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ABSTRACT: Morphology control represents an important strategy for
the development of functional nanomaterials and has yet to be achieved
in the case of promising lead-free double perovskite materials so far. In
this work, high-quality Cs,AgBiXs (X = Cl, Br, I) two-dimensional
nanoplatelets were synthesized through a newly developed synthetic
procedure. By analyzing the optical, morphological, and structural
evolutions of the samples during synthesis, we elucidated that the
growth mechanism of lead-free double perovskite nanoplatelets followed
a lateral growth process from mono-octahedral-layer (half-unit-cell in
thickness) cluster-based nanosheets to multilayer (three to four unit cells
in thickness) nanoplatelets. Furthermore, we demonstrated that
Cs,AgBiBry nanoplatelets possess a better performance in photocatalytic
CO, reduction compared with their nanocube counterpart. Our work
demonstrates the first example with two-dimensional morphology of this
important class of lead-free perovskite materials, shedding light on the synthetic manipulation and the application integration of such
promising materials.

KEYWORDS: Lead-free perovskite, Morphology control, 2D materials, Photocatalytic reaction, CO, reduction

B INTRODUCTION tors,*>*® photocatalytic reactions,”” and light emitting diodes
(LEDs),™ etc.*™*

Morphology control of perovskite nanocrystals is an
imperative strategy to further tune and improve the materials’
performance in applications.”' ~** This strategy has been
extensively explored for LHP nanocrystals, with successful
demonstrations of different particle morphologies, ie, 0D
nanocubes (NCs),***” 1D nanorods/nanowires,"*** and 2D
nanosheets/nanoplatelets (NPLs).*’ ™' In particular, 2D
perovskite NPLs show unique chemical and physical properties
such as anisotropically quantum-confined photocarriers,

Lead halide perovskite (LHP) nanocrystals have attracted a
tremendous amount of interest in the past decade due to their
excellent optical and optoelectronic properties, including high-
photoluminescence quantum yields (PL QYs), low exciton
binding energies, and long photocarrier diffusion lengths,
etc.' ™ These superior properties, accompanied by low-cost
solution processability, render them extremely promising
materials in a wide range of applications.” ' Despite these
advantages, stability and toxicity (induced by lead inclusion) of
LHP materials are the two major obstacles limiting their future

applications.”'® In response, great efforts have been devoted
to finding stable and non- or low-toxic alternatives."”~** In
2018, Creutz et al and Locardi et al. first reported the
syntheses of Cs,AgBiCls and Cs,AgInClg double perovskite
nanocrystals, respectively.”>*° Following these seminal works,
to date, high-quality lead-free double perovskite nanocrystals
with controllable, uniform sizes and superior optical and
electronic properties have been demonstrated with greatly
enhanced particle and crystal structure stabilities.””~** These
high-quality double perovskite nanocrystals have been
successfully integrated into a wide spectrum of applications,
including solar cell devices,”” ultraviolet and X-ray detec-
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unified exposed crystal facet, defined surface atomic arrange-
ment/symmetries, and superior performances as substrates/
supports in nanocomposites.sz_56 Those advantages impart
great potentials to perovskite NPLs for a number of
applications, especially for photocatalytic reactions including,
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CO, reduction and water splitting. Despite these promises,
morphology control in lead-free double perovskite nanoma-
terials has rarely been studied and double perovskite NPLs are
yet to be realized, signifying an urgent need for developing new
synthetic chemistries for a family of such promising materials.
Herein, we report the first colloidal synthesis of Cs,AgBiX,
2D NPLs through a new synthetic route involving a room-
temperature precursor injection followed by a solution heating-
up process. The as-prepared NPLs were well-characterized,
and the growth mechanism was investigated by sampling the
reaction at different stages. The mechanistic study showed that
thin Cs,AgBiBrs nanosheets containing a half-unit-cell layer
along the vertical direction were initially formed. The
subsequent heating process allowed for the growth of thin
monolayer nanosheets into multilayer (three to four unit-cell
layers) thick NPLs with a well-defined rectangular shape and
improved crystallinity. Moreover, we demonstrated that direct-
synthetic halide compositional tuning of Cs,AgBiX, double
perovskite NPLs is feasible, highlighting an alternative method
for control over the NPL properties. Further, we applied the
as-synthesized Cs,AgBiBrgs double perovskite NPLs as an
efficient photocatalyst for CO, reduction reactions under
visible light illumination. Our study reported here not only
provides an effective means to access high-quality double
perovskite NPLs but also sheds light on future explorations of
morphologically controlled lead-free perovskite materials for a
wide spectrum of applications with enhanced performances.

