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Abstract

Lead-free halide double perovskites offer an environmentally friendly alternative to lead halide
perovskites for designing optoelectronic solar cell devices. One simple approach to synthesize such double
halide perovskite is through metal ion exchange. CsPbBr; nanocrystals undergo exchange of Pb?* with
Au(lll) to form double perovskite Cs,Au,Brs. When excited a majority of the charge carriers undergo quick
recombination in contrast to long-lived charge carries of excited CsPbBr; nanocrystals. The metal ion
exchange process can be reversed by adding excess Pbl, to the suspension. Interestingly, when subjected
to visible light irradiation, Cs;Au,Brs nanocrystals eject reduced Au out of the lattice as evidenced from
the formation of larger size gold nanoparticles. The residual Pb2+ ions present in the suspension restores
the original CsPbBr; composition. The results presented here provide insight into the dynamic nature of
Au within the perovskite lattice under both chemical and light stimuli.
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Introduction

Lead halide perovskites have drawn attention in designing as solar cells,* light-emitting diodes,>® lasers’-
9 and high energy radiation detectors.'®? The spectral tunability and high defect tolerance have made
them excellent candidates as light absorbers in optoelectronic devices. However, chemical instability and
toxicity of lead remain a major challenge to employ them in practical applications.*1* Several studies
reported improving the stability of perovskites in protic solvents but lead toxicity still remains as a major
issue.’> Exploration of lead-free halide perovskites necessitates replacement of Pb?* cations with other
metal cations.'®° Although Sn?* is considered a replacement to Pb%, its oxidation to Sn** has hampered
the advance of Sn based perovskite devices.?’?2 Lead free double perovskites of formula A;B1*B,>*Xs, a
functional analogue of lead halide perovskite, offer an alternative by replacing divalent Pb** with
monovalent (e.g., Ag*) and trivalent (e.g., Bi**) cations. By carefully tuning these metal cations one can
achieve better stability and reduce the environmental impact of toxicity. Initial research was mainly
focused on Cs,AgBiXs (X=Cl, Br) double halide perovskites.”>* Although these lead-free perovskite
materials are environmentally friendly, they are yet to demonstrate photovoltaic performance that is on
par with lead halide perovskite. Hence the quest to explore other double halide perovskite materials
continue.

Cs,Au;Brg with a stoichiometry similar to Cs,AgBiXs (X=Cl, Br) is another double halide perovskite with a
band gap onset at 1.6 eV.?® Cs,Au,Brs nanocrystals show semiconducting properties and have mixed
valence states for gold. Interestingly, Au exhibits mixed valency with both the monovalent and trivalent
cation sites and hence can replace Pb?* with charge compensation. It can be readily synthesized through
cation exchange by treating CsPbBrs nanocrystal suspensions with AuBrs.2”"2 The three-dimensional Au-
Br framework consists of elongated octahedra with Au(lll) and compressed octahedra with Au(l) sharing
the corners.?® Cs,AuyXs nanocrystals with a tetragonal perovskite structure has been previously studied as
bulk crystals for testing their superconducting properties.3*3! Recently the electronic properties of mixed-
valence gold perovskites consisting of Au"' elongated octahedra and Au' compressed octahedra have been
explored.3>3

We have now elucidated the reversibility of B-site cation exchange by chemical and light stimuli in the
double perovskite CsAuzBre. In the presence of excess Au** / Pb?* ions, these nanoparticles can
interconvert between CsPbBr; and Cs,Au;Bre. Under visible light irradiation, Au within the double
perovskite is expelled, forming CsPbBrs. Factors that govern these phase changes and the photoinduced
transformations occurring in these double perovskite nanocrystals are discussed. Understanding the
mechanism behind reversible cation exchange and light induced changes in the Cs,Au,Brg nanocrystals is
key to realizing their optoelectronic applications.



