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Abstract

One of the most attractive features of perovskite materials is their chemical flexibility.
Due to innovative chemical compositions of perovskite, the optical, structural, and

functionalities became more advanced, enabling better solar performance in

Published on 19 February 2018. Downloaded by Hebrew University of Jerusalem on 20/02/2018 09:32:00.

photovoltaics, as well as robustness and excellent properties in the nanoscale for
optoelectronics. The quest for novel perovskite compositions in the nano-scale is
significantly important. This paper reports on a mixed-cation system of RbyCs;PbXj3
(where X=CI or Br) nanoparticles. The absorption of the nanoparticles is tunable in the
near ultra-violet and visible regions between ~ 395-525 nm for RbyCs;PbX; (x=0 to
x=0.8 and X=Cl or Br). The photoluminescence quantum yields (PLQY) of the mixed
Rb'/Cs" nanoparticle systems are comparable to the PLQY of CsPbX; nanoparticles.
Interestingly the attempt to synthesize Cl- and Br-based nanoparticles with high Rb"
content succeeded, although possessing low tolerance factors. We conclude that these
mixed Rb"/Cs" nanoparticles are more adjustable to structural distortions caused by the
cation substitutions than their bulk counterparts, what opens a way towards developing

more advanced mixed-ion perovskite compositions in the nano-scale.
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Introduction

Lead halide perovskite materials are being studied intensively in the past years for their
outstanding photovoltaic activity. The formula that defines the perovskite is AMX3 and it
enables high diversity, from organic-inorganic hybrids to all-inorganic perovskites,
mostly known as methylammonium lead halide (MAPbX3; X=Cl, Br, I) or cesium lead
halide (CsPbXj3; X=Cl, Br, I) compositions. The diverse nature of perovskites encouraged
investigation of advanced perovskite materials using chemical modifications. A lot of
reports were focused on substitution of the monovalent cation [A= methylammonium
(MA) CH;3NH3, formamidinium (FA) CH3(NH,),, or Cs'], divalent metal cation (M=
Pb*", Sn*" and Ge*"), and the halide (X= CI', Br or I)."""* Chemical modifications for
perovskites are of great importance, enabling band-gap engineering, adjustment of
properties for specific requirements, refraining from toxic compounds, improvements of
the synthetic routes, enhancing product quality, and so on. In the solar field, the most
efficient perovskite-based solar cell was fabricated with a mixed-cation perovskite
composition, reaching 22.1%, which emphasizes the importance of chemically modified
perovskites.'*'> Apart from bulk perovskites, mixed-halide systems in the nano-scale

were investigated thoroughly,'®!"!®

while mixed-cation systems are still behind for both
hybrid organic inorganic and all-inorganic perovskite nanoparticles (NPs). Recently, the
mixed-cation system was applied for NPs by Protesescue et al. that reported on FAPbI;
and (FA/Cs)Pbl; perovskite NPs with improved robustness, relative to MA- or Cs-based
perovskite NPs, and emissions in the near-infrared spectral regions.'” Moreover, Liu et al.
proposed a mixed-metal cation system of CsPbyMn,4Cl; and revealed a new perspective
for tuning the optical properties of perovskite NPs.’

The optical properties of perovskite NPs are mainly affected by the electronic structure,
while structural distortions are known to influence as well. By considering the specific

geometry required for an ideal perovskite, only specific combination of ions will be

suitable. The Goldschmidt tolerance factor (TF) aimed to predict a stable perovskite
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structure, relating to a 3D-cubic close packing of ions.”**'** For ideal cubic structure the
TF is calculated as follows; t = (14 + 1y)/V2(ry + %) , where r is the ionic radius, and
the empirical formability range is 0.8 < t < 1.0.*> Considering the TF restrictions, most of
the monovalent elemental cations are mismatched to establish a stable perovskite.
Recently, rubidium cation (Rb") was suggested to balance the TF for a better solar
efficiency and better perovskite stability due to its non-oxidative nature.'? Another work
by Linaburg et al. describes solid solutions of inorganic mixed-cation Cs;xRbsPbX;
(X=Cl or Br) perovskites showing the adjustable manner of perovskites, and exploring
their structural and optical response to changes in the TF. This gave a new insight about
the lower limit of the TF in which perovskite remains stable at room temperature. '