B RESULT AND DISCUSSION

The synthetic route of lead-free Cs,AgBiX4 double perovskite
NPLs is shown in Figure 1. In a typical synthesis of Cs,AgBiBr;
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Figure 1. Schematic illustration of the synthetic procedure of lead-free
Cs,AgBiBr double perovskite 2D NPLs.

NPLs, after all of the chemicals (i.e., BiBr;, AgNO;, HBr, oleic
acid, oleylamine, and 1-octadecene) were loaded into the flask,
the system was degassed at 120 °C followed by heating to 200
°C under N, protection to make a homogeneous solution
(Figure 1). Subsequently, the reaction solution was cooled to
room temperature and a Cs-oleate precursor solution was
injected to induce the nucleation of Cs,AgBiBr, cluster-based
nanosheets. The reaction solution was then reheated to 230 °C
for 10 min, during which, multilayer NPLs were produced
(Figure 1). This growth mechanism will be discussed in further
detail below.
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The absorption spectrum of the obtained Cs,AgBiBrg NPLs
showed two absorption bands at 355 nm (3.50 eV) and 438
nm (2.84 eV) (Figure 2A), which is consistent with previous
reports on the Cs,AgBiBry double perovskite materials with an
indirect band gap nature.””*® To accurately determine the
band gap energy, diffused reflectance measurements of the
Cs,AgBiBrg NPL powders were carried out (see details in the
Supporting Information (SI), Figure S1).*’ The band gap was
determined to be 2.06 eV by a Tauc plot analysis assuming
indirect allowed transition (Figure S2). This band gap energy
is slightly larger than the bulk material (~1.95 eVv),* 7
indicating its weak quantum confinement.”’ The Cs,AgBiBry
NPLs exhibited a broad weak photoluminescence (PL) peak
centered at ~640 nm (~1.94 eV) with a full width at half-
maximum (fwhm) of 143 nm (427 meV), which is in
accordance with previous reports of Cs,AgBiBrs double
perovskite NCs (Figure 2A).%° The large Stokes shift and
broad emission peak signified a self-trapped emission
mechanism.’®*” A typical transmission electron microscopy
(TEM) image of the Cs,AgBiBrs NPLs depicted a rectangular
morphology with an average edge length of 180 + 130 nm
(Figure 2B, Figures S3 and S4). Low and similar image
contrasts of individual NPLs indicated a relatively thin and
uniform NPL thickness (Figure 2B). High-resolution TEM
(HR-TEM) measurements revealed a high crystallinity of
individual NPLs with lattice fringes across the entire platelets
(Figure 2C). Clear visualizations of lattice d-spacings of 3.9
and 2.8 A can be assigned to the (220) and (400) planes of the
cubic double perovskite crgrstal phase (space group, Fm3m),
respectively (Figure 2C).°" The corresponding fast Fourier
transform (FFT) pattern of the image confirmed the cubic
phase of the NPL, consistent with the computer-simulated
electron diffraction pattern along the [001] projection of the
double perovskite crystal lattice (Figure 2C, right panels).’’
Atomic force microscopy (AFM) measurements suggested that
the thickness of the obtained Cs,AgBiBry NPLs was between
3.6 and 6.0 nm (Figure 2D,E), which corresponded to three to
five unit-cell layers in the normal direction along the [001]
crystallographic axis (11.3 A for each unit cell, Figure 85).%
The XRD pattern of the as-prepared Cs,AgBiBrs NPLs
unambiguously confirmed the double perovskite crystal phase
with all of the Bragg diffraction peaks matching well with
reported bulk Cs,AgBiBr, double perovskite (Figure 2F) 2100
An average lattice parameter (a) of 11.29 A was calculated on
the basis of the major Bragg diffraction peaks shown in Figure
2F (Table S1), matching well to the lattice parameter of bulk
Cs,AgBiBrg double perovskite (a = 11.27 A from ICSD Coll.
Code 230901). The relatively high intensity for the (400)
diffraction peak indicated a preferred orientation of the NPLs,
in good agreement with the stacking of laterally laid NPLs
parallel to the substrate (Figure 2F inset).” To further validate
the orientation alignment and 2D morphology of the material,
a sample of fully oriented Cs,AgBiBrg NPLs on a XRD
substrate was carefully prepared (see details in the SI), and
only showed a set of enhanced {/00} peaks in the XRD pattern
(Figure S6).62 Scanning electron microscopy energy dispersive
X-ray spectroscopy (SEM-EDS) measurements showed
colocalized signals for all of the elements in the Cs,AgBiBr,
NPLs with an atomic ratio of Cs:Ag:Bi:Br = 1.9:0.9:1.0:6.2, in
agreement with the standard stoichiometry of 2:1:1:6 (Figure
S7, Table S2). In addition, we found that by introducing
different amounts of octylamine in addition to the added
oleylamine, the lateral dimension of the resultant NPLs can be
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Figure 2. (A) Absorption (blue) and PL (pink) spectra of as-prepared Cs,AgBiBr; NPLs in a toluene solution. (B, C) Typical TEM image (B,
highlighted by dashed square) and a HR-TEM image (C) of the Cs,AgBiBr, NPLs. The right top panel in panel C is the FFT pattern of the HR-
TEM image, and the right bottom panel is the simulated FFT pattern along the [001] projection of the Cs,AgBiBr, double perovskite crystal phase.
(D, E) AFM image (D) and the corresponding height analysis (E) of the Cs,AgBiBrg NPLs. (F) XRD pattern of the Cs,AgBiBry NPLs. The gray
bars show the standard XRD peak positions for bulk Cs,AgBiBrs double perovskite (ICSD Coll. Code: 230901). The insets are schematic images
representing the platelet preferred orientation effect and schematic of Cs,AgBiBrs double perovskite crystal unit cell.
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Figure 3. (A—F) Absorption and PL spectra (A—C) and the corresponding TEM images (D—F) of the samples collected at different reaction
stages during the synthesis of the Cs,AgBiBry double perovskite NPLs. (G) Corresponding XRD patterns of the samples shown in panels A—F.
Insets are the schematic illustrations of the formation process of Cs,AgBiBr,; double perovskite NPLs. (H—J) Corresponding SAXS patterns of the
samples collected at different reaction stages.

