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Air-grown hybrid copper(I) halide single crystals:
structural transformations and ultraviolet-pumped
photoluminescence applications†

Zhexin Song,a Binyin Yu,a Lingqiang Meng,*b Guokui Liu *c and
Yangyang Dang *a

Lead-free copper-based halide hybrid materials have emerged as a class of potential candidates for

next-generation optoelectronic devices. In this work, we demonstrated that Gua4Cu4Br8 and Gua3Cu2I5
(Gua = CH6N3

+) single crystals have been successfully grown by slow evaporation methods in an

ambient atmosphere. Interestingly, non-centrosymmetric Gua6Cu4I10 single crystals were formed on the

basis of Gua3Cu2I5 induced by chiral (R)- and (S)-methylbenzylamine (MBA) cations. In particular,

Gua3Cu2I5 exhibited a large Stokes shift of about 200 nm with a long PL lifetime of about 3835 ns and

an absolute PLQY of about 72.04% at room temperature. More importantly, ultraviolet (UV)-pumped

light-emitting diodes based on Gua3Cu2I5 single crystals exhibited strong photoluminescence

characteristics at an emission peaking position of about 575 nm with high luminance. The above

characteristics should provide guidance for further applications of lead-free hybrid single-crystalline

optoelectronic devices.

Introduction

Hybrid lead-free copper halide materials have attracted atten-
tion in optoelectronic devices such as solar cells,1–3 field-effect
transistors (FETs),4,5 light emitting diodes (LEDs),6,7 resistive
switching memory devices,8,9 circularly polarized luminescence
(CPL) based devices,10 photodetectors,11,12 etc. Most of the
perovskite studies mainly focused on Pb-based halide hybrids,
which suffered from the important issues of stability13,14 and
intrinsic toxicity.15,16 Therefore, the above studies urged mate-
rials scientists to investigate new lead-free halide hybrids with
excellent optoelectronic properties and stability. To search for
environmentally friendly lead-free halide hybrids with out-
standing optoelectronic properties, there is an effective strategy
to replace Pb with low-toxic tin (Sn),17–19 manganese (Mn),20,21

and copper (Cu)22–25 in lead halide perovskites, which can not

only eliminate the toxicity of Pb but also obtain excellent
physical characteristics such as high mobility, strong photo-
luminescence and good stability. Sn-based halide perovskite
materials exhibited excellent semiconducting properties, and
were widely used in FETs.26 Mn-based halide perovskites pos-
sessed good photoluminescence characteristics, which were
applied to light-emitting and scintillating devices.27,28 More-
over, nontoxic transition metal Cu is an ideal candidate for Pb
to form Cu-based halide hybrid compounds. Previous studies
on Cu-based halide perovskite materials focused on divalent
Cu(II) compounds, most of which are powders and thin
films.29,30 The structural and magnetic properties of (4,40-
bipyridinium)Cu2Cl6�xBrx are investigated.31 Reversible and
irreversible thermochromism behaviors of copper(II)-based
halide perovskites were demonstrated.32 The thermochromic
behaviors of two perovskites (2-chloroethylammonium)2CuCl4

and (2-bromoethylammonium)2CuCl4 were discussed.32 The
above studies mainly focused on divalent Cu(II)-based halide
perovskites exhibiting poor photoluminescence characteristics,
which hinders their application in the optoelectronic field.
Recently, Cu(I)-based halide compounds with excellent photo-
luminescence properties urged us to investigate these issues of
Cu(I)-based halide analogues. The all-inorganic Cu(I)-based
halide perovskite Cs3Cu2I5 with a bright blue emission and a
high photoluminescence quantum yield (PLQY) of B91.2% was
first reported by Jun et al.33 Then, high-performance and stable
yellow LEDs based on solution-processed CsCu2I3 thin films
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were fabricated.34 Stable UV-pumped white light-emitting
diodes based on anthracene-coated CsCu2I3 were demonstrated
by Liu et al.6 All-inorganic blue emitters K2CuX3 (X = Cl, Br) and
Cs3Cu2Br5�xIx (0 r x r 5) with near-unity PLQY were investi-
gated by the Saparov research group.35,36 Nontoxic and ultra-
stable LEDs based on 1D-Cu4I6(bttmp)2 thin films were pre-
pared by Zhu et al., which exhibited a high PLQY and long-term
air stability.7 Recently, highly efficient cool-white photolumi-
nescence characteristics of Gua3Cu2I5 (Gua = guanidine) single
crystals in DMF in an inert atmosphere were investigated by
Peng et al.37 Opaque Gua3Cu2I5 single crystals exhibit highly
efficient cool-white emission peaking at 481 nm. At higher
temperatures, Gua3Cu2I5 single crystals exhibited yellow emis-
sion, while at room temperature, they exhibited blue emission.
Therefore, it is necessary to introduce different organic mole-
cules into the lattice of Gua3Cu2I5 and form new photolumi-
nescent materials by solution synthesis and growth methods in
an ambient atmosphere.