Nonetheless mixed-cation systems were studied in the bulk form, mixed-cation
perovskites in the nano-scale remain poorly explored. In general, small perovskite NPs
are known to adjust their strain distribution and lattice parameters, compared with the
bulk form. Therefore, the structural flexibility of perovskite NPs to A-cation
substitutions, full or partial, is assumed to be different in the nano-scale due to a more
adjustable nature of contraction and expansion of the structure.'>** RbPbCl; and RbPbBr3
compositions are yet to be successfully synthesized due to the small Rb" cation, and
relatively small TF values of 0.806 and 0.801, respectively; Motivated by the structural
suppleness and the option to achieve higher TFs by mixing different cations, we
successfully synthesized Rb'/Cs'-based lead halide perovskite NPs with the tunable
composition of RbyCs; PbX; (x=0, 0.2, 0.6, 0.8; X=Cl, Br). Characterizations revealed

Published on 19 February 2018. Downloaded by Hebrew University of Jerusalem on 20/02/2018 09:32:00.

new insights regarding the crystal structure and the degree of flexibility of the octahedral
PbX, network while the optical properties were tuned based on the Rb"/Cs" ratio. The
NPs exhibit photoluminescence quantum yields (PLQY) of up to ~ 60%, tunable
emissions in the visible, and intriguing structural changes upon increasing Rb" content in
the crystal. The results show an approximated upper limit of x=0.8 for RbyCs; \PbXj3
yielding absorption peaks, which are blue shifted compared with CsPbX3; NPs. For the
nominal x=1 Cl-based NPs, a structural change into RbsPbsCl;¢ phase was observed and
explored in our recently published work.”In the case of x=1 for Br-based NPs, the NPs

were failed to form. Energy dispersive x-ray spectroscopy (EDS) and absorption
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measurements of control experiments without Rb confirmed the presence of Rb" in the

NPs.

Results and discussion

Figure 1 presents calculations of the TFs of several perovskite compositions. In the x-
axis, increasing Rb" contents (Rb":Cs™ as the A-cation) are presented according to the
formula Rb,Cs; \PbXj; (x values=0, 0.2, 0.4, 0.6, 0.8, 1; X=Cl, Br, I). The effective ionic
radii were taken from the work of Shannon®®, considering the coordination number of the
ions. For cubic perovskite, the coordination number of the metal and the halide is 6 and
for the cation is 12. Here, we assumed that the structural distortion reduced the symmetry
of the structure and the coordination number of the cation as well, from 12 to 8,
suggested by other paper.”’ Thus, the used effective ionic radii are Cs* (1.74 A), Rb"
(1.61 A), Pb*" (1.19 A), CI' (1.81 A), and Br (1.96 A). More details are found in table S1
in the supporting information (SI). The graph shows a linear relation between the TF and
the Rb" content and suggests that some compositions are expected to form perovskite
structure. As the Rb™ content is higher, the TF is smaller. The dashed line represents the
bottom limit of the perovskite formability range. According to the calculated TFs,
perovskite crystal structure can be formed while x equals 0.0-1.0 for CI and Br, and 0.0-
0.6 for I, revealing that Cl- and Br- based perovskites have higher chances to form
perovskite with higher Rb" content. A recent work by Linaburg et al. was focused on the
size of the A-cation in bulk mixed-cation perovskites and how it affects their properties.'?
This work suggested that Rb'-based perovskite crystal structure is unstable at room
temperature, leading to lattice deformations that result in another Rb'-based phases. It is
reasonable to assume that the intrinsic strains inside the lattice in the bulk differ from
those in the nano-size. Therefore, it is expected that nano-sized particles would provide a
more adaptive nature facing A-cation substitutions.'”** This graph gives a prediction for
the probability to form Rb-based perovskite from theoretical point of view, yet it cannot
assure the formation of stable perovskite in the nominal ratios, which is also different in