controlled.””" By varying the volume ratio of octylamine and sampling the reaction at different stages during the synthetic
oleylamine from 2:8 to 8:2 (while maintaining the total volume process (Figure 3). The absorption spectrum of the sample
at 1 mL) while keeping other reaction conditions constant, the collected at 25 °C after injection of Cs-oleate precursor
lateral size of the NPLs could be tuned from ~330 + 230 to showed an absorption peak at 420 nm along with a small
630 =+ 380 nm without disturbing the double perovskite crystal absorption feature at 375 nm (Figure 3C). While the small
structure (see the SI for details, Figures S8 and S9). absorption feature appeared before Cs-oleate injection and was
To investigate the formation mechanism of the Cs,AgBiBry likely due to the presence of unreacted precursors (i.e.,
double perovskite NPLs, we monitored the optical properties, [BiBrg]® complexes, Figure $10),°"° the major absorption
particle morphology, and structural evolutions through peak (~420 nm) is a characteristic of Cs,AgBiBr, double
1622 https://dx.doi.org/10.1021/acs.nanolett.0c04148
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Figure 4. (A) Photographs and the required halide—precursor combinations for the samples with different halide compositions. (B—E) TEM

images of the Cs,AgBiXs double perovskite NPLs with different halide compositions (B—D) and Cs;Bi,l, nanoparticles

(E). (F—M)

Corresponding absorption spectra (F—I) and XRD patterns (J—M) for the samples shown in panels B—E.

perovskites.”>*"*” A weak emission peak centered at 475 nm
was observed (Figure 3C), which was independent of
excitation wavelength (Figure S11), indicating that it is due
to an electronic transition rather than a light scattering effect
from the sample.’® Such blue emission can only be assigned to
the direct band gap exciton recombination of ultrathin
Cs,AgBiBrs double perovskite.”” The formation of these
ultrathin nanosheets was further confirmed by the measured
TEM images with low image contrast. The irregular shapes of
these Cs,AgBiBrs nanosheets were likely caused by low
temperature induced insufficient crystallization (Figure
3F).*""” Upon increasing the temperature to 130 °C, a new
broad emission peak emerged at ~750 nm (Figure 3B),
attributing to the self-trapped emission from the Cs,AgBiBr
double perovskites.””*” The band gap energies of 2.26 eV and
2.21 eV were determined by the Tauc plot analyses of the
diffused reflectance measurements for the two samples
collected at 25 and 130 °C, respectively (Figure S12). The
slightly larger values than the band gap (2.06 eV) of the final
Cs,AgBiBrg NPLs (collected at 230 °C) indicated stronger
exciton confinements due to smaller thicknesses of the
nanosheets. A more defined NPL shape and increased image
contrast compared to the sample at 25 °C further indicated the
subsequent growth into relatively thick NPLs with improved
crystallization (Figure 3E). When the temperature reached 230
°C, the emission peak located at 475 nm totally disappeared
and the self-trapped emission peak blue-shifted to 640 nm
(Figure 3A). While the disappearance of the 475 nm emission
peak suggested that all of the thin nanosheets grew into thick
NPLs, a significant blue shift (i.e., from 750 to 640 nm) of the
self-trapped emission peak indicated a full crystallization of the
double perovskite structure of the resulting NPLs,”>**>*
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consistent with the TEM and XRD measurements (Figure
3D,G).

