention. However, the
development of simple and efficient direct synthesis of 1D
CsPbl; nanocrystals with high purity and high quality is still
challenging. In addition, the size control of the 1D CsPbl,
nanocrystals can better meet the needs of semiconductor
devices of different specifications.

Here, we use a simple solvothermal method to directly
synthesize 1D CsPbl; nanorods with ultrafine diameter. The
CsPbl; nanorods have high purity and narrow emission peak
with a full width at half maxima (FWHM) of 29 nm. The strong
quantum confinement effect allows the nanorods to achieve
tunable size-dependent PL emission. Finally the PLQYs, PL
lifetimes and stability are further studied.

Experimental
Preparation of Pbl, precursor

2 mmol of PbI, and 20 mL of octadecene (ODE) were loaded into
a 50 mL three-necked flask containing with 3 mL of oleic acid
(OA) and 3 mL of oleylamine (OLA). The mixed solution was
heated in an oil bath at 120 °C and kept under stirring until the
PbI, salt was completely dissolved.

Preparation of Cs-oleate precursor

0.2 mmol of Cs,CO3;, 18 mL of ODE and 2.5 mL of OA were
added into a 50 mL three-necked flask. The solution was heated

This journal is © The Royal Society of Chemistry 2019
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in an oil bath at 125 °C and stirred constantly until all Cs,CO;
had reacted with OA. Then the solution was cooled down to
room temperature.

Solvothermal synthesis of CsPbl; nanorods

In a typical experiment, 26 mL of Pbl, precursor and 2 mL of Cs-
oleate precursor were loaded into a Teflon lined autoclave (100
mL) at room temperature. The mixed solution was stirred for
3 min and then reacted at 100-180 °C for different times (1, 10,
40, 60, 90 min). After reaction, the crude solution was centri-
fuged at 10 000 rpm for 10 min to remove the residual reactants.
The substrate was dispersed in 10 mL of n-hexane and centri-
fuged at 5000 rpm for 5 min to remove large particles.

Characterization

The crystallinity and morphology were measured by X-ray
diffraction (XRD, BRUKER D8 DISCOVER) and transmission
electron microscopy (TEM, Philips Tecnai F20 microscope). UV-
Vis absorption spectra were collected using a Japan HITACHI U-
3900H spectrometer. PLQY and lifetime measurements were
performed by Fluorolog-3 Horiba Jobin-Yvon spectrofluorimeter
equipped with an integrating sphere. The actual contents of
metal loading were analyzed by inductively coupled plasma
emission spectroscopy (ICP-AES, Optima 8300).

Results and discussion

The XRD pattern indicates that the prepared CsPbl; nanorods
are crystallized in cubic phase (Fig. 1a). The main peaks of the
samples are located at 14.3°, 20.3°, 28.8° and 32.2°, corre-
sponding to the (100), (110), (200) and (201) planes of cubic
CsPbl;, respectively.”*** It is well known that CsPbl; is stable
existence in the form of a orthorhombic phase at ambient
temperature.”® The presence of orthorhombic phase was not
observed in the XRD pattern of our sample, demonstrating the
high purity of the sample. Typical TEM image of the sample is
shown in Fig. 1b. The product consists of numerous 1D rod-
shaped nanoparticles. The nanorods have uniform
morphology with average length of ~80 nm. Interestingly, all of
the nanorods tend to arrange as regular arrays. In addition, no
other impurities such as nanoparticles can be observed, illus-
trating the high purity and regular morphology of the product.
High-resolution TEM (HRTEM) image of an individual nanorod
(Fig. 1c) demonstrates that the nanorod has an ultrafine
diameter of ~4.6 nm. The crystal structure of the sample can
also been verified by HRTEM observation. The planes are
perpendicular to the long axis of the nanorods and show an
interplanar spacing of 0.31 nm, which can be attributed to the
(200) plane of cubic CsPbl;. So the nanorods should grow
along [100] direction. Due to the small size and uniform
morphology, the nanorods still have good dispersibility in
hexane, which is undoubtedly advantageous for solution
reprocessing and the measurement of optical properties of
the samples.

The UV-Vis absorption and PL emission spectra of the CsPbl;
nanorods are shown in Fig. 1d. The PL spectrum displays an
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emission peak centered at ~618 nm, which is consistent with
the phenomenon that the sample emits visible bright red light
in the light box irradiated by 365 nm ultraviolet light (shown in
inset of Fig. 1d). As compared with bulk CsPbl; which often
displays red emission at 710 nm,* here the PL emission with
a blue shift of ~92 nm can be attributed to the strong quantum
confinement effect in the ultrafine nanorods. In fact, the
nanorods have diameters far below the Bohr radius (~6.5 nm)
of CsPblL;.*” It is also noteworthy that the emission peak has
a narrow full width at half maxima (FWHM) of only 29 nm,
further confirming the high uniformity of the nanorods. Nor-
mally the synthesis of 1D CsPbl; nanocrystals may require
higher temperatures with the aim of ensure the uniformity of
sample size (Zhang synthesized CsPbI; nanowires at tempera-
tures higher than 180 °C ), whereas our synthesis process can
be carried out at a relatively low temperature, which should be
attributed to the high pressure environment in the autoclave.
The UV-Vis absorption peak is located at ~601 nm, and the
nanorod has a typical Stokes shift of 13 nm.