the bulk and the nano-scale.
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Figure 1. The calculated tolerance factors of Rb,Cs; PbX; (X=Cl, Br, I)
perovskites as a function of the Rb content (x), ranges from x=0 to x=1. The grey
dashed line represents the bottom limit of the empirical formability range of
perovskite (0.8).

Tolerance factor

In this work, we successfully demonstrate the possibility to introduce Rb" cation with Cs"
cation in RbyCs;PbX3; NPs using hot injection method.' Briefly, Rb'/Cs'-oleate
precursor was prepared by mixing Rb,CO3/Cs;COs or a mix of them in a 3-neck flask
along with oleic acid (OA) and octadecene (ODE). For the lead halide (PbX,; X=CI, Br)
precursor, PbCl, or PbBr, were loaded in an additional 3-neck flask along with OA,
oleylamine (OLA), and ODE. In the case of PbCl,, trioctylphosphine (TOP) was added
for a complete dissolution of the salt. Both flasks were degassed under vacuum, and then
the temperature was raised to 150 °C for the reaction. A desired volume of Rb'/Cs-oleate
was swiftly injected to the PbX, flask. After ~ 5 seconds, an ice bath was applied to
quench the reaction. The crude NPs were purified through centrifugation, with

isopropanol as an anti-solvent, for further characterizations.
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Figure 2 presents the absorption and photoluminescence (PL) spectra of the different
mixed-cation perovskite NPs with chloride (RbyCs;PbCls, figure 2a,b) and bromide
(RbxCs; xPbBr3, figure 2¢,d). The x values correspond to 0, 0.2, 0.4, 0.6, and 0.8. Clearly,
there is a blue shift in absorption and PL towards shorter wavelengths for both chloride
and bromide. The NPs with the variable Rb":Cs" ratios showed an absorption shift of
0.13 eV and 0.07 eV, respectively. The absorption spectra in figure 2a and 2¢ confirm
that at higher Rb" content, the absorption onset shifts to shorter wavelength, while the PL
peaks are shifted in the same trend (figure 2b and 2d). The PL derived from the decay of
excited mode to the zero- state after excitation, from conduction band to valence band. It
should be noted that there is no PL peak for the x=0.8 in CI case due to weak sensitivity
of the detector in the spectrofluorimeter in the near UV spectral region. The Mixed cation
Rb'/Cs" NPs with iodide as the halide were synthesized and found to be unstable, also
showing no optical shift, as shown in figure S1 in the SI. According to the literature,
band-gap tuning commonly carried out using mixed-halide systems, however mixed-
cation systems are also affecting the band-gap. Many reports about mixed-halide systems
and halide-exchange reactions showed a significant optical tuning of perovskite NPs that
can be applied to various utilizations.'®'"'® Substitutions of the halides influence the
electronic and optical properties by changing the energy level of the valence band as a
result of different energies of their p orbitals, thus modifying the band-gap.zg’29
Substitution of the A-cation influences the band-gap indirectly, through structural
distortions. As the A-cation size decreases, the Pb-X-Pb angle is more distorted (whether
it is larger or smaller than the ideal 180° angle) and the octahedral tilting is larger. This
implies that the overlap of the anti-bonding orbitals of the Pb>" metal cation and the
halide anion is deformed compared to the ideal cubic perovskite structure. The energies
of the valence band and the conduction band are shifting upward, the anti-bonding
interaction is weaker, and therefore the Pb-X bonds become more stable.'®*® This
explains why the energy level of the valence band shifts downward, overall widening the
band-gap and shifting the absorption to shorter wavelengths.

