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Lead halide perovskite nanocrystals (NCs) are eminent for their emission properties, but lead (Pb) toxicity
and moisture instability have become an impediment to their commercial use. To resolve these
obstacles and develop an environmentally friendly energy material at a low cost, we discuss the
synthesis of lead-free Cs,CuCly, Cs,CuBry, and Cs,CuBr,Cly perovskite nanostructures with non-toxic
copper (Cu). In this work, we adopted a ligand assisted re-precipitation (LARP) synthesis route for
material preparation at room temperature. Water is used as a polar solvent to dissolve the metal halide
precursors rapidly. For the first time, we achieved a high PLQY of 38% in mixed halide perovskite
Cs,CuBr,ClLbNCs with blue luminescence in an aqueous medium. Cu-based perovskites Cs,CuCly,
Cs,CuBrys, and Cs,CuBr,Cl, demonstrated their morphology as square nanoplates, nanorods, and
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rectangular nanoplates, respectively. The long-term photoluminescence stability of these stored
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1. Introduction

For the last few years, lead halide perovskites have been well
known in the perovskite territory as energy materials for
optoelectronic applications such as in light-emitting diodes
(LEDs), lasers, and photodetectors."™ These applications are
due to their unique properties such as high photoluminescence
quantum yields (PLQY), narrow emission bands, and band gap
flexible tunability.”” However, the instability and toxicity of
lead inhibit their utilization in materials.® The skeleton of lead
halide perovskites becomes damaged in contact with moisture,
air, heat, light, and polar solvents.”> Recently, people have
made systematic efforts to eliminate toxicity in perovskites to
substitute lead with other elements.

Recently, lead has been replaced by elements such as tin
(Sn), bismuth (Bi), antimony (Sb), germanium (Ge), copper
(Cu), and zinc (Zn)."”*'® Among them, Cu ions have been used
as alternatives to develop high efficiency with low toxicity, cost-
effective, and stable lead-free perovskites.'” Cu is an essential
metal ion for the animal body. It is a base chunk of many
proteins and enzymes. These prodigious functions exhibited by
Cu ion make it environmentally friendly.'® Generally, Pb forms
a 3D perovskite structure. Apart from this, Cu generates a 2D
system because Cu has small ionic radii compared to Pb.>° The
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perovskites was also examined at different intervals for 45 days.

general formula of Cu-based 2D perovskites is A,CuX,, where A
is a monovalent cation (ammonium, Cs") and X is a halide ion
(ClI7, Br and I").

Zhou and coworkers have reported (p-F-C¢HsCoH,-
NH3;),CuBr, and (CH;3(CH,);NH;),CuBr,, 2D perovskites with
power conversion efficiencies (PCEs) of 0.51% and 0.63%,
mspectively.21 Cortecchia et al. synthesized MA,CuCl,Br,_,
hybrid 2D perovskites and reported their optical absorption
and emission properties.>? Elsemanet et al. developed Cu-based
(CH;3NH;),CuX,, [(CH3NH;),CuCly, (CH3;NH;),CuClLl,, and
(CH3NH;3),CuCl,Br,] perovskites and observed their absorbance
and photoluminescence features.”

Recently, Yang et al. generated Cs,CuCl,, Cs,CuBr,, and
Cs,Cu(Br/I); blue-green luminescent perovskite quantum dots
by using N,N-dimethylformamide (DMF) and dimethylsulfoxide
(DMSO) polar solvents to dissolve a precursor with n-octylamine
and oleic acid as capping ligands in n-octane non-polar solvent
adopting a ligand assisted re-precipitation (LARP) method at
room temperature. Noteworthily, the solubility of CsBr and
CsCl in polar solvents (DMF and DMSO) is low compared to
that of CuCl, and CuBr, precursors.>* To overcome this solubility
concern and check the long-term stability of lead-free halide
perovskites, an ideal amount of water can dissolve the halide
precursors in the LARP method.