In this work, bulk colourless Gua4Cu4Br8 and Gua3Cu2I5

(Gua = CH6N3
+) single crystals were successfully grown by a

slow evaporation method in an ambient atmosphere. Interest-
ingly, non-centrosymmetric Gua6Cu4I10 single crystals were
formed on the basis of Gua3Cu2I5 induced by chiral (R)- and
(S)-methylbenzylamine (MBA) cations. The band gap, theoreti-
cal calculations, X-ray photoelectron spectra (XPS), thermal
stability and optical properties of Gua4Cu4Br8 and Gua3Cu2I5

were studied, which exhibited a large Stokes shift with a long
PL decay lifetime. Both Gua4Cu4Br8 and Gua3Cu2I5 are direct
band gap semiconductor materials. As we all know, Gua3Cu2I5

crystals exhibited good luminescence properties.37 From the
viewpoint of crystal structures, Gua4Cu4Br8 single crystals were
introduced to analyse the crystal structure and PL differences

induced by the Br and I atoms. Similarly, we tried to compare
Gua3Cu2I5 and Gua6Cu4I10 induced by chiral MBA cations. The
PL decay lifetime and PLQY exhibited obvious difference due to
the different crystal structures. Based on these results, it is
concluded that Gua3Cu2I5 exhibited the strongest lumines-
cence properties among the three single crystals. Therefore,
ultraviolet (UV)-pumped yellow light-emitting diodes based on
Gua3Cu2I5 single crystals were fabricated, which exhibited
strong photoluminescence characteristics at an emission peak-
ing position of about 575 nm with a luminance of about
3600 cd m�2. The above behaviours should pave the way for
further optoelectronic applications of these single-crystalline
materials.

Results and discussion

A previous report37 has shown that opaque single crystals of
blue emissive Gua3Cu2I5 were formed in organic solvents in an
inert atmosphere. Due to the ease of oxidation of copper(I), it is
challenging to obtain copper(I) halide perovskite single crystals
in an ambient atmosphere. According to eqn (1)–(3) of redox
potentials, H3PO2 was used as a reducing reagent to prevent the
oxidation of I� and Cu+. If the amount of H3PO2 is too little, the
oxidation of Cu+ and I� can easily occur. In contrast, an
excessive amount of H3PO2 is too viscous to be beneficial for
crystal growth. Therefore, all the growth conditions were main-
tained in an ambient atmosphere. Bulk colourless Gua4Cu4Br8

and Gua3Cu2I5 single crystals have been grown at room tem-
perature by slow evaporation methods for one week (Fig. 1).
When exposed to UV-254 nm and 365 nm irradiation condi-
tions, bulk colourless Gua4Cu4Br8 and Gua3Cu2I5 single crystals

Fig. 1 Photographs of Gua4Cu4Br8 single crystals under sunlight (A), UV-254 nm (B) and UV-365 nm (C) conditions. Photographs of Gua3Cu2I5 single
crystals under sunlight (D), UV-254 nm (E) and UV-365 nm (F) conditions.
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exhibited different photoluminescence characteristics as
shown in Fig. 1(B, C) and (E, F). In particular, Gua3Cu2I5 single
crystals exhibited strong yellow emission under irradiation of
UV-254 nm wavelength as shown in Fig. 1E. In the Gua–Cu–Br
formation, Gua2CO3 reacted with CuBr in a molar ratio of 1 : 2
in HBr and H3PO2 mixed solution at 60 1C in an ambient
atmosphere. In the formation processes of Gua–Cu–I systems,
Gua2CO3 reacted with CuI in a molar ratio of 3 : 4 in HI and
H3PO2 mixed solution at 70 1C in an ambient atmosphere.
Previously, Tang’s research group reported chiral tetranuclear
copper(I) iodide clusters based on the (R)- and (S)-MBA.38 Cu+ is
easily connected with (R)- and (S)-MBA so as to form a tetra-
hedral coordination environment. But in HI and H3PO2 mixed
solution, the Cu-(R)/(S)-MBA clusters were completely replaced
by I�. Interestingly, Gua3Cu2I5 reacted with chiral R-or S-MBA
in a molar ratio of 2 : 1 in HI and H3PO2 mixed solution to
promote the formation of non-centrosymmetric Gua6Cu4I10

single crystals as shown in Fig. S1 (ESI†).