A synthesis of x=1 (Rb" alone as the A-cation) was also implemented with Cl and Br. Cl-
based NPs resulted in another phase of RbsPbsCl;s, which presented a remarkable blue

shift towards onset of ~ 305 nm (figure S2 in the SI) as reported carlier.”” In the Br case
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no NPs were formed. Presumably, perovskite phase was unstable in these conditions.

Previous papers report that RbPbX; phase can be stabilized only at elevated temperatures

(above 320 °C), which explain the results.
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Figure 2. (a,b) Absorbance and normalized photoluminescence (PL) spectra of Rb,Cs;.
PbCl; NPs (x=0, 0.2, 0.4, 0.6, 0.8). (c,d) Absorbance and normalized PL spectra of
Rb,Cs;_PbBr; NPs (x=0, 0.2, 0.4, 0.6, 0.8).

Figure 3a shows that the NCs exhibit relatively high PLQYSs, which are similar to the

ones reported for CsPbX; (X=CI, Br) NCs. It is hard to distinguish whether there is a

pronounced trend while increasing the ratio of Rb":Cs". Moreover, the PLQY strongly

depends on the purification process of the NPs and the conditions of each synthesis.

Moreover, these results suggest that addition of Rb" maintains the good PLQY of the

CsPbBr; NPs.

Figure 3b demonstrates the bright PL of the obtained Br-based NPs under UV light,

showing green and turquoise-blue emissions for low and high Rb" contents, respectively.

The changes in the Rb":Cs" ratio is small, therefore only extreme ratios are presented in

this picture. The emission of the Cl-based NPs is in the near UV spectral range, so the
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change in the emission colors of the NPs with different Rb" contents is indistinguishable
by human eyes. The influence of adding Rb" to Cs-based perovskite NPs is unequivocal

in this picture, visualizing the optical measurements (figure 2). \
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Figure 3. (a) Photoluminescence quantum yield (PLQY) of the NPs with Cl (purple) and Br (green). (b)
Photographs of dispersions of x=0.2 and x=0.8 (left and right vials respectively) samples under ultra-violet
light (A=365 nm) showing the florescence for the extreme molar ratios of Br-based NPs.

The crystal structures of RbyCs;<PbX; (x=0, 0.2, 0.4, 0.6, 0.8, 1; X=CI, Br) NPs were
measured by powder x-ray diffraction (PXRD) and the results are presented in figure 4.
The diffractograms show that in both cases, a perovskite crystal structure was detected
for low Rb" contents. In figure 4a, x=0 is characterized with peaks that correspond to a
orthorhombic CsPbCl; perovskite structure. A cubic structure also fitted to the observed
peaks, however, it was previously reported that CsPbCl; has an orthorhombic
symmetry.”> Higher Rb" contents of x=0.2 and x=0.4 resulted in the same CsPbCl;
perovskite peaks. The observed slight shift of the perovskite peaks is associated with
small changes of the values of the unit cell parameters upon Rb-Cs substitution. When
increasing the Rb' content further, the set of perovskite peaks became weaker, and
additional peaks had emerged. For example, at x=0.6 and x=0.8 peaks of RbPb,Cls phase
were detected (see Fig.S2c) while at x=0.8 peaks of orthorhombic perovskite are absent.
Finally, the product of x=1 presented a different set of peaks, which correspond to a

tetragonal RbsPbsCl;¢ phase rather than perovskite RbPbCls, as mentioned earlier.
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A synthesis of RbgPbsClis NPs was recently published by us.”® These observations
indicate a change in the crystal structure triggered by replacing the Cs™ cation with the
smaller Rb" cation in the lattice, supporting the optical measurements that indicated
mixed Rb'/Cs" perovskite NPs. It can be assumed that increasing further the Rb" content,
at the expense of Cs', disrupts the perovskite stabilization due to geometrical
considerations of the cations radii. More details about the detected phases in each ratio
are given in Table S2 (SI section).