Inspired by the above approach, here, we have synthesized
Cu-based Cs,CuCl,, Cs,CuBr,;, and Cs,CuBr,Cl, perovskite
nanocrystals by using the LARP approach at room temperature
as shown in Fig. 1. In this strategy, we dissolved metal halide
precursors in water and injected them into oleylamine and oleic
acid, containing isopropanol solvent with constant stirring.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the water-assisted synthesis of blue
fluorescent Cs,CuCly square nanoplates, Cs,CuBr, nanorods, and
Cs,CuBr,Cl; rectangular nanoplates.

The obtained NCs show blue fluorescence under UV light and
displayed square-shaped nanoplate, nanorod, and rectangular
nanoplate morphology for Cs,CuCl,, Cs,CuBr,, and Cs,CuBr,Cl,,
respectively.

2. Experimental
2.1 Chemicals

All the chemicals and solvents were used without further
purification. Cesium chloride (99.99%), cesium bromide
(99.99%), copper(u) bromide (99%), and oleylamine (70%) were
purchased from Sigma Aldrich. Copper(u) chloride (95%) was
purchased from Himedia, and isopropanol (99.5%) and oleic
acid were obtained from SRL.

2.2 Synthesis of Cs,CuCl,

In a typical preparation, 0.2 mmol of CuCl, and 0.4 mmol of
CsCl were dissolved in 0.5 mL double distilled water and a light
pale blue colored precursor solution was obtained. In the
meantime, another solution was prepared by adding 50 pL
oleylamine and 100 pL oleic acid in 3 mL isopropanol with vigorous
stirring. After that, the water precursor solution was injected into
the oleylamine and oleic acid-containing isopropanol solution and
this mixed solution was stirred for 1 h at room temperature.
Eventually, we found a dark cyan-colored solution. Later, 500 pL
of the colloidal solution was dispersed into 2 mL of isopropanol
solvent. The product was purified and isolated by centrifugation at
7000 rpm for 3 min. After discarding the precipitate it was used for
subsequent characterization.

2.3 Synthesis of Cs,CuBr,

0.2 mmol of CuBr, and 0.4 mmol of CsBr were dissolved in
0.5 mL double distilled water and a dark pale blue colored
precursor solution was obtained. In the meantime, another
solution was prepared by adding 50 pL oleylamine and 100 pL
oleic acid in 3 mL isopropanol with vigorous stirring. After that,
the water precursor solution was injected into the oleylamine
and oleic acid-containing isopropanol solution and this mixed
solution was stirred for 1 h at room temperature. Eventually, we
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found a dark cyan-colored solution. Later, 500 puL of the
colloidal solution was dispersed into 2 mL of isopropanol
solvent. The product was purified and isolated by centrifugation
at 7000 rpm for 3 min. After discarding the precipitate it was
used for subsequent characterizations.

2.4 Synthesis of Cs,CuBr,Cl,

The mixed bromide chloride perovskite Cs,CuBr,Cl,, was
synthesized by dissolving 0.2 mmol of CuBr, and 0.4 mmol of
CsCl in 0.5 mL double distilled water and a pale blue colored
precursor solution was obtained. In the meantime, another
solution was prepared by adding 50 pL oleylamine and 100 pL
oleic acid in 3 mL isopropanol with vigorous stirring. After that,
the water precursor solution was injected into the oleylamine
and oleic acid-containing isopropanol solution and this mixed
solution was stirred for 1 h at room temperature. Eventually, we
found a dark cyan-colored solution. Later, 500 puL of the
colloidal solution was dispersed into 2 mL of isopropanol
solvent. The product was purified and isolated by centrifugation
at 7000 rpm for 3 min. After discarding the precipitate it was
used for subsequent characterization.