The growth mechanism from thin nanosheets to thick NPLs
was further proved by XRD and small-angle X-ray scattering
(SAXS) measurements. As depicted in Figure 3G, the XRD
pattern for the ultrathin nanosheet sample collected at 25 °C
(blue) matched well with the standard pattern of Cs,AgBiBry
double perovskite except for the absence of all Z-direction-
related Bragg diffraction peaks (ie, {hkl}, with | # 0,
highlighted in pink). This XRD result strongly supported the
formation of ultrathin Cs,AgBiBrs nanosheets with only a half-
unit-cell thickness along the vertical direction of the NPLs.%>
When increasing the reaction temperature to 130 and 230 °C,
while the double perovskite crystal structure remained intact,
all of the Z-direction-related diffraction peaks emerged in the
measured XRD patterns (Figure 3G, green and red,
respectively), indicating an increased NPL thickness and
agreeing well with our proposed NPL growth mechanism.
Furthermore, SAXS patterns of the three samples collected at
different temperatures (i.e, 25, 130, and 230 °C) showed a
layered lamellar structure with an interlayer distance increasing
from 1.53 to 5.58 nm upon increasing temperature (Figure
3H-J, Tables S3—S5), indicating the NPL thickness increased
from half-unit-cells to three to four unit cells with
considerations of the presence of bilayer organic Iigands and
their interdigitation between neighboring NPLs, ® further
validating the growth mechanism.

To expand the compositional space, we have synthesized Bi-
based double perovskite NPLs with different halide composi-
tions (Figure 4). By replacing Br-containing precursors (i.e.,
BiBr; and HBr) with Cl-containing ones (i.e., BiCl;, and HCI)
in the initial reaction solution while maintaining other reaction
conditions, rectangular-shaped Cs,AgBiClg double perovskite
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NPLs with an average edge length of 120 + 80 nm were
obtained (Figure 4A,B and Figure S13A). In addition, when
mixing Br-containing precursors and Cl-containing precursors
with different molar ratios, mixed-halide Cs,AgBi(Br/Cl)4
NPLs can also be achieved (Figure 4A,C). For the I-containing
cases, a mixture of Br-containing precursors and I-containing
precursors (i.e., Bil; and HI) accompanied by a lowered final
reaction temperature of 100 °C were required for the synthesis
of Cs,AgBi(Br/I)s double perovskite NPLs (Figure 4A,D and
Figure S13B). Higher reaction temperatures (>130 °C),
however, resulted in the formation of Cs;Bi,(Br/I) NPLs
with a 2D layered crystal structure (space group, P3ml),
without the incorporation of any Ag (Figure S14).°%%*
However, a complete replacement of Br-containing precursors
with I-containing ones led to the formation of Cs;Bi,l,
nanoparticles with a OD dimer-type crystal phase (space
group, P6;/mmc) featuring face-sharing [Bi,X,]*~ units (Figure
4E,F,]),69 suggesting the necessity of Br inclusion for
stabilizing the double perovskite crystal structure.”* Absorption
spectra of the obtained Cs,AgBiXs double perovskite NPLs
with different halide compositions are shown in Figure 4G—1.
An apparent red shift of the first absorption peak can be
observed while tuning from CI- to Br- and I-containing NPLs
(Figure 4G—1), agreeing well with the trends observed for their
cube-shaped counterparts.””> XRD measurements confirmed
the cubic double perovskite crystal structure for these samples.
And all of the XRD peaks shifted to lower 26 angles when the
halide composition was tuned from Cl to Br to I (Figure 4K—
M), which was attributed to the lattice expansion caused by
increasing ionic radii (i.e, Cl~, 1.67 A; Br~, 1.81 A; I, 2.06 A).