In figure 4b, the obtained peaks for x=0 correspond to an orthorhombic CsPbBr;
perovskite structure. Low Rb" contents yielded in the same perovskite crystal structure,
excluding the x=0.2 case, in which two intense peaks are observed. These peaks may
relate to impurities of Cs4PbBrg phase that is characterized by peaks in the angles 12.8
and 25.9 that can correspond to the observed peaks. In x=0.6 and x=0.8 cases, peaks of
Rb4PbBrs and RbPb,Brs phases were observed (see table S2 for more details). According
to the literature, the Rb4PbBrs phase was previously obtained using solid state reactions,
starting from binary precursors.”® The possibility for a presence of a small impurity of
additional phases (RbsPbsClis, RbPb,Cls, Rb,PbCls, RbsPbCls, RbPb,Brs) in the
synthesized material is noted by other reports also. From the phase diagram reported by
Monzel et al.*> a 1:1 mixture (i.e. RbPbCls) will not form a single perovskite phase at
room temperature but instead it will form a two-phase mixture. In this work, this phase

was proved to crystallize in a rhombohedral K4CdCls-type structure in contrast to an

Published on 19 February 2018. Downloaded by Hebrew University of Jerusalem on 20/02/2018 09:32:00.

earlier paper, which suggested a tetragonal Tl4HgBre-type structure.’’ Minimizing the
structure to the nano-scale, here the PXRD results stated a tetragonal Rb4PbBrg structure
in x=0.6 and x=0.8 products. The reasons to declare one phase over the other are
stability-related. It was concluded that only nsz-type of A-cations (such as In" and TI")
can stabilize the tetragonal Tl4HgBrs-type structure due to polarizations effects and high
electronegativity, compared with alkali ions of comparable size, such as Rb". Possibly, a
much “looser” crystal structure is forming in the nano-scale, which contributes to the
formability of less-preferred structure type,=rer Bookmark not defined. 38

More concisely, there is a gradual process of phase modifications in both CIl- and Br-

based NPs with increasing the amount of Rb" (over Cs). It happens due to the octahedral

tilting, when the octahedral tilting is large, a more stable crystal phase is formed until the
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perovskite crystal structure is lost completely (for example in Cl; where x=1). In the case

of Br-based NPs, the NPs formation was restricted to a maximal ratio of x=0.8, unable to

form a stable perovskite structure with Rb" alone.
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Figure 4. Powder x-ray diffraction (PXRD) patterns for Rb,Cs; PbCl; (x=0 to x=1) NPs. (b) PXRD patterns for
Rb,Cs;_PbBr; (x=0 to x=0.8) NPs. Theoretical peak positions of orthorhombic and cubic (for comparison) CsPbCl;
(a), CsPbBr; (b) and tetragonal RbgPbsCljs phase (top of (a)) are shown by vertical bars, on the right are zoomed

fragments of XRD patterns

Figure 5 depicts transmission electron microscope (TEM) images of the different NPs

with a squared shape. Size distributions of each product, with different Rb" content, were

measured using ImagelJ software (figure S3 in the SI). Accordingly, figure S3 presents
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the size distributions and the average side length of the NCs, assuming a squared shape.
The size distributions along with the average side lengths of the NPs show a declining
trend with the increase of Rb™ content for both C1 and Br. When adding more rubidium to
the crystal, at the expense of cesium, the d-spacing among the crystallographic plains is
decreasing because Rb" is smaller than Cs’, affecting the average size of the NPs. One
can wonder if the optical blue shifts of the NPs with increasing Rb" amounts originate
from quantum confinement rather than octahedral tilting. It was suggested that the
influence of substituting the monovalent cation depends on the crystalline symmetry of
the system.” If the starting perovskite phase is cubic, replacing the original cation results
in a change in the lattice parameters, therefore expansion or contraction of the lattice. If
the starting system is tetragonal or orthorhombic, A-cation substitution produces two
competing effects regarding both the crystal size and tilting angles of the octahedra. On
the one hand, smaller A-cation can cause the lattice to shrink, thus strengthen the
antibonding overlap between X-p and Pb-s orbitals. On the other hand, small A-cation
increase the Pb-X-Pb angle, thus weakens the p-s overlap. Simulations by Meloni et al.
determined that typically the second effect dominates, overall lowering the conduction
band and increasing the band-gap.”’ We conclude that both affects occur, but the
contraction of the lattice upon Rb" addition will not cause quantum confinement because
the average size is above the Bohr diameter of the NPs, which is 5 nm and 7 nm for