2.5 Characterization

A Shimadzu UV-vis 2450 spectrophotometer was used for
recording the UV-vis absorption spectra in the range of 290-
565 nm. Photoluminescence spectra were obtained by using a
Horiba Scientific Fluoromax-4C spectrophotometer. A quartz
cuvette of 10 mm path length and 3 mL volume was used for
collecting the spectra. Time-correlated single-photon counting
(TCSPC) studies and fluorescence lifetime decay measurements
were recorded using a 1 cm quartz cell on a Horiba Jobin Yvon,
equipped with a picosecond diode laser (model Pico Brite-375L
and DD-450L) as the excitation source. Quantum yield as an
absolute quantum yield was measured directly by using an
Edinburgh instruments FLS 980. We have prepared a highly
diluted solution of NCs and measured the absolute quantum
yield. Powder XRD was carried out on a Bruker-D8 using Cu-Ka
radiation with an accelerating voltage of 40 kv from 10 to 60°
with a rate of 1° min~". The thin film samples were prepared on
silica glass. Field emission scanning electron microscopy
(FESEM) images were recorded for all the samples using a Carl
Zeiss Ultra Plus. The thin film samples were prepared on silica
glass. Transmission electron microscopy (TEM) studies were
carried out on a TEM TECHNAI G2 20 S-TWIN. These were
performed by taking a drop of highly diluted sample on a
carbon-coated copper grid. Fourier transform infrared spectro-
scopy (FTIR) spectra of all the samples were recorded by using a
Thermo Scientific Nicolet 6700. The spectral subtraction provided
reliable and reproducible results. X-ray photoelectron spectro-
scopy (XPS) analysis of the thin films of perovskites prepared on
silica glass was carried out on an XPS instrument with model no.
PHI 5000 Versa Probe III for surface analysis. Thermogravimetric
analysis (TGA) measurement was carried out by using a TA
instruments EXSTAR TG/DTA 6300. The samples were heated

from room temperature to 1000 °C at a rate of 10 °C min

under a nitrogen flux of 200 mL min ™"
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3. Results and discussion

The optical properties of Cs,CuCl,, Cs,CuBr,, and Cs,CuBr,Cl,
were investigated using absorption and emission spectra
(Fig. 2).

The absorption properties of all the samples were recorded
by using UV-visible ranges. Fig. 2a exhibits absorption onset,
centered at 364.94 nm, which is associated with excitonic
absorption.>>*® Along with this, the band gap of all the samples
was measured by using the direct band gap Tauc prescription
in Fig. Sla-c(ESIf), which shows a 3.06 eV band gap for
Cs,CuCly, 3.03 eV for Cs,CuBr,, and 3.05 eV for Cs,CuBr,Cl,,
respectively. The emission studies of the blue luminescent
samples were investigated through photoluminescence (PL)
spectra at an excitation wavelength of 350 nm. The as-prepared
samples show the emission band at 434 nm in Fig. 2b. The
emission band is unaffected in all the samples, suggesting that
the emission is not the intrinsic band emission but due to some
extrinsic character. This extrinsic character arises due to the
presence of defect states or surface states. The PL intensities
characterize the existence of defect states. Larger particles have
higher luminescence intensities.

This contrasts with the nanoparticle properties, which suggest
that the surface to volume ratio is inversely proportional to the
particle size and hence the luminescence.

One explanation is that the luminescence is due to defects
associated with the core or volume of the nanoparticle and not
on the surface.>**”

The un-shifted emission spectra of Cs,CuCly, Cs,CuBr,, and
Cs,CuBr,Cl, perovskites can be due to d-d transitions in the d
levels for Cu. This phenomenon has been described in a previous
report, where varying the halide ions in (CH3;NHj;),CuCly,
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Paper

(CH3NH;3),CuCll,, and (CH3NH3),CuCl,Br, perovskites didn’t
cause the emission wavelength to shift.>* In another report, the
photoluminescence spectra exhibited the same emission band for
MA,CuCl,, MA,CuCl,Br,, MA,CuCIBr;, and MA,CuCl,sBr; 5
perovskites.*?

The time-resolved PL curves of all the samples were recorded
at Amax = 435 nm with the excitation wavelength of 350 nm
(Fig. 2c). The decay was fitted to three-exponential curves
representing average lifetimes of 4.53 ns, 3.78 ns, and 3.64 ns
for Cs,CuBr,Cl,, Cs,CuCl,, and Cs,CuBr, respectively (details
in Table S1, ESIt). The decrease in PL lifetime is due to the
decrease in the particle size of NCs as proposed in previous
reports.”® For larger NCs, the excitation binding energy is
reduced.?® The photoluminescence excitation (PLE) spectra of
Cs,CuCl,, Cs,CuBr,, and Cs,CuBr,Cl, were recorded with the
peak at 378 nm as shown in Fig. 2d-f.