Results and Discussion

Formation of Cs;Au.Brg nanocrystals with Metal lon Exchange. The CsPbBr; nanocrystal suspension
stabilized with oleylamine/oleic acid ligands was prepared as per the literature procedure.®® The
experimental details are given in the supporting information. The addition of AuBr; to CsPbBr; nanocrystal
suspension introduces interesting effects in the composition and structure of the halide perovskite. At
lower concentrations (<17.5 pM AuBrs in 27 nM CsPbBrs suspension), Au(lll) ions are reduced to Au® by
oleyl amine ligands resulting in the deposition of small (1-2 nm) Au nanoparticles on the surface of CsPbBr;
nanocrystals. In our previous study we have discussed the formation of such CsPbBrs-Au heterostructures
and their excited state dynamics.3¢3” As the concentration of AuBr; (>1 mM) in the CsPbBr; nanocrystal
suspension (100 nM) is increased, Pb?* ions are exchanged with Au(lll) ions. The restructuring of the lattice
with Au(lll) and Au () substitution produces double perovskite nanocrystals. As shown earlier, this
exchange of metal ions (Reactions 1 and 2) results in the formation of Cs,Au,Brs nanocrystals.2®

RNH,, [R—NH3]*Br~
Au(lll) —2 > Au(l), Au° (1)

Au(IID), Au(l)
2CsPbBrs ——————— Cs,Au'Au"Brs + 2Pb?* (2)
In the present study we prepared Cs,Au,Brg nanocrystals by incorporating 1 mM AuBrs; to a solution of
100 nM CsPbBrs; nanocrystals in toluene. Figure 1A shows the absorption spectrum of as-synthesized
CsPbBrs nanocrystals before and after the exchange of Pb?* with Au(lll)/Au(l). Cs,Au,Brs nanocrystals
exhibit broad absorption in the visible region with no observable emission in the region. Although an
earlier study indicated that Cs,Au,Brs nanocrystals show very weak emission at 812 nm?® we were not
able to confirm this weak emission in our spectrofluorometer.
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Figure 1: (A) Absorption spectra of CsPbBrs (trace a) and Cs;Au,Brs (trace b) nanocrystals in toluene.
Representative example of TEM images of (B) CsPbBr; and (C) Cs>Au,Brg nanocrystals. The histogram

analysis presented in Sl show average size of 8.0+1.1 nm for CsPbBr; and 11.0£1.7 nm for Cs,AuzBre
nanocrystals.




TEM images of the CsPbBr; and Cs;Au,Brs nanocrystals are shown in Figures 1B and 1C. CsPbBr;
nanocrystals show a cubic structure with a size distribution of 8.0+1.1 nm (See Figure S1A for size
distribution analysis). Figure 1C shows the nanocrystals obtained after the exposure of 100 nM CsPbBr;
nanocrystals to 1 mM AuBr; in toluene. The exchange of Pb?* with Au(lll)/Au(l) is also associated with the
formation of Au nanoparticles. As discussed earlier?® 337 the oleylamine ligands reduce the Au(lll) to form
nanosized gold nanoparticles. Size distribution analysis (Figure S1B) shows average sizes of 11.0+1.7 nm
for Cs;AuzBreg nanocrystals.

The structural transformation between CsPbBr; and Cs;Au,Brs is shown schematically in Figure 2A. We
confirmed the formation of Cs,Au.Brs using X-ray diffraction (XRD) analysis. The structural differences
observed in powder XRD diffractograms of CsPbBrs (black trace) and Cs,Au,Brs (blue trace) nanocrystals
are presented in Figure 2B. By comparing with previously reported structure?® we confirm that Cs,Au,Bre
tetragonal nanocrystals are formed as a result of metal ion exchange (Figure 2B ). The peak with the
asterisk in spectrum b (Figure 2B) corresponds to the (111) lattice plane of cubic gold. The sharp (111)
cubic gold peak include contributions from the Au deposited on the surface of nanocrystals and free Au
in the solution.

CsPbBr, CszAuzBrﬁ

3"43 8*2 o P
_Au(n), Au() %) %) ;B:‘

£
\ \

— (a) CsPbBr,
B — (b) Cs,AuBr,
— () Cs,Au,Brg

]' reference
I ©, 3 ll

(b)

3+
® Au @)
10 15 20 25 30 35 40

20 (degree)

Intensity (a.u.)

Figure 2: (A) Schematic representation showing the crystal structure of CsPbBrs; and Cs,Au;Brg and
cation exchange of Pb?" and forming Cs,Au,Brs at high concentrations of gold. (B) Powder X-ray
diffraction (XRD) diffractogram of CsPbBrs; (trace a), Cs,Au,Bre (trace b) and Cs,Au;Brg reported in the
literature (trace c). The asterisk denotes the peak characteristic of the (111) plane of cubic gold.