The fine-tune on the morphology of the CsPbl; nanorods can
be well achieved by simply changing the solvothermal reaction
times (0-90 min). TEM images (Fig. 2a-d) indicate that the sizes
of the samples change regularly. The sample obtained after 1
min's reaction (1 min after the reaction temperature rises to 160
°C) consists of nanorods with high aspect ratios and flexible
feature (Fig. 2a). When the reaction time is extended to 90 min,
the shape of the product gradually changes into straight and
short nanorods (Fig. 2d). Statistical diagrams of the length and
diameter distributions based on the statistics of more than 100
nanorods in each sample are shown in Fig. 2e-h. With an
increase of reaction time, the average length of the sample
decreases from ~264 to ~62 nm, while the diameter changes
slightly from ~4.1 to ~5.1 nm. This indicates that the sizes of
the CsPbl; nanorods can be fine controlled by changing the
solvothermal reaction times. As compared with the obviously
decrease in nanorod lengths, the slightly change in their
diameter may be attributed to the 1D growth direction. In
addition, all of the samples show well monodispersity with no
obvious impurities. Even if the reaction is extended to 90 min,
the sample maintains regular 1D morphology. The results
indicate that the solvothermal conditions can effectively control
the reaction rate between Cs-oleate and PbI, precursors. The
sample in the reaction can be kept in a relatively stable state,
and the generation of impurities can be suppressed.

It is noteworthy that iodine system always has faster reaction
kinetics as compared with other halide pervoskites. However,
the fast kinetics always result in larger diameters (tens or
hundreds of nanometers). Therefore, the controllable synthesis
of 1D CsPbl; nanocrystals still remains challenges. With the
aim of controllable synthesis of CsPbl; nanocrystals, a relatively
mild growth environment which can effectly suppress the
reaction kinetics of iodine system is highly desirable. Our
results have shown that ultrafine 1D CsPbl; nanocrystals with
diameters of less than 10 nm can be successfully obtained by
the solvothermal method and the sizes can be well tuned by
adjusting the reaction times. The solvothermal reaction in the
sealed environment offers relatively low crystal growth rate,
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Fig. 1 XRD pattern (a) and TEM image (b) of the CsPbls nanorods. Inset shows an optical picture of a high concentration of CsPblz nanorods
deposited directly on the sample stage. (c) HRTEM image of an individual nanorod. (d) UV-Vis absorption and PL emission spectra of the

nanorods.
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Fig.2 TEM images of CsPblz nanorods prepared at 1 min (a), 10 min (b), 40 min (c) and 90 min (d). (e—h) The corresponding diameter and length

distribution histograms.
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Fig. 3 PL emission spectra (a), UV-Vis absorption spectra (b), PLQYs (c) and time-resolved PL decay curves (d) of CsPblz nanorods prepared at

different times.

which is of great importance for the size control. It has also
been experimentally proved that changes in external pressure
will lead to changes in the band gap of the synthesized perov-
skite.”® It is believed that the high pressure environment also
plays an important role in the synthesis of CsPbI; nanocrystals.
In addition, the role of the ligands cannot be ignored. In the
reaction process, oleic acid and oleylamine as surface ligands
can change the kinetic pathway, promote the formation of
anisotropic nanostructures, and stabilize the final colloidal
nanostructure.** Here, we used ICP to understand the amount
of organic ligands in the sample. In detail, the CsPbl; nanorods
with organic surfactants on surfaces were separated from n-
hexane dispersion by ultracentrifugation and filtration and
then weighted. Then the CsPbI; nanorods with organic surfac-
tants on surfaces were redissolved in distilled water and the
concentration of Pb" was measured by ICP-AES. Finally we could
calculate the amount of organic surfactants in the samples. The
mass ratio of CsPbl; nanocrystals to surface ligands is calcu-
lated to be ~1 : 6. We believe that a relatively high amount of
ligands is beneficial to inhibit the rapid growth of CsPbI;
nanocrystals. Moreover, the proper ratio of oleic acid and
oleylamine leads to the generation of 1D structure.