The absolute PLQYs of all the samples were observed using a
fluorescence spectrometer at an excitation wavelength of
350 nm. The PLQYs of all the samples were determined to be
31.52%, 25.14%, and 38.23% for Cs,CuCl,, Cs,CuBr,, and
Cs,CuBr,Cl, respectively. The high PLQY in hybrid perovskite
Cs,CuBr,Cl, may lead to an improvement in the radiative
recombination rate.*®

The phase of the synthesized Cs,CuCl,, Cs,CuBr4, and
Cs,CuBr,Cl, perovskites was identified by using X-ray diffraction
(XRD) analysis, as shown in Fig. 3a. The diffraction pattern with
peaks at 20 = 16.64°, 19.57°, 20.66°, 21.74°, 22.81°, 23.35°, 23.67°,
24.52°, 26.32°, 27.47°, 28.41°, 28.78°, 29.14° 30.25°, 30.71°
30.88°, 32.52°, 33.22°, 33.51°, 35.19°, 36.42°, 36.81°, 36.95°
37.08° 38.02°, 39.59°, 39.72°, 40.22°, and 40.85° and even
further, corresponding to diffractions from the (120), (210),
(121), (201), (211), (220), (002), (031), (112), (022), (310), (040),

0 14]
a) —Cs2CuClyg 2 14 b) —Cs2CuCly 51 C) —Decay CsyCuBraCla
9 — Cs2CuBry x 121 —Cs2CuBry ® 4. —Fit  CspCuBraCly
= —CsyCuBryCly | 2101 —CspCuBroCly | & —Decay CspCuCly
e O 8. e —Fit  CspCuCly
= gl = —Decay CsCuBry
2 = 6 S 21 —Fit  CsyCuBry
o n 4 <]
< = O 4]
2 21
=0 oA ==
300 400 500 360 420 480 540 600 660 0 3 6 9 12 15 18
Wavelength (nm) Wavelength (nm) Time (ns)
_-? d) Excitation Cs2CuCly ..? e) Excitation Cs2CuBry %‘ f) Excitation CSZCUBrZCIZ
® ®
S Emission ] Emission § Emission
E = E
3 2 2
200 300 400 500 600 200 300 400 500 600 200 300 400 500 600

Wavelength (nm)
Fig. 2

Wavelength (nm)
(a) UV-Visible spectra of Cs,CuCly, Cs,CuBry and Cs,CuBr,Cl,. (b) PL spectral studies of Cs,CuCly, Cs,CuBry and Cs,CuBroCl. (c) PL time decay
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studies of Cs,CuCly, Cs,CuBrs and Cs,CuBr,Cl, perovskites. (d—f) Excitation and emission spectra of the as-prepared Cs,CuCly, Cs,CuBry and

Cs,CuBr,Cl, perovskite NCs.
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Fig. 3 (a) X-ray diffraction pattern of

C52CUCI4,
Cs,CuBr,Clp. (b—d) SEM images of Cs,CuCly, Cs,CuBry and Cs,CuBr,Cl,
present square shaped nanoplates, nanorods and rectangular shaped
nanoplates, respectively.

Cs,CuBrs and

(202), (140), (212), (320), (141), (222), (321), (330), (241), (400),
(312), (042), (051), (420), (203), (340), and (213) planes of the
orthorhombic Cs,CuCl, perovskite is consonant with the standard
(PDF #24-1335).*" In Fig. 3a, the diffraction pattern of Cs,CuBr,
peaks at 16.23°, 19.92°, 20.89°, 21.84°, 24.99°, 25.39°, 26.28°,
27.21°, 27.98°, 28.94°, 29.42°, 31.18°, 31.70°, 33.97°, 34.48°,
35.41°, 36.51°, 36.86°, 37.42°, 38.28°, 38.80°, and 40.03° and even
further, corresponding to (102), (112), (210), (211), (121), (113),
(022), (203), (122), (104), (213), (114), (123), (303), (031), (321),
(015), (124), (322), (230), (321), and (224) faces indicates the
orthorhombic phase and is consonant with the standard (PDF
#71-1462).>' In this sequence, the XRD pattern of Cs,CuBr,Cl,
shows similarity with the diffraction patterns of Cs,CuCl, and
Cs,CuBr,. Consequently, the mixed halide perovskite Cs,CuBr,Cl,
also exhibits an orthorhombic crystal structure. However, the
minor impurity peaks in these diffraction patterns are related to
cesium and copper halides. Avoiding these minor impurities from
the samples is very difficult as observed in previous reports.**?
We used water as a solvent during the material synthesis which
may be a cause of unknown diffraction peaks.*