Zhou et al. demonstrated that Cs,AgBiBrs NCs can be used
as photocatalyst in CO, reduction reaction, in which CO,
saturated ethyl acetate was used as reaction solution.”” Since
2D NPLs possess a high percentage of surface atoms, superior
free-charge mobilities, and a short distance to surface catalytic
sites, it is shown that the 2D morphology can greatly promote
their performances in photocatalytic reactions.*”*° To examine
the photocatalytic performance of the obtained Cs,AgBiBry
NPLs, we have carried out CO, photoreduction reactions
using the Cs,AgBiBrs NPLs as the catalyst (see the SI for
experimental details). Nearly no H, can be detected
throughout the entire reaction (Figure S15), suggesting that
the selectivity for the CO, reduction was >99% with a total
suppression of the possible H, evolution reaction under the
current reaction conditions. The reaction mechanism is
expected to be the same as that of the 0D Cs,AgBiBr4 double
perovskite NCs,”” in which the photogenerated charge carriers
(i, electron and hole) would dissociate in NPLs, following
which the hole is consumed by solvent molecule (e.g, ethyl
acetate) while the electron can be captured by CO, (Figure
SA). To further confirm the photocatalytic role of the
Cs,AgBiBrs NPLs, three control experiments were conducted.
The first and second control experiments were carried without
the Cs,AgBiBrs, NPLs and light, respectively. The results
showed more than 2 orders of magnitude lower production
amounts for both CO and CH, (Figures S16 and S17),
indicating that photogenerated charge carriers are responsible
for the CO, reduction reaction. The third control experiment
under N, atmosphere without CO, showed that a small
amount of CO can be detected with the absence of CH,
(Figure S18), proving the possible oxidization of solvent (ethyl
acetate) as reported previously.”” These three experiments
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Figure S. (A) Schematic illustration of the Cs,AgBiBry NPL
photocatalyzed CO, reduction reaction. (B) CO (red) and CH,
(blue) product yield evolutions as a function of reaction time for
using Cs,AgBiBr, double perovskite NPLs (solid) and NCs (open) as
catalysts. (C) Histogram of the total photocatalytic electron
consumption in 6 h for the reactions using Cs,AgBiBr, double
perovskite NPLs (red) and NCs (blue) as the catalysts.

supported the proposed mechanism, and more detailed studies
are still ongoing.

To demonstrate the shape effect in the photocatalytic
reaction, we have compared the photocatalytic performances of
the Cs,AgBiBry NPLs and NCs. The same masses of inorganic
components for the NPL and NC samples (calibrated by
thermogravimetric analysis) were applied to the reaction under
identical reaction conditions (see the SI for experimental
details, Figures S19 and S20). As shown in Figure 5B, both the
CO and CH, production rates were significantly higher when
using the NPLs as catalysts compared to the NCs. However,
the production rate gradually decreased with the prolonging of
the reaction time, which may be due to some surface poisoning
of the photocatalysts. The total electron consumption during
the course of the reaction (i.e, 6 h) for the Cs,AgBiBry NPLs
showed a more than 8-fold enhancement compared to that of
the Cs,AgBiBry NCs under the same reaction conditions
(255.4 pmol/g vs 30.8 umol/g, Figure SC). Such a drastically
improved photocatalytic performance was likely due to the
anisotropically confined charge carries and their in-plane long
diffusion length for the NPLs as compared to their NC
counterparts. = Moreover, the average external quantum
efficiency of the system during the 6 h reaction time was
calculated to be 0.035% (see details in the SI). Remarkably,
both the double perovskite crystal structure and the 2D
morphology of the Cs,AgBiBrs NPLs were maintained after
the photoreaction (Figure S21), demonstrating the superior
material stability.

B CONCLUSION

In summary, we report a new synthetic route to achieve high-
quality lead-free Cs,AgBiX; (X = Cl, Br, I) double perovskite
2D NPLs. We show that the NPL formation process follows a
unique growth mechanism, in which Cs,AgBiXs mono-
octahedral-layer cluster-based nanosheets are first synthesized
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at room temperature, followed by their growth into multilayer-
thick NPLs at a higher reaction temperature. By controlling the
halide composition, we have successfully synthesized a series of
double perovskite NPLs with different halide compositions and
their combinations. Further, we show that the as-synthesized
Cs,AgBiBrs NPLs can serve as efficient photocatalysts for CO,
photoreduction. Our work not only conveys the first
demonstration of morphology control in lead-free double
perovskite materials but may also guide future efforts in the
synthetic designs and applications of lead-free perovskite and
perovskite-analogue materials in general.
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