Reversibility of Metal lon Exchange. In the previous section we discussed the preparation of Cs;Au,Bre
nanocrystals by treating CsPbBr; nanocrystal suspension with AuBrs. In order to see the reversibility of
exchange between Au(lll) and Pb?* we exposed Cs,Au,Brs nanocrystal suspension to PbBr,. In the presence
of excess Pb?*, Cs,Au,Brs nanocrystals were converted back to original CsPbBrs; composition. (Reaction 3).

Cs2Au'Au"Brg + 2Pb2*=2CsPbBrs + Au(lll) + Au(l) (3)

5 mM PbBr; solution was added to a suspension of Cs,Au,Brs nanocrystals, to achieve its conversion back
to CsPbBr; nanocrystals. The transformation was monitored using absorption and emission spectra (Figure



3). The amount of PbBr, added in this case was 5 times the original amount of AuBr; added to obtain

Cs2Au;Brg nanocrystals.
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Figure 3: (A) Absorption and (B) photoluminescence (Aexitation - 375 nm) spectra of 100 nM CsPbBr3
(trace a), Cs2Au;Brg (trace b) and Cs;AuzBrs with 5 mM PbBr; (trace c) nanocrystals in toluene.

Formation of Cs;Au,Brs nanocrystals could be tracked through the absorption and emission spectra. As
CsPbBr; nanocrystal suspension was treated with AuBrs;, the broad absorption in the visible (Figure 3A,
trace b) appears. At the same time we see quenching of emission (Figure 3B, trace b) thereby confirming
the transformation of CsPbBrs;. When the same suspension of Cs,Au,Brs nanocrystals was treated with 5
mM PbBr; we see the disappearance of the broad absorption and reemergence of an exciton band closely
resembling the spectral features of CsPbBrs; nanocrystals. Concurrently, we also observe restoration of
the green emission with emission maximum at 513 nm. The small red shiftin the absorption and emission
is attributed to the size increase and surface restructuring during metal ion exchange. We thus conclude
that the metal ions (Pb* or Au(lll)) within the perovskite structure exist in an equilibrium condition
(equilibrium 3) and the perovskite composition can be modulated through the solution concentration of

metal ion species.



Excited State Dynamics of CsAu,Brs nanocrystals. We employed femtosecond transient absorption
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Figure 4: (A) Time-resolved transient absorption (TA) spectra recorded following laser pulse excitation
(400 nm) of Cs,Au;Brg nanocrystals in deaerated toluene. (B) Bleach recovery (520 nm) and induced
absorption (750 nm) for 75 nM Cs;Au,Bre nanocrystal suspension in deaerated toluene (pump
wavelength - 400 nm; pump fluence — 15 w/cm?).

spectroscopy to elucidate the excited state dynamics of Cs,Au.Bre nanocrystals in toluene. The time
resolved transient absorption spectra obtained after 400 nm laser pulse excitation are shown in Figure
4A. The transient spectra recorded immediately after laser pulse excitation shows a broad bleach at
wavelength below 650 nm mirroring the ground state absorption of Cs,Au,Brs nanocrystals. We also
observe an induced absorption at wavelengths greater than 700 nm. The kinetic traces recorded at 750
nm and bleaching recovery at 520 nm are shown in Figure 4B. The induced absorption at 750 nm decreases
within 30 ps. A similar fast decay component is also seen in the bleaching recovery recorded at 520 nm.
However, the bleaching recovery also has a long-lived component (lifetime >200 ps). The fast component
of the transient bleach recovery and decay of induced absorption reflect charge carrier relaxation within
the conduction and valence bands, followed by recombination of the charge carriers. Similar excited state
properties of double perovskites like Cs,AgBiXs have also been noted in previous studies.®®3° This behavior
reflects the fast recombination of charge carriers as a major deactivation pathway of excited Cs;Au,Bre
nanocrystals. This excited state behavior is distinctively different than the parent CsPbBrs; nanocrystals
prior to Au(lll) exchange which shows long-lived charge carriers (Table S1 in the supporting information).*°



Effect of steady state irradiation. The Cs,Au;Brs nanocrystals have a band gap absorption onset at 1.6
eV.% In order to assess the long-term photostability and to probe the photochemical transformations,
Cs2Au,Brs nanocrystal suspension was irradiated with visible light (A>400 nm, 100 mW/cm?).