The morphological structure of all three perovskites was
observed by using scanning electron microscopy (SEM). Fig. 3b
shows the square-shaped nanoplate morphology of Cs,CuCly,
the nanorod morphology of Cs,CuBr, is shown in Fig. 3c, and
the obtained mixed halide perovskite Cs,CuBr,Cl, exhibited
rectangular-shaped nanoplates, as shown in Fig. 3d. The
composition of the elements in these perovskites was detected
by energy-dispersive X-ray spectroscopy (EDS). Fig. S2a, ESL
shows the existence of Cs, Cu, and Cl elements, which indicate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) TEM image of square-shaped nanoplates of Cs,CuCly at
500 nm scale bar. (b) TEM image of Cs,CuBr4 nanorods at 50 nm scale
bar. (c) TEM image of rectangular-shaped nanoplates of Cs,CuBr,Cl, at
500 nm scale bar. (d) SAED pattern of Cs,CuCl, nanoplates. (e) SAED
pattern of Cs,CuBr4 nanorods. (f) SAED pattern of Cs,CuBr,Cl, nanoplates.

the formation of Cs,CuCly. The presence of Cs, Cu, and Br in
Fig. S2b, ESI} indicates the constitution of Cs,CuBr, and the
elemental constituents Cs, Cu, Br, and Cl in Fig. S2c¢, ESI¥
provide the composition of Cs,CuBr,Cl, perovskite.

The morphology of all three perovskites was demonstrated
further by transmission electron microscopy (TEM), which
corroborates the SEM analysis. The obtained Cs,CuCl, shows
a square nanoplate shape of ~8.25 nm thickness with an edge
length of 402 nm (Fig. 4a). The selected area electron diffraction
(SAED) pattern in Fig. 4d indicates its crystalline nature. In this
image, the measured crystal planes (112) and (330) are consistent
with the XRD pattern. Interestingly, the TEM image in Fig. 4b
indicates the emergence of the nanorod morphology of Cs,CuBr,
perovskite. The diameter and length of rods were estimated to be
~35 nm and 118 nm, respectively. Fig. 4e highlights the crystal-
line SAED pattern of Cs,CuBr, nanorods with (122) and (224)
planes identical to the orthorhombic phase as related to X-ray
diffraction. The TEM image of the mixed halide perovskite
Cs,CuBr,Cl,, as shown in Fig. 4c, presents a rectangular nano-
plate shape with a thickness of ~21.17 nm and 1030 nm edge
length.

The SAED pattern of the crystalline rectangular nanoplates
(Fig. 4f) has characteristic crystal planes of (015) and (602) for
orthorhombic crystal structures as observed in the XRD pattern
of Cs,CuBr,Cl,.

Fourier Transform Infrared (FTIR) spectroscopy was performed
to decode the interaction between the perovskite crystal surface
and organic ligands. Generally, this technique is used to identify
the vibration modes of ligands. As shown in Fig. S3, ESL{ FTIR
spectral positions have emerged to be almost similar for all as-
prepared perovskite nanostructures, indicating the cooperation of
perovskites with the same organic surface type ligands (OLA and
OA). The peak at 1460 cm ' was assigned to the symmetric
stretching vibration mode in -COO™ of oleic acid, and the peak
at around 1633 cm ™' indicates the N-H scissor bending vibration
of the -NH,, group in oleylamine. The peak at around 1719 cm

Mater. Adv., 2022, 3, 658-664 | 661
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is ascribed to the asymmetric starching vibration in -COO™ of
oleic acid. A broad vibration peak appears at about 3421 cm™*
which is a clear indication of the presence of water in the obtained
product. The peaks are centered at 2861 cm™ ' and 2925 cm ™ * due
to the C-H bond stretching vibration of -CH; and -CH, in the
aliphatic hydrocarbon chain.

