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This communication describes a novel low-dimensional nanohybrid
structure consisting of all-inorganic perovskite nanocrystals (NCs)
growing in situ on two-dimensional (2D) black phosphorus (BP)
nanosheets. Such a nanohybrid structure promises synergetic prop-
erties by combining the respective strengths of perovskite materials and
BP, which opens new opportunities for next-generation optoelectronic
devices.
Low-dimensional hybrid structures composed of zero-
dimensional (0D) nanocrystals (NCs) or quantum dots (QDs)
located on the surface of 2D materials have recently attracted
extensive interest.' These structures can offer more degrees
of freedom to design heterojunctions between various low-
dimensional quantum systems. As a result, synergetic effects
can be expected by combining the respective strengths of 0D
and 2D materials, which opens new opportunities to realize
high-performance optoelectronic devices.

A variety of low-dimensional materials have been used as
building blocks to construct a 0D-2D hybrid structure. For
instance, graphene®® has been shown to produce strong
fluorescence quenching of 0D semiconductor NCs or QDs,
demonstrating enhanced ability for energy harvesting and
photodetection. In addition, transition metal dichalcogenides
(TMDCs), such as MoS,,”® WSe,,’” WS,'° and SnS,,"" have been
coupled to QDs, justifying the improved performance of 2D
semiconductors in light collection. In fact, the enhancement of
the optoelectronic performance is mainly attributed to charge
transfer (CT) and Forster energy transfer (FET) occurring at the
interface of 0D and 2D materials.>'*™"®> The photo-excited FET
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from 0D materials (donor) to 2D materials (acceptor) generates
electron-hole pairs. The transport of photogenerated carriers
then causes the photocurrent (I,,) in the 0D-2D system under a
bias. In the process of generating photocurrent, 0D materials
serve as an effective light harvester owing to the large absorp-
tion cross-section, size-tunable bandgap, and high quantum
yield. At the same time, 2D materials make contributions based
on their excellent electronic/electrical properties. For example,
the higher carrier mobility of 2D materials leads to a larger I,
under the same illumination conditions and at a fixed bias
voltage.®

Obviously, to produce more efficient optoelectronic devices,
the 0D-2D hybrid structure should possess the following
merits. First of all, 2D materials should have a good balance
in terms of various electronic/electrical properties. Secondly,
0D materials should have superior photon absorption, high
quantum yield, and optical tunability. Thirdly, a strong bond-
ing between 0D materials and 2D materials is necessary not
only for the device stability but also for more efficient charge
transfer.'® To date, although much research has focused on
hybrid structures by combining 2D graphene or TMDCs with
traditional colloidal QDs, much less efforts have been made to
explore hybrid structures based on 2D BP and perovskite NCs,
which promise great potential both for fundamental studies
and optoelectronic applications. Besides, the traditional
method to construct a hybrid structure involves simply placing
0D materials on the surface of 2D materials or using linking
ligands in between. In comparison, there have been few reports
on direct in situ growth of 0D materials on 2D materials, though
this strategy can provide more precise control of the distribu-
tion uniformity and loaded amount of NCs on 2D materials as
well as the strong bonding between the NCs and 2D materials.

In this work, we design and construct a new 0D-2D hybrid
structure consisting of perovskite NCs directly growing in situ
on BP sheets. Benefiting from a good balance between the high
carrier mobility (up to 1000 cm®> V™' s7")"” and satisfactory
current on/off ratio (up to 10°),'® BP can bridge the gap between
graphene and TMDCs."®'® In addition, perovskite NCs or QDs
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Scheme 1 Synthesis of the CsPbBrz—BP hybrids.

stand out with a high quantum yield (90%),>° efficient photon
absorption and excellent optical tunability.>"*> More importantly,
the facile solution-based process for perovskite crystallization®*>
and the reaction compatibility of BP materials provide the oppor-
tunity to synthesize perovskite NCs directly on BP sheets.

