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Details of DFT calculations:

The Surface energies of CsPbBrs were calculated using a projected augmented wave (PAW) ¥
2 implementation of density functional theory within the Vienna ab initio simulation package
(VASP).> * The generalized gradient approximation (GGA)> was used for the
exchange-correlation functional. The DFT-D2 method of Grimme® was considered to
introduce dispersive interactions within the system. A gamma-centered Monkhorst-Pack k
mesh of 4 x 4 x 2 was used to perform the k-space integrations. In addition to this, an energy
cut-off of 400 eV was used for the kinetic energy of the plane waves included in the basis. At
room temperature, bulk CsPbBrs; exhibits an orthorhombic structure with space group
symmetry Pbnm. The experimental lattice parameters’ which are a=8.21A; b=8.28 Aand c
= 11.80 A were used in the calculations. To ensure the convergence of the results with
respect to the slab size, slab sizes of 9 and 17 number of layers were considered in the
calculations. The results for the larger slab size have been reported in this manuscript,
though the results from the smaller slab are qualitatively similar. To explore the influence of
different experimental conditions on the growth, symmetric slabs have been constructed for
each of the surfaces considered. The terminating layer in each facet considered have been
indicated in Table S3. Most of the earlier work in the literature has been carried out for {110}
surfaces. Here, it has been shown that the CsBr terminated surface is more favourable?, and
so the calculations have been performed for CsBr terminated surfaces. The implementation
of density functional theory that is used in this work requires periodicity of the lattice. Hence,
consecutive slabs separated by a vacuum of 20 A have been used in the calculations to
ensure that the periodically repeated units in the growth direction are well decoupled. As
there are dangling bonds states associated with the surface layer for {100}, {012} and {112}
surfaces, the surface Pb atoms in these cases have been passivated with pseudo-hydrogens.
For each of the surfaces considered, while the lattice constants were fixed at the
experimental values, the internal positions were allowed to vary so as to minimize the total
energy. The optimized structures in each case were used to calculate the surface energy. The
surface energy® is given by eq. 1 below where pcs, e, and psr are the chemical potentials for

Cs, Pb and Br respectively.
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Here ESL4l . . refers to the total energy of the slab, N, Nps, and Ng, are the number of Cs
cations, Pb and Br atoms in the slab, respectively. The factor of 1/2 takes into account the
existence of the two identical surfaces in the slab. The chemical potential pcspbars Of a
stoichiometric CsPbBrs; phase is given by the sum of the three terms, representing the
chemical potentials of each atomic constituent, within the crystal, as follows

Mcspbera = Hes + Hpb + 3Her (2)

As the surface is in equilibrium with the bulk CsPbBr; so we can say Wcsppprz = ggp”,fm

using this we can rewrite the equation (1) as

1
n= 2 [Eg.éc}l’%Br3 — NesEgspbars — (Npp — Nes)itpy — (Npr — 3N6s).u3r] (3)

In our calculation the constrained value for chemical potential of Pb and Br must satisfy the
thermodynamical equilibrium growth condition for bulk CsPbBr; and also avoid the

formation of CsBr as secondary phases. This places a constraint on the chemical potentials,

given by
Apcs + Aupp + 34pugyr = AHcsppprs (4)
A#Cs + A#Br S AHCsBr (5)

Here Au represents the variation of chemical potentials from the chemical potential of that
element which is taken as the energy of the ground state configuration of that particular
element. We have taken the most stable crystal structure for Pb'® and Cs!'. For Br we
consider Br, dimer in a large cubic unit cell of dimension 10 A. A similar calculation was
performed for H, as well as CHsNHs ion. AHag is the formation energy of the compound AB*2,
The formation energy of CsPbBrs (AH spppr3) and CsBr (AHqsg,) were calculated to be

-9.838 eV and -2.377 eV respectively.
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The surface energy given by Table S3 is calculated for different facets under the Br poor
condition where Aucs = 0.0, Aupp, = -2.72 eV, Aug, = -2.370 eV and Auy = 0 ¢€V. This
condition satisfies the requirement of Equation (4) and Equation (5). Under these condition
PbBr; will be present as an impurity.

The MA ion has been seen to replace the Cs atom in earlier studies on Cs based perovskites?2.
In order to examine the conditions when the MA ion would bind to the surface Br atom, the
formation energies for both cases were calculated and are given in Table S4.

Indeed under Cs poor conditions, one could have both MA ion adsorption on the surface as
well as Cs atom at the surface being replaced by MA, however under moderate Cs chemical
potentials or Cs rich and Bromine rich conditions one has the adsorption of the MA ion being
favored. Here a modest value of Auy =-1 eV was used under Br-rich conditions to

represent the allowed chemical potential variations.

The surface energy given by Table S3 were calculated for different facets under the Br rich
condition where Aucs = —1.5eV, Aupp= -8.338 eV, Aug, = 0.0 eV and Auy = —1.0eV.
This condition satisfies the requirement of Equation (4) and Equation (5). Under these

condition PbBr, will be present as an impurity.
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Supporting Figures
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Figure S1. Absorption spectra for the seed clusters of CsPbBrs;, CsPbCl; and CsPbls. These
were synthesized following our reported method!* with modification to Kovalenko and

co-workers®® as mentioned in main text; but Cs(l) precursor was injected at lower (25-35 °C)

temperature.

Figure S2. (a-b) TEM images and (c) HRTEM image of layered arm hexapod structures of
CsPbBr; nanocrystals obtained from 250 °C — 280 °C reaction. Here, polyhedrons were
prepared at 250 °C, OLA-HBr was injected at 250 °C and annealing was done for 5 min at 280

°C. (d-e) HAADF-STEM images of the same sample and (f) magnified image from a small area
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of image (e).