Figure 4A shows the absorbance spectra of Cs,;Au,Brs nanocrystals at different steady-state irradiation
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Figure 5: (A) Absorption and (B) PL spectra of Cs;Au,Brs nanocrystals in deaerated toluene with steady
state white light irradiation (100 mW/cm?). Trace (a) corresponds to pristine CsPbBrs sample. (C) XRD
diffractogram of CsPbBr; (trace a), Cs>Au,Bre (blue trace) and Cs,Au,Brg after 60 minutes of irradiation
(red trace). The asterisk denotes the peak characteristic of the (111) plane of cubic gold.

times. With increasing irradiation time, a decrease in absorbance was observed and a new peak at 517
nm appeared after 60 minutes of irradiation. We also checked the emission spectra before and after
irradiation (Figure 4B). An emission band with maximum at 523 nm appeared with almost the same
intensity as that of the CsPbBrs. The red shift observed in the absorption and emission after irradiation
can be ascribed to the changes in the morphology (Figure S1C). As a control, we kept Cs,Au,Brg nanocrystal
suspension in dark for 2 days. No changes in the absorption features could be seen in the absence of light
(Figure S2A and S2B in the supporting information) indicating the stability of Cs,Au,Brs in the absence of
light. This observations further confirms that the spectral changes we see in Figures 5 A and B originate
only during steady state irradiation.

The XRD diffractogram of Cs,Au,Brs after 60 minutes of visible light irradiation showed peaks similar to
that of CsPbBr; nanocrystals (Figure 4C). The XRD pattern and emission recovery indicate that Cs,Au,Bre
nanocrystals undergo photoinduced transformation to regenerate CsPbBrs; nanocrystals. It should be
noted the Pb? ions are present in the suspension when they were expelled from the lattice during cation
exchange with AuBrs. These Pb?* ions were responsible in restoring CsPbBrs during steady state
irradiation. The photoinduced transformation was dependent on the light intensity, and we found a
threshold of 60 mW/cm? visible light intensity to initiate the transformation.

Mechanism of Photoinduced Expulsion of Au from Cs;Au;Brs. As discussed in the previous section,
continuous photoirradiation of Cs;Au,Bre causes restoration of CsPbBrs composition. The photogenerated
electrons in Cs,Au,Brs reduce the interstitial Au(l)/Au(lll). Consequently, the reduced product (Au®) gets
expelled as Pb?* in solution occupies the B site to restore CsPbBrs (reactions 4 and 5).

Cs2AuzBrg + hv —— CsPbBrs (e..h) (4)



Cs2AuzBrg(ne) +Pb?* ——> CsPbBr; + Au’ (5)

Figure 6: TEM images of Cs,Au,Brs nanocrystal samples following photoirradiation (white light, 100
mW/cm?) at times, (A) 0 minutes, (B) 15 minutes, (c) 20 minutes, and (D) 30 minutes. Note that C and
D are recorded at two different magnifications.

Photoirradiation is also known to alter the mixed valence state of Au(l)/Au(lll) in bulk Cs,Au,Brs, thus,
bringing in instability.3% 442 As the Au(lll) in the lattice is reduced to form single valence phase and further
reduction to for AU, it triggers the cation exchange with Pb?* and reemergence of CsPbBrs; nanocrystals.

The TEM images (Figure 6) show the morphological evolution of Cs;Au,Brs as the nanocrystal suspension
isirradiated. The TEM image recorded before the irradiation shows Cs,Au,Brs nanocrystals coexisting with
preformed Au nanoparticles. Following 15 min photoirradiation we observe crowding of Au nanoparticles
along with growth in particle size. The TEM images recorded after 30 min of photoirradiation show
CsPbBr; nanocrystals along with the appearance of larger Au nano particles. These images further confirm
the light induced reduction of Au(l)/Au(lll) to form Au® and their aggregation to form larger nanoparticles.
Similar photoinduced growth of small nanoparticles to form larger Au nanoparticles has also been
observed for Au-CsPbBrs heterostructures.®” The conversion of Au(l)/Au(lll) to nanoparticles prevents its
direct exchange with Pb?* ions. The CsPbBr; formed at the end of photoirradiation remains stable without
undergoing additional cation exchange. As a result of formation of nanoparticles, the process of Pb?*
exchange with Au(l)/Au(lll) cannot be reversed after stopping the photoirradiation for 60 minutes.