The as-prepared CsPbl; nanorods display distinct size-
dependent PL properties. The PL emission peaks of samples
prepared with an increasing reaction times show a significant
red shift from 609 to 627 nm (Fig. 3a). The nanorods have
diameters relative to the exciton Bohr diameters of CsPblI;.
Therefore, the tunable sizes of the nanorods is responsible for
the red shift of PL emission due to the quantum confinement
effect. Correspondingly, the absorption peaks of the nanorods
also change from 585 nm to 619 nm (Fig. 3b). The PLQY is an

important performance parameter for the luminescent

This journal is © The Royal Society of Chemistry 2019

materials. Fig. 3c shows the measured PLQYs of the samples
prepared at different reaction times. The PLQYs of nanorods are
40%, 37%, 46%, 41%, and 15%, respectively. The PL decay
curves of the as-prepared nanorods are shown in Fig. 3d. The
average lifetimes of the different samples are 18, 16, 17, 20, and
32 ns, respectively. The lifetimes can be analyzed by double-
exponential fitting method, as shown in Table 1. All of the
average lifetimes contain short lifetime components (t,) and
long lifetime components (t,). The long lifetimes are associated
with non-radiative recombination, while the short lifetime
components represent radiation recombination.*® In our work,
the sample obtained with short reaction time has a higher ratio
of short lifetime component (4,), indicating the fast radiation
recombination rate and therefore has higher PLQYs. The
luminescent properties of perovskite nanocrystal are also
affected by the binding between it and the ligand.** Only when
the reaction is extended to 90 min, the PLQY and lifetime of the
nanorods show significant changes, which means that the ob-
tained nanorods are able to maintain these properties stably
over a relatively long reaction time in a solvothermal environ-
ment, thereby ensuring stable luminescence.

Table 1 The detailed recombination lifetimes described by double-
exponential fitting method

CsPbl; sample 7, (ns) Ay (%) 7, (ns) Ay (%) Tavg (NS)
1 min 13.6 60.98 48 39.02 18
10 min 10.1 58.39 40.2 41.61 16
40 min 13.6 55.05 44 44.95 17
60 min 14.5 69.09 56.3 30.91 20
90 min 17.4 44.96 108 55.04 32

RSC Adv., 2019, 9, 24928-24934 | 24931
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Fig.4 TEM images of CsPblz nanocrystals prepared at 100 °C (a), 140 °C (b), and 180 °C (c) for 1 h. (d) PL emission spectra and UV-Vis absorption

spectra of the samples.

The size-dependent PL emission can also be achieved by
controlling of the solvothermal reaction temperatures. Fig. 4a—c
show typical TEM images of different samples prepared at
temperatures from 100 °C to 180 °C, respectively. It should be
noted that at lower temperature conditions (100 °C), both
nanowires and nanosheets are present in the product, wherein
the nanosheets have lateral sizes of 50-100 nm. As the
temperature increased, the samples show higher purity with

rodlike morphology (Fig. 4b and c), which means that in a sol-
vothermal reaction, a higher temperature is advantageous for
the 1D growth of the nanocrystals. In addition, some black
spots were observed in our samples because the perovskite
nanocrystals were not stable in the TEM test environment,
especially after prolonged exposure. The structure of the
perovskite is easily destroyed by the electron beam, which
results in the production of a large number of lead points. Such
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(a) Change of the PL intensity and PLQY of the CsPbls nanorods (prepared at 160 °C for 40 min) under ambient conditions versus storage

time. (b) XRD pattern of the sample stored under ambient conditions for 10 days. The inset shows the optical picture after phase transition of the

CsPbls nanorods.
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phenomena have also been reported in the synthesis of other
perovskites.*> The PL properties of the products also change
accordingly. As shown in Fig. 4d, the samples have tunable PL
emission with a red shift from 613 to 624 nm. As compared with
the red shift caused by the change of reaction time (~28 nm),
here the narrower shift is due to the relative smaller size-change
resulted by the change of reaction temperatures. Therefore, we
believe that the changing of solvothermal reaction time without
affecting the purity of the product is a more effective means of
regulating the PL properties of the CsPbI; nanorods.

Finally, the stability of the as-prepared CsPbl; nanorods has
also been evaluated. The PL emission spectra of the sample
(prepared at 160 °C for 40 min) after stored in air for several
days are shown in Fig. 5a. The PL intensity decreases slowly
within the first 5 days, and the measured PLQY (shown inset of
Fig. 5a) does not even have obvious attenuation. However, after
5 days, the decay rate of the PL intensity is obviously faster, and
PLQY is also attenuated from 38% to 1%. In addition, a red shift
of the emission peak (from 515 to 525 nm) can be observed,
which may be due to particle size changes caused by agglom-
eration of the nanorods. XRD result (Fig. 5b) indicates that the
cubic CsPbI; was converted to orthorhombic CsPbl; after 10
days of storage. The color of the sample also changes from red
to pale yellow (inset of Fig. 5b). In addition to the normal
temperature phase instability of cubic CsPbl;, moisture in the
air may also accelerate its structural changes.?® Therefore, inert
gas protection and proper packaging are necessary.

Conclusions

In summary, monodisperse and uniform-sized CsPbI; nano-
rods were synthesized by a solvothermal method. The
controlled size adjustment can be achieved by changing the
reaction time and temperatures, which provides a simple and
feasible solution for the regulation on the morphology of
perovskite nanocrystals, especially in the 1D direction. The
narrow emission and adjustable PL properties indicate that the
CsPbl; nanorods have good application potential in the field of
luminescence. Our work not only expands the morphological
study of perovskite nanocrystals, but also expands the study of
its size-related PL properties.
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