The presence of constituent elements Cs, Cu, Br, and Cl in
all three perovskites has been confirmed by using X-ray photo-
electron spectroscopy (XPS) studies. In Fig. S4a, ESL,t the XPS
survey scan for Cs,CuCl, presents the characteristic binding
energies of Cs, Cu, and Cl at appropriate positions. Moreover,
in the narrow scans for Cs 3d, Cu 2p and CI 2p as shown in Fig.
S4b-d, ESI,f the corresponding binding energies of the Cs 3d;/,,
Cs 3ds/,, Cu 2pyjs, Cu 2ps3p, Cl 2pyj,, and Cl 2p;3,, orbitals are
centered at 737.92, 724.01, 953.80, 933.75, 199.96, and 198.92 eV,
respectively. These critical energy data indicate the formation of
Cs,CuCl, perovskite. The binding energy of Cs 3d3/, and Cs 3ds,
emerged at 737.85 and 723.85, respectively (Fig. S5b, ESIt). The
peaks in Fig. S5c¢ and d, ESIt at 953.68, 934.06, 71.53, 69.11, and
62.92 eV correspond to Cu 2p5, Cu 2ps/s, Br 3dy,, Br 3ds),, and
Br 3ds,, respectively, which indicate the successful synthesis of
Cs,CuBr,. The appearance of binding energy peaks of Cs 3d;/,,
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Cs 3dss, Cu 2py/3, Cu 2p3s, Br 3dy/,, Br 3ds),, Br 3ds,, Cl 2py,,
and Cl 2p;, at 737.96, 724.01, 953.97, 934.12, 71.60, 69.18, 62.78,
199.65 and, 198.95 eV respectively, demonstrates the formation
of mixed halide perovskite Cs,CuBr,Cl, (Fig. S6a-e, ESIT).

The time-dependent photoluminescence stability of Cs,CuCly,
Cs,CuBr,, and Cs,CuBr,Cl, perovskite nanostructures was also
recorded for 45 days under ambient conditions. As shown in
Fig. 5a-c, the PL intensity for all these compounds decreased
gradually in the prolonged time interval. Moreover, after 45 days,
Cs,CuCly, Cs,CuBr,Cl,, and Cs,CuBr, exhibited reasonably high
PL intensity in the presence of water. These studies indicate
the long-term stability of lead-free perovskite nanostructures in
aqueous medium.

The photostability tests of Cs,CuCl,;, Cs,CuBr,;, and
Cs,CuBr,Cl, perovskite nanocrystals were performed under
continuous UV light (365 nm) irradiation for 200 h as shown
in Fig. 5d-f. A significant reduction in emission intensity was
observed after UV light irradiation which may lead to the
formation of new traps. It is noteworthy that the blue emission
was still shown in all the samples after 200 h under high energy
continuous UV light (365 nm) irradiation which confirms that
these perovskites are reasonably photostable.

o 12

210 a) —Fresh d) g)100-

x —12 days —Initial

9 8- — 25days | & After 200 h = 80 —zszzugu

o —45days | @ S go| — 2-utra

Pt 6 o E —— Cs2CuBraCly

‘F?-: 4] Cspcucly | € Ce2CuCly 5401

]
§ 2 a 2 20]
E 0 01
360 420 480 540 600 660 360 420 430 540 600 660 0 200 400 600 800 1000

10 Wavelength (nm) Wavelength (nm) Temperature (°C)

":é_ al b) T e) " h) Day light

E3 —Initial

) _ ;: g:z: *E After 200 h

&6 —— 45 days §

3\4' £ CsoCuBryg

® Cs2CuBryg |

52 e

= ] . ' . ' . CsZCuCI4 CSZCuBr4 CSZCuBrZCI2

360 420 480 540 600 660 360 420 480 540 600 660
Wavelength (nm) Wavelength (nm) Under uv |'8ht (365 nm)
‘>14{c f i
?12_ ) —l:rze:h ) » )A Photo —excited state
m) - G > — it Non-radiative
2 10 — 25 days “ﬁ After 200 h relaxation
9, 8 — A5 days g ,§ Defect state
2 6 CsCuBr,Clp | E Cs2CuBryCly & £ 5
@ 4] - g 3 f
2 2] o S £
E o] , &
360 420 480 540 600 660 360 420 480 540 600 660 o N—