The process to synthesize the perovskite-BP hybrid is
illustrated in Scheme 1. A solution-based synthesis process is
used for the direct growth of inorganic CsPbX; (X = Br, I) NCs
on solvent-exfoliated BP sheets at room temperature. No ligand
exchange steps are required in this process and different halide
elements are employed for broadband adjustment to cater
to diverse optoelectronic applications. We also demonstrate
the reduction of the photoluminescence (PL) lifetime from
the CsPbBr;-BP hybrid structure, implying the non-radiative
energy transfer or electron transfer occurring in this hybrid
structure.

The first step is to prepare BP nanosheets by the solvent
exfoliation method. Selection of an appropriate solvent is
critical for the preparation of materials. Although N,N-
dimethylformamide (DMF) is an efficient exfoliation solvent
used to prepare 2D layered materials, it unavoidably remains
on the materials’ surface after exfoliation and degrades the
perovskite CsPbX; (X = Cl, Br, 1).”> Therefore, the traditional
exfoliation method based on DMF is not suitable for the preparation
of perovskite-BP hybrid structures. Consequently, the low-boiling
solvent chloroform (CHCl,) is adopted to enable effective exfoliation
of BP with less influence on perovskite NCs.

The BP sheets were synthesized by a modified liquid exfolia-
tion method.”® The BP crystal was ground in a mortar with
CHCIl;. The mixture was sealed and probe-sonicated for several
hours. Afterwards, the solution was centrifuged for 5 min at
300 rpm and the supernatant containing micrometer-scale BP
sheets was collected. Although the solution composed of BP
sheets shows broadband absorption ranging from the ultravio-
let to near-infrared regions, the absorption intensity, especially
in the long wavelength region, is relatively low due to the small
thickness of the 2D BP sheets (Fig. S1a, ESI{). The transmission
electron microscopy (TEM) image shows that the as-prepared
BP sheets have a lateral size of over 1 pm and the translucent
appearance reveals that the BP sheets are thin (Fig. S1b, ESIT).
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The high-resolution transmission electron microscopy (HR-TEM)
image inset in Fig. S1b (ESIT) discloses a lattice spacing of 0.25 nm,
corresponding to the (111) plane of the BP crystal*” and indicating
high crystallinity. The atomic force microscopy (AFM) image and
height profile curves have been shown in Fig. S2 (ESIT). One can see
that the thickness of the as-prepared BP sheets ranges from 15 nm
to 22 nm. After BP exfoliation, the perovskite precursor was
prepared. The perovskite precursor in the form of Cs-oleic and
Pb-oleic was prepared by mixing Cs,COs3, oleic acid (OA), and PbO at
160 °C under continuous stirring until the solution became trans-
parent. The precursor was then diluted with CHCl;. Afterwards, an
appropriate amount of the diluted precursor was added to the
CHCI; solution containing BP sheets and stirred for several min-
utes. In this step, Cs-oleic and Pb-oleic adsorbed onto the surface of
BP sheets to form the perovskite precursor-BP mixture. The adsorp-
tion results from the interaction between the lone pair electrons in
BP and the metal ions Cs'/Pb>".*® Finally, another Br-precursor
consisting of CHCl;, OA and tetrabutylammonium bromide (TBAB)
was rapidly injected into the mixture under vigorous stirring for 10s.
The solution turned yellow-green and the CsPbBr;-BP hybrid was
obtained. It should be noted that pure CsPbBr; QDs were formed
when no BP sheets were added in the third step (Fig. S3, ESIT).
The TEM images of the synthesized CsPbBr; QDs and
CsPbBr;-BP hybrids are depicted in Fig. 1. The typical CsPbBr;
QDs synthesized without participation of BP sheets possess a
uniform cubic morphology with an average size of about 9 nm,
as shown in Fig. 1a and b. The HR-TEM (Fig. 1c) image shows a
lattice fringe spacing of 0.29 nm, arising from the (200) plane of
the cubic phase of perovskite CsPbBr;.>® Fig. 1d-f show the
TEM and HR-TEM images of the CsPbBr;-BP hybrid materials.
All of the hybrid samples examined by TEM, HR-TEM, and SEM
were prepared by performing long and repeated centrifugation
to remove perovskite NCs not growing on and weakly bonded to
the BP sheets. Fig. 1d shows that the CsPbBr; NCs grow on the
BP surface with good uniformity and nearly complete coverage.
The magnified TEM image (Fig. 1e) clearly shows that perovs-
kite CsPbBr; NCs are bonded to the BP sheets. The HR-TEM
image of the hybrid materials (Fig. 1f) shows that the lattice
spacings of CsPbBr; (0.29 nm) and BP (0.25 nm) are consistent
with the typical lattice spacings of CsPbBr; QDs and BP sheets,
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Fig.1 (a—c) TEM and HR-TEM images of CsPbBrz QDs synthesized with-
out participation of BP sheets; (d—f) TEM and HR-TEM images of the
CsPbBrz—BP hybrid.