CsPbCl; and CsPbBr3 respectively.19 Therefore, the optical change is associated with the

Published on 19 February 2018. Downloaded by Hebrew University of Jerusalem on 20/02/2018 09:32:00.

octahedral tilting.

Furthermore, a control experiment was performed in order to ensure that the addition of
Rb" causes the changes in the optical properties. Cs,PbBr; , Csy4PbBr; and CsgPbBr;
without Rb" were synthesized (importantly, these chemical formulas indicate the
composition at the preparation of the solution, which emphasize that no Rb" was used),
their absorption spectra were compared to the corresponding absorption of the syntheses
with Rb" (i.e. Csp2Rbg sPbBr3 Csp4RbgsPbBr; and CsosRbg,PbBrs as shown in figure 6).
It can be seen from figure 6d that changing the Cs concentration results in a shift of the
absorption, however figures 6a, 6b and 6¢ show that when Rb" is added to the NPs the
absorption spectra are further blue shifted than without Rb". This provide an additional

confirmation that the optical changes are a result of the presence of Rb in the NPs. An
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XRD measurement of Cs,PbBr; also shows that perovskite in the orthorhombic phase is
formed in this case although a reduced amount of Cs is used in the synthesis (see figure
S7 in SI). It can be concluded that the amount of Cs in the synthesis affects mainly the
amount of the NPs which are formed.

Apart from the size, also the shape is getting less defined with higher Rb" contents. It can
be related to the change in the crystal phase that may occur due to serious deformations
of the perovskite phase into a mix of Cs” and Rb'-based phases, as the PXRD confirms.
Moreover, black dots appear in all the images. A recent work investigated this issue
thoroughly and showed that the black dots are Pb” seeds that nucleate prior the reaction in
the PbX, flask. According to these findings, the use of Rb' in the same molar ratio as its
Cs" counterpart is probably insufficient for a complete crystallization, thus more Pb’

seeds appear at higher Rb" concentrations.*’

xs0 %=0,2 x=0.4 x=0.6 %=0.8
@ = =0.824 TF=0.818 3

Figure 5. (a) Transmission electron microscope (TEM) images of Rb,Cs,_,PbCl; (x=0, 0.2, 0.4, 0.6, 0.8) NPs with the
corresponding tolerance factors (TF). (b) TEM images of Rb,Cs, ,PbBr; (x=0, 0.2, 0.4, 0.6, 0.8) NPs with the
corresponding TF. The scale bars correspond to 50 nm.

Energy dispersive x-ray spectroscopy (EDS) were used to get an estimation of the
elemental composition of the NPs. These measures were collected in scanning
transmission electron microscopy (STEM) mode. EDS quantification data for x=0.8, for
both Cl and Br products, are found in figures S4, S5 and confirm that the NPs are
composed of Rb, Cs, Pb, and CI/Br. In the case of RbysCs(,PbCls, the atomic ratios are
19.14 (Rb), 12.83 (Cs), 38.98 (Pb), and 29.04 (Cl). The atomic ratio between Rb and Cs