Wavelength (nm)

Fig. 5

Wavelength (nm)

(a—c) Time-dependent PL studies of Cs,CuCly, Cs,CuBr4, and Cs,CuBr,Cl, perovskite NCs respectively. (d—f) The PL spectra of Cs,CuCly,

Cs,CuBry, and Cs,CuBr,Cl, perovskite NCs under continuous UV light (365 nm) irradiation for 200 h. (g) Thermograms of Cs,CuCl,, Cs,CuBry, and
Cs,CuBr,Cl, perovskites. (h) Photographs of Cs,CuCly, Cs,CuBry and Cs,CuBr,Cl, perovskite samples under daylight and UV light (365 nm). (i) Schematic

model representing the emission mechanism.
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The thermal stability of these perovskites was investigated
by using thermogravimetric analysis (TGA) studies. As shown in
Fig. 5g, the thermograms of Cs,CuCl,, Cs,CuBr,, and
Cs,CuBr,Cl, perovskites are similar in nature. In the first step,
a minor weight loss of about 1.4% was observed between 80—
191 °C due to the evaporation of isopropanol and water
molecules from the perovskites.” The second small weight loss
of around 2-4% between 200-374 °C indicates the deduction of
oleylamine and oleic acid from the surface of perovskites.**
Significant weight loss was observed at around 606 °C, which
represents the degradation of the perovskite framework. Cahen
and co-workers have reported the thermal degradation of
CsPbBr; NCs at around 580 °C.*> Compared to these results,
lead-free Cu-based halide perovskites exhibit higher thermal
stability than lead halide perovskites. In Fig. 5h, photographs
of the Cs,CuCl,, Cs,CuBr,;, and Cs,CuBr,Cl, perovskite
samples show blue luminescence under UV light (365 nm).

There are several types of emission mechanisms that have
been explained in previous reports about Cu-based luminescent
materials.*® Chen and their group have demonstrated that Cu*
plays an important role in the blue emission of RbgCuSc;Cl;g
and RbgCuY;Clys.>* Another report described the emission due
to the generation of the CuCl, complex in CuAlCl,.*” On the
other hand, Xu et al. achieved emission in non-emissive ZnO
nanorods on Cu®>" doping where Cu defects were observed as
the cause of the emission band.?® In this context, Davis and
co-workers suggested that the formation of Cu®" defects could
be responsible for the emission in Cs,CuCl, nanoparticles.*”

In our report, the emission in Cs,CuCl,, Cs,CuBr,, and
Cs,CuBr,Cl, can arise due to the formation of intraband
defects (Cu(u) defects) in nanomaterials.®® The emission
mechanism can be demonstrated through a schematic energy
level model as shown in Fig. 5i. Upon excitation, electrons
transfer from the ground state to the photo-excited state
followed by relaxation in the defect state which in turn comes
back to the ground state in a radiative pathway exhibiting a
broad band of blue emission.

4. Conclusions

In summary, we successfully synthesized Cu-based Cs,CuCly,
Cs,CuBr,, and Cs,CuBr,Cj, perovskite nanostructures at room
temperature by using water solvent. We observed a higher
PLQY in the mixed halide perovskite Cs,CuBr,Cl, compared
with Cs,CuCl, and Cs,CuBr,. The obtained compounds
displayed high thermal stability and exhibited fluorescence over
45 days under ambient conditions. In this strategy, the synthesis
of lead-free halide perovskite NCs in the aqueous medium
suggests an alternative route towards environmentally friendly
and environmentally stable materials for the perovskite
community, hence considering their toxicity and instability. This
step has become essential for their commercialization in the
future. It can be expected that these studies on transition metal
halide perovskites will provide a realistic platform for the next
generation of perovskites in optoelectronic device materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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