revealing that both the CsPbBr; NCs and the BP sheets in the
hybrid structure show good crystallinity. As shown in the large-
scale SEM images (Fig. S4, ESIt), all the BP sheets are effectively
incorporated with CsPbBr; NCs with similar uniformity and
coverage, implying good adaptability of this strategy in the
preparation of CsPbBr;-BP hybrids. The optical microscopy
image and fluorescence image of the CsPbBr;-BP hybrid are
displayed in Fig. S5a (ESIT), which further confirm the uniform
distribution of perovskite NCs on the BP sheets. Notably, as can
be seen from the SEM images in the ESIL{ the size of the
CsPbBr; NCs in the hybrid structure tends to be in the range of
100 nm. The increase in particle size is probably because the
Cs-oleic and Pb-oleic precursors tend to aggregate on the BP
surfaces, leading to an accelerated growth of the CsPbBr; NCs
after the initial nucleation.

In this hybrid structure, the distribution density of perov-
skite NCs on the BP sheets can be controlled by adjusting the
quantities of Cs-oleic and Pb-oleic precursors. As shown in
Fig. 2, by adding more perovskite precursors, more CsPbBr;
NCs are formed on the BP surface. Furthermore, this hybrid
structure also promises controllable broadband response upon
simply altering the composition of different halides in perov-
skite compounds. We demonstrate the feasibility of broadband
control by substituting the halide elements, e.g., from bromine

Fig. 2 SEM images of the CsPbBrz—BP hybrid materials synthesized with
different amounts of perovskite precursors (a) 0 mL; (b) 0.1 mL; (c) 0.5 mL;
(d) 1 mL.
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to iodine. Fig. S5b (ESIt) shows that the BP sheets with a
uniform distribution of CsPbl; NCs yield fluorescence emission
at longer wavelengths. All in all, this fabrication method
is compatible with different cesium-containing perovskite
materials. The broadband tunability can be achieved by altering
the halide composition.>°

The combination of perovskite NCs with BP can potentially
facilitate energy transfer because the perovskite exhibits a
stable emission peak that overlaps with BP absorption features.
The UV-vis-NIR absorptions of the BP sheets and the CsPbBr;-BP
hybrid materials are displayed in Fig. 3a. In contrast to BP sheets,
the hybrid materials show an additional band edge absorption
at 505 nm,> implying that perovskite NCs are combined with
BP sheets. In addition, enhanced light absorption can also be
observed, demonstrating the ability of perovskite NCs to
increase the light absorption of the perovskite-BP hybrid
structure. Fig. 3b shows the PL emission of the CsPbBr;-BP
hybrid materials. A single narrow emission peak at 510 nm can
be observed. The PL decay characteristics of the CsPbBr; NCs
off (the SEM image is shown in Fig. S6, ESIt) and on BP sheets
are compared using hybrid samples without centrifugation.
The samples are deposited on fused quartz substrates for
measurement of the lifetimes. Fig. 3c shows that the PL lifetime
is reduced when CsPbBr; NCs are incorporated within the BP
sheets. The PL decay curves fitted with a bi-exponential function®
show average lifetimes of 1.021 ns and 0.234 ns for CsPbBr; NCs off
and on the BP sheets, respectively. A statistical analysis of the PL
average lifetime from a large number of CsPbBr; NCs is presented
in Fig. 3d. CsPbBr; NCs off the BP sheets exhibit a longer PL lifetime
with a peak at 1.05 ns, comparable with previous studies.®® In
contrast, CsPbBr; NCs prepared in situ on BP sheets have shorter PL
lifetimes, with a peak at 0.46 ns. Therefore, the PL lifetime of
perovskite NCs on BP sheets decreases, suggesting that fluorescence
quenching occurs at the interface between the CsPbBr; NCs and the
BP sheets.