Although steady-state irradiation of Cs,AuzBrgs induces Au expulsion, we found that femtosecond laser
pulse excitation did not induce these morphological changes. This allowed us to probe changes of the
excited state of Cs;AuzBre during several intermediate points in Au expulsion without complications from
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the laser excitation source. The time-resolved transient absorption spectra (At=2ps) of Cs,Au,Bre
nanocrystals in toluene at different steady-state irradiation times were monitored (Figure 5A, see also
Figures S4A-SAE in Sl). The spectrum before irradiation exhibits a broad bleach below 600 nm and an
induced absorption in the 700-750 nm region characteristic of Cs,Au;Bre. As we irradiate the sample with
our steady-state white light source, the bleach band became narrower, and the induced absorption
disappeared. The spectrum recorded after 60 min irradiation shows a narrow bleach band similar to what
we observe for CsPbBr; nanocrystals. These spectral changes further confirm the evolution of CsPbBr3
nanocrystals as we continuously irradiate the Cs,Au;Brgs nanocrystals.

The bleach recovery recorded at the bleach maximum for CsPbBr; nanocrystals (510 nm) prepared
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Figure 7: (A) Time-resolved transient absorption (TA) spectra recorded following laser pulse excitation
(400 nm) at 2 ps of Cs,AuzBrs nanocrystals in toluene at different steady-state irradiation times. (B)
Bleach growth and recovery recorded at bleach maximum for CsPbBrs (510 nm) and Cs;Au,Brg (520
nm) nanocrystals suspension at 0 minutes and 60 minutes of irradiation over 300 ps time scale
(normalized to -1). Au expulsion was induced using a separate steady-state white light source (A > 400
nm; 100 mW/cm?).

separately are compared with the bleach recovery (520 nm) of Cs;AuzBrs before and after irradiation
(Figure 7B). The fast time component of the bleach recovery increased from 5.3 ps to 23.1 ps as we
irradiate the CsAu,Brs sample with white light (Table S2 in the supporting information). The observed
trend of the bleach recovery kinetics reverting to that of pristine CsPbBr; confirms that the nanocrystal
composition is restored to CsPbBrs. The different recovery time can be attributed to formation of
additional surface defects during the expulsion of Au and reinsertion of Pb.

We have previously shown that small Au nanoparticles can be deposited on the surface of CsPbBrs,
forming a metal-semiconductor heterostructure with improved charge separation.®® However, under light
irradiation the Au particles accumulate electrons and become charged, which causes the Au particles to
dissociate from the nanocrystal surface entirely.?” These previous results, along with the results presented
in the current study, begin to paint a broader picture of the challenges of incorporating noble metals like
Au into halide perovskites. The use of an inorganic shell around the perovskite nanocrystal (e.g. CdS*®,
ZnS*) is one possible route to establish a stable Au-containing perovskite nanostructure.
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To summarize, Cs,Au,Brg, readily undergo cation rearrangement with visible light irradiation. The “soft
lattice” structure of halide perovskites not only allows synthesis of Cs,Au,Bre by introduction of Au(lll) ions
to CsPbBrs suspension, but also reverts to CsPbBrs in the presence of Pb?* ions. Visible light irradiation of
Cs,AusBrg suspension results in the reduction of Au(l) and Au(lll) ions followed by the expulsion of Au from
the host lattice. Such transformations of Cs,Au,Brg raise the question about their application in
photocatalytic and light energy conversion devices. Efforts are underway to add a protective shell of
polymer to the Cs,Au,Brs nanocrystal so that the expulsion of Au is suppressed.'® Similar strategy of
capping CsPbBrs nanocrystals with CdS has facilitated photocatalytic electron transfer in polar solvents.*
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