do not agree with the expectation of 1:4 based on the molar ratio, yet there is more Rb
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than Cs in the examined NPs. The ratio between Rb/Cs (as the A-cation) and Pb is 1.2,
which is close to the expected ratio (1:1). The atomic percentage of Cl is deviated from
the anticipated content, which supposed to be three times larger than Rb/Cs or Pb
according to ABX; formula. However, Cs-based inorganic perovskite NPs are known to
quickly degrade during TEM and STEM analysis because of the electron beam. In the
case of Br, the atomic percentage of Rb/Cs together is lower than expected and differs
from the Cl-based NPs. Unexpectedly, the Cs content is higher than the Rb content. In
addition, the atomic contents of Br and Pb are 60.39% and 23.98% respectively, which
meet the expectations. We can predict the following; 1) CI evaporated as Cl, during the
measurement and this can result in de-stabilization of the perovskite structure. Therefore,
Pb*" cations can undergo reduction by the energized electrons of the beam. 2) In Br-
based perovskite NPs, the Rb" is less affecting the crystal. This conclusion agrees with
the milder change in absorption while adding more Rb', in contrast to Cl-based
perovskite NPs. It is also supported by the calculated TF (figure 1) for Br-based
perovskite NPs, which is less stable when increasing the Rb" content compared with Cl-
based perovskite NPs. It is important to note that the nominal ratios between Cs” and Rb"
are theoretical and are limited in predicting the real ratios in the as-synthesized NPs.

The stability of the NPs was measured by tracking the absorption of the NPs once a week
for a whole month. All NPs showed a red shift in absorption on the first week after the

synthesis. No more changes in the absorption were observed afterwards (figure S6).

Published on 19 February 2018. Downloaded by Hebrew University of Jerusalem on 20/02/2018 09:32:00.

The chloride NPs were less stable as the absorption spectra of the different concentrations
were merged together after the first week while the bromide based NPs keep the

difference in the absorption spectra for the whole month.
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Figure 6. (a) Absorbance of Csy,PbBr; and Csgy,Rb,sPbBr;. (b) Absorbance of Csy4PbBr; and Csy4Rbg¢PbBr;(c)
Absorbance of Cs, ,PbBr; and Cs,Rb, sPbBr;(d) Absorbance of Cs, ,PbBr; Csg 4PbBr; and Cs, gPbBrs;.

Experimental

Chemicals. Cesium carbonate (Cs;CO3, 99.9%, Sigma-Aldrich), rubidium carbonate
(Rb,CO3, 99%, Sigma-Aldrich), lead (II) chloride (PbCl,, 98%, Sigma-Aldrich), lead (II)
bromide (PbBr,, >98%, Sigma-Aldrich), oleic acid (OA, 90%, Sigma-Aldrich),
oleylamine (OLAM, 70%, Sigma-Aldrich), trioctylphosphine (TOP, 97%, Strem), 1-
octadecene (ODE, 90%, Sigma-Aldrich), 2-propanol (>99.8%, Sigma-Aldrich), and
hexane (not pure, Gadot) were purchased and used as received, without any further
purification.

Preparation of Rb/Cs-oleate. Rb/Cs-oleate precursor was prepared according to

1.' Different molar ratios of

previous published procedure by Protesescue et a
Cs,CO3/Rb,,CO; (total of 1.228 mmol) were mixed with 625 pL of oleic acid (OA) and
7.5 mL of 1-octadecene (ODE) in a 50 mL 3-neck flask. The solution was degassed for

1h under vacuum conditions at 120 °C and then heated to 150 °C under Ar flow.
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Synthesis of Rb,Cs;,PbX; (X=CIl, Br) NPs. The NPs were synthesized according to
Protesescue et al.. 0.188 mmol of PbX, were mixed with 0.5 mL of OA, 0.5 mL of OLA,
and 5 mL of ODE in an additional 100 mL 3-neck flask. 1 mL of TOP was added in the
case of PbCl,. The solution was degassed for 1h under vacuum at 120 °C and then heated
to 150 °C under Argon flow. The reaction was carried out by injection of 0.4 mL of the
Rb/Cs-oleate precursor solution into the PbX, precursor solution using a preheated
syringe. The reaction was quenched using an ice bath after a few seconds. The crude
solution was centrifuged at 8000 rpm for 10 min. Isopropanol was added in a volume
ratio of 1:1 and the NCs were centrifuged again at 6000 rpm for 10 min. The purified
NCs were dispersed in hexane for further characterization.