Fig. 3 (a) Absorption spectra of the BP sheets and CsPbBrz—BP hybrids
dispersed in a chloroform solution. (b) Corresponding PL spectra of the
CsPbBrsz—BP hybrid solution irradiated with UV light (365 nm). (c) PL decay
curves of CsPbBrs NCs on fused quartz and BP sheets with the green lines
being the fitted results based on a bi-exponential function. (d) Statistical
distribution of the lifetimes of CsPbBrz NCs on fused quartz and BP sheets.
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Furthermore, the stability of the CsPbBr;-BP hybrids was
evaluated. After being stored for 3 months under ambient
conditions, the fluorescence images and Raman scattering
spectra of the CsPbBr;-BP hybrid dispersed in chloroform were
characterized. The fluorescence images (Fig. S7, ESIt) show
that a strong green fluorescence is sustained in the CsPbBr;-BP
hybrid. In addition, compared to the freshly-prepared CsPbBr;-BP
hybrid, the Raman spectra show that the characteristic Agl, B,; and
A,” phonon modes of BP are still preserved without significant shift
after 3 months, indicating a robust month-long air-stability of the
CsPbBr;-BP hybrid.

In summary, a facile solution-based method is designed to
prepare perovskite NCs on BP sheets in situ. A perovskite-BP
heterojunction with strong bonding has been obtained with
excellent optical and electronic tunability. Reduced PL lifetimes
are observed from perovskite CsPbBr; NCs on BP sheets,
probably due to the non-radiative energy transfer or electron
transfer at the perovskite-BP interface. The perovskite-BP
hybrid offers a new material system for both a fundamental
study and technical design of high-performance optoelectronic
devices.
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Experimental details

Materials

The bulk BP crystals were purchased from MoPhos Technology Co. Ltd. (China). Chloroform
(CHCI3) was purchased from Shanghai Lingfeng Chemical Reagent Co. Ltd. (Shanghai, China),
Cs,C0; (99.99%), PbO (99.9%), (OA) and tetrabutylammonium bromide (TBAB, 99.0%) were
obtained from Aladdin Ltd. (Shanghai, China).

Preparation of micrometer-scale BP sheets

The BP sheets were prepared by a modified liquid exfoliation method according to our
previous work.! In brief, 20 mg of bulk BP crystal was ground in a mortar with 2 mL of
chloroform (CHCI;) for 10 min in a glovebox (Argon). The mixture was then added to 18 mL of
CHCl; in a 50 mL glass tube. The tube and sonicator tip were firmly sealed with Teflon tapes.
The sample was ultrasonically treated for 3 h at a power of 720 W. Afterwards, the solution
was centrifuged for 5 min at 300 rpm and the supernatant containing micrometer-scale BP

sheets was collected.


mailto:jia.li1@siat.ac.cn
mailto:xf.yu@siat.ac.cn

Synthesis of Cs-oleic and Pb-oleic precursor

The Cs-oleic and Pb-oleic precursor was prepared according to the process reported
previously.? 0.1629 g (0.5 mmol) of Cs,CO; and 0.2232 g (1 mmol) of PbO were mixed with 5
mL of oleic acid (OA) in a 20 mL glass vial. The mixture was placed on a hot plate at 160 °C and
stirred vigorously until a transparent solution was formed. Afterwards, the solution was
diluted to 10 mL by adding 5 mL of CHCl;.