Figure S3. TEM images of CsPbBrs; nanocubes obtained at 180 °C seed injection reactions.

The images were obtained from the sample after introduction of OLA-HBr.

Figure S4. HAADF-STEM images of CsPbCl; nanocrystals obtained from 250 °C injection

reactions after introduction of OLA-HCI.
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Figure S5. Excited state decay lifetime plots of (a) CsPbCls and (b) CsPbBr; hexapod

nanostructures.
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Figure S6. (a) Absorption and PL spectra of Sr(ll) doped CsPbls; hexapods. (b) TEM, (c) HRTEM

and (d) FFT pattern of these nanostructures. (e) Powder X-ray diffraction pattern of the
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hexapod nanostructures which showed the mixture of phases though dominated with
a-CsPbls. (f) EDS spectra and atomic percentage of elements. (g) Powder XRD pattern of the
samples obtained from the reaction carried out at 220 °C. Insert shows the corresponding

TEM image dominated with hexagonal shaped 6-CsPbls nanostructures.

Method: The synthesis method was followed same as for CsPbBr; and CsPbCls. Sr(ll)
carbonate with 1:1 molar ratio with Pb (Sr:Pb = 1:1) was taken at the beginning and at 180 °C,

OLA-HI was injected. EDS showed less than 1% Sr in the sample.

Figure S7. (a) HRTEM image of a polyhedron obtained at 230 °C, (b) selected area FFT pattern

showing additional (112) planes with viewing axis along [1-10].

Figure S8. TEM image CsPbBr; polyhedrons obtained of a sample carried out from 230 °C

reaction without injecting OLA-HBr.
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Figure S9. TEM images of (a) ~60 nm and (b) ~80 nm CsPbBr; polyhedron nanostructures.

These nanostructures were obtained with the seed cluster injections at 250 °C with 250 °C

and 280 °C annealing respectively.
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Figure S10. (a) and (b) Powder X-ray diffractions of the samples obtained from reactions with
excess Cs-oleate and PbBr; precursors taken along with seed nanoclusters. In either case

five-minute annealing at 230 °C changed the crystal phase.
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Figure S11. (a) TEM image of the hexapod nanostructures of CsPbBr; obtained from the

reaction where TMS-Br was used as bromide source at 230 °C. (b) HRTEM image of a sample
collected from a similar reaction but with ZnBr; treatment at 230 °C. In either case, the
dispersity remained wide and could not be optimized. However, hexapods were observed in
both cases. Interestingly, layered structure of hexapods arms was seen even at 230 °C
reaction for TMS-Br which were typically observed at 280 °C for OLA-HBr. Reaction procedure
was similar to that in case of OLA-HBr, only 0.01 ml of TMS-Br or 0.1 ml ZnBr; solution (0.1
mmol of anhydrous ZnBr, was dispersed in 1 ml ODE by sonication) was injected after 10
mins of polyhedron formation at 230 °C and annealed at that temperature for another 5

mins.
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Table S1. Table of atomic percentage obtained from energy-dispersive spectroscopic (EDS)

measurements carried out on polyhedron nanocrystals obtained from the reaction carried

out at 230 °C reaction.

Sample | Cs (Atomic %) | Pb(Atomic %) | Br(Atomic %) Spectra
1 20.98 23.59 55.44
2 21.17 22.96 55.86
3 21.45 24.97 53.58
4 21.15 24.05 54.81
5 23.46 25.31 51.23
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Table S2. Table of atomic percentage obtained from energy-dispersive spectroscopic (EDS)
measurements carried out on hexapod nanocrystals obtained from the reaction carried out

at 230 °C reaction with OLA-HBr.

Sample | Cs (Atomic %) | Pb(Atomic %) | Br(Atomic %) Spectra
1 18.83 21.89 59.28
2 16.40 21.07 62.54
3 14.71 20.17 65,12
4 15.44 21.00 63:55
5 15.54 23.84 66.62
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Table S3. Calculated surface energies for different facets

Facet (surface termination)

Surface Energy

(100) (CsPbBr)

-5.229+2 Aug,-4 Auy

(012) (CsPbBr)

-2.659+2 Aug,-4 Auy

(002) (CsBr)

-5.204 + A‘L{Pb +2 AﬂBr

(110) (CsBr)

-5.159+2 Aupp+4 Aug,

(112) (CsPbBr)

-8.431+4 Aug,-8 Auy

Table S4. Calculated Formation energies for different facets for MA ion binding replacing a Cs
atom and MA ion adsorbed to surface Br atom. The composition of the surface layer of each

facet has been indicated.

Facet (surface Formation energy for surface Cs | Formation energy of MA ion

termination) atom replaced by MA ion adsorbed on a surface Br atom

(110) (CSBI’) +1.982 — Aplcrannz + Apdcs -1.880 — Apchanns

(112) (CstBr) +1-980_AHCH3NH3+ AHCs '1-710_AU-CH3NH3

(100) (CsPbBr) | +1.334 — Aptcranns + Apcs -1.547 — Dpicranns

(012) (CstBr) +1.703 - A[chgNH3 + AHCs -1.632 - AHCH3NH3

(002) (CSBI’) +0.906 — Apicrannz + Apes -0.883 — Apchanns
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Table S5. Formation energies calculated with the MA ion adsorbed on top of a surface Br
atom and Cs is replace by the molecule under the condition (Aucs = —1.5 eV, Aupp=-8.338

eV, Aug,=0.0eVand Auy = —1.0eV).

Facet Cs is Replaced by the molecule Molecule is adsorbed

[110] +0.482 -3.380

[112] +0.480 -3.21

[100] -0.166 -3.047

[012] +0.203 -3.132

[002] -0.594 -2.38
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