High resolution Transmission Electron Microscopy (HRTEM). Morphology and
elemental composition of the NPs were analyzed with HR (S)TEM (High Resolution
Scanning Transmission Electron Microscope) Tecnai F20 G2 (FEI Company, U.S.A.).
Samples preparation was performed as follows: 3.5 pL of the NCs dispersion were
dropped on a copper grid coated with amorphous carbon film, and then the solvent was
evaporated using a vacuum chamber. Elemental analysis of NCs was done with EDAX
EDS (Energy Dispersive X-Ray Spectroscopy) when the microscope was operated in
STEM mode at accelerating voltage 200 kV.

Powder X-ray Diffraction (PXRD). Powder X-ray diffraction measurements were

performed in grazing incidence X-ray diffraction (GIXRD) mode on the D8 Advance

Published on 19 February 2018. Downloaded by Hebrew University of Jerusalem on 20/02/2018 09:32:00.

Diffractometer (Bruker AXS, Karlsruhe, Germany) with a goniometer radius of 217.5
mm, a secondary graphite monochromator, 2° Soller slits, and a 0.2 mm receiving slit.
XRD patterns within the range 3—60° 20 were recorded at room temperature using CuKa
radiation (1 1/ 4 1.5418°A) with the following measurement conditions: tube voltage of
40 kV, tube current of 40 mA, step-scan mode with a step size of 0.02° 26, and counting
time of 1-3 s per step. The value of the grazing incidence angle was 2.5°.

Optical measurements. Absorption spectra were recorded using Jasco V- 670
spectrophotometer. Photoluminescence (PL) measurements were performed using L-
shaped spectrofluoremeter (Edinburgh Instruments FL920). The Cl- and Br-based NPs

were excited at 320 and 400 nm respectively. The emission was collected at 90° at the
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range of 350-440 nm for Cl and 450—550 nm for Br. Photoluminescence quantum yields
(PLQY) were measured using Hamamatsu absolute PLQY spectrometer C11347.

Conclusions

This paper describes the introduction of Rb' cation into CsPbX; NPs. The addition of
small Rb" cation in increasing ratios affects the levels of structural pressure on the
inorganic CsPbX; (X=CI, Br) perovskite NPs. RbyCs; \PbX;3 (X=CIl, Br) systems were
recently reported for solid solutions and found to have tunable optical properties. This
was explained by an increase of octahedral tilting, which affects the anti-bonding overlap
of the Pb*" and the X" orbitals."> However, in this paper the synthesis and characterization
of RbCs; xPbX3 NPs were developed to have more comprehensive knowledge about the
structural and optical consequences of A-cation modifications in the nano-scale, which
opens a window for high structural flexibility. The obtained NPs were characterized and
found to exhibit high PLQYs, which are comparable to those of the original CsPbXj3
nanoparticles. In addition, the band-gaps of Cl- and Br-based NPs could be enlarged by
increasing the amount of Rb" in the crystal. TEM images showed square-shaped NPs and
EDS elemental analysis confirmed the presence of Rb" in the NPs. Although calculations
of the tolerance factors of these NPs predicted that high contents of Rb" yield are close to
the lower limit of the perovskite formability range that can lead to unstable perovskites,
the results proved that mixed-cation perovskite NPs are indeed formed, possessing
properties that are very similar to the known CsPbX3; NPs. The possibility to obtain a
mild band-gap tuning for Rb'/Cs" mixed-cation NPs is one step forward to full
understanding of perovskite nanostructures. Future experiments can be attributed to apply
these NPs for light emitting devices or as thin films that may enhance the performance of

perovskite solar cells.
Supporting Information

The supporting information includes: Absorption, XRD analysis and EDS elemental

analysis.
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