Synthesis of CsPbBr; quantum dots and CsPbBr;-BP hybrid

The Br precursor solution was prepared by mixing 0.0644 g (0.2 mmol) of
tetrabutylammonium bromide (TBAB), 1 mL of OA, and 4 mL of CHCl;. In the synthesis of
CsPbBr; quantum dots, 1 mL of the Cs and Pb precursor was further diluted with 15 mL of
CHCl; and 2.5 mL of the Br precursor were added quickly to the diluted solution under
vigorously stirring for 10 s. The solution turned transparent green and the CsPbBr; quantum
dots were synthesized. In the synthesis of the CsPbBr;-BP hybrid, 1 mL of the Cs and Pb
precursor was mixed with 7.5 mL of BP sheets (in CHCI;) and 7.5 mL of CHCl;. The mixture was
stirred for 5 min. Then 2.5 mL of the Br precursor were added quickly under vigorous stirring
for 10 s. The solution became yellow-green and the CsPbBr;-BP hybrid were synthesized.
Characterization

The TEM and HR-TEM images were obtained on the FEI Tecnai G2 F30 transmission electron
microscope at an acceleration voltage of 200 kV and the SEM images were acquired from the
ZEISS SUPRA 55 (Carl Zeiss, Germany) field-emission scanning electron microscope. The UV—
vis—NIR absorption spectra were recorded on a Lambda25 spectrophotometer (PerkinElmer)
using QS-grade quartz cuvettes at room temperature. The PL spectra were acquired on a
fluorescence spectrophotometer (Hitachi F-4600, Japan) and the fluorescence images were
recorded on the Olympus-BX63 fluorescence microscope. For the atomic force microscope
(AFM) measurement, the as-prepared BP sheets were drop casted on a Si/SiO, substrate and
dried at 37 °C. The AFM measurement was performed on the Bruker Dimension Icon atomic
force microscope (Bruker Corporation, USA) using the tapping mode. The PL lifetime was
measured on the Leica SP5 confocal microscopy FLIM (fluorescence lifetime imaging
microscopy) system with a 100 x air objective lens (NA = 0.95). A femtosecond pulsed laser

with a wavelength of 408nm was used in PL excitation. Photon detection was conducted on



an avalanche photodiode and a synchronous time-correlated single photon counting (TCSPC)
module. A high-resolution FLIM areas of ~6 um? containing sufficient CsPbBr; NCs off and on
BP sheets were used to perform the statistical analysis for the PL lifetime. The measured PL
decay curves were fitted with a bi-exponential function of time (t):

I(t) = Ajexp ( - i) + Azexpiiﬁi( - i)

T T,

Where 1; represents the decay time of ith component and A; is the amplitude of the ith
component. The average lifetime t,,. was estimated from the fitted data according to the

equation:
24
Tave =
Y

Fig. S1 a) Absorption spectrum of the synthesized BP sheets; b) TEM image and HR-TEM image
(inset) of the BP sheets.

Fig. S2 a) AFM image of as-prepared BP sheets; b) Corresponding height profile of BP sheets



highlighted in a.

Fig. S3 a) White light and b) UV light images of CsPbBr; NCs prepared with and without
participation of BP sheets.

Fig. S4 a) Large scale SEM image of the CsPbBr;-BP hybrid; b) Magnified SEM image of one CsPbBr;-
BP hybrid.



Fig. S5 a) Optical microscopy and PL images of CsPbBrs;-BP hybrid with single CsPbBrs-BP hybrid
inset; b) Optical microscopy and PL images of CsPbls-BP hybrid with single CsPbls-BP hybrid and PL
spectrum inset.

Fig. S6 SEM image of CsPbBr; NCs off the BP sheets.



Fig. S7. Fluorescence images of CsPbBr3-BP hybrid which are a) freshly prepared and b) stored
under ambient condition for 3 months; Raman spectra of CsPbBr5;-BP hybrid which are c) freshly
prepared and d) stored under ambient condition for 3 months.
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