H3PO3(aq) + 2H+ +2e� = H3PO2(aq) + H2O E = �0.499 eV
(1)

Cu2+ + e� = Cu+ E = +0.159 eV (2)

I2 + 2e� = 2I� E = +0.54 eV (3)

Differently, a previous report revealed that Gua3Cu2I5 exhib-
ited an orthorhombic system with the space group Fdd2
(no. 43).37 Gua4Cu4Br8 and Gua3Cu2I5 single crystals crystal-
lized in monoclinic systems of P21/n (no. 14) and C2/c (no. 15)
space groups by single-crystal X-ray diffraction measurements
at room temperature for the first time. All the crystallographic
data are listed in Table S1 (ESI†). In the crystal structure of
Gua4Cu4Br8, the adjacent four Cu atoms were coordinated with
ten bromine atoms (Fig. 2A), forming a special {Cu4Br10} face-
sharing tetrahedral unit. In addition, the {Cu4Br10} polyhedra
are connected from the same layer and surrounded by Gua
cations. Moreover, although the atomic radius of I is larger
than that of Br, the adjacent four Cu atoms are coordinated
with seven iodine atoms forming a polyhedral unit as shown in
Fig. 2C. This structure is connected from the same layer and
surrounded by Gua cations to form the layered structures,
which is different from the isolated {Cu2I5} face-sharing tetra-
hedral dimer.37 The powder X-ray diffraction (PXRD) patterns of
all the materials are in good agreement with the simulated XRD
diffraction patterns of these single crystals, as shown in
Fig. 2(B, D) and Fig. S1C (ESI†). Next, X-ray photoelectron
spectroscopy (XPS) measurements were performed to investi-
gate the valence state of elements in Gua4Cu4Br8 and Gua3Cu2I5

single crystals. All the XPS results are demarcated using C 1s

Fig. 2 (A) Crystal structure of Gua4Cu4Br8. (B) Powder and single-crystal X-ray diffraction (PXRD) patterns of Gua4Cu4Br8. (C) Crystal structure of
Gua3Cu2I5. (D) PXRD patterns of Gua3Cu2I5.
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(284.8 eV) as the reference. These results confirm the existence
of Br, I and Cu elements. The high-resolution core-level XPS
spectra of C 1s, N 1s, Cu 2p, Br 3d and I 3d are extracted, as
shown in Fig. S2 (ESI†). Cu 2p XPS spectra are the prominent
characteristics for verifying the Cu oxidation state, which
means that the Cu(I) state plays a dominant role in Gua4Cu4Br8

and Gua3Cu2I5 single crystals. The HRXPS spectrum peak at a
binding energy of about 933 eV can hardly be observed,39 which
further eliminates the existence of the Cu(II) state. The binding
energies are located at about 932 and 952 eV, corresponding to
Cu 2p3/2 and Cu 2p1/2, respectively. Moreover, no shake-up
satellite appears between the Cu 2p3/2 and Cu 2p1/2 peaks,
indicating that only Cu(I) ions exist in the lattice,40–42 which
confirms that all the samples are both pure phase copper(I)
based halide hybrids. From the above description, the presence
of I�, Br�, CH6N3

+ and Cu+ verifies the chemical composition
and valence state of Gua4Cu4Br8 and Gua3Cu2I5 single crystals.

The structural transformation usually involves bond rear-
rangements and composition changes of atoms in a crystal
caused by the changes in the coordination number of metals,
the addition of different ligands, temperature changes or
solvent exchanges.43–45 Interestingly, single crystal-to-single
crystal phase transformations from Gua3Cu2I5 to Gua6Cu4I10

occurred induced by the effect on the chiral R-or S-MBA.
Gua6Cu4I10 single crystals under sunlight and UV-254 nm
wavelength conditions are shown in Fig. S1A and B (ESI†).
Gua6Cu4I10 single crystals exhibited an orthorhombic system
with Cmc21 (no. 36) with the lattice parameters of a = 12.072(3) Å,
b = 13.215(3) Å, and c = 13.581(3) Å. Gua3Cu2I5 exhibited
the lattice parameters of a = 12.0317(9) Å, b = 13.2491(10) Å,
and c = 13.5695(10) Å; b = 90.985(7)1 in Table S1 (ESI†). The
lattice parameters of Gua6Cu4I10 are larger than those of
Gua3Cu2I5. In the crystal structure of Gua6Cu4I10, the strong
distortions of the {Cu3I6} polyhedral unit can be caused by the
Gua parts, which results in an acentric structure as shown in
Fig. 3. As stated above, Gua6Cu4I10 single crystals were easily
formed and crystallized when Gua3Cu2I5 single crystals were
exposed to R- and S-MBA cations.

Subsequently, the optical band gap of Gua4Cu4Br8 and
Gua3Cu2I5 was investigated. The optical band gap is deter-
mined using the Kubelka–Munk function.46 A previous
study37 has demonstrated the optical band gap of blue emissive
Gua3Cu2I5 powders in an air atmosphere. A distinct feature
peak at 366 nm can be observed, which corresponds to the
calculated band gap of 2.98 eV. In our results, the optical band
gaps of Gua4Cu4Br8 and Gua3Cu2I5 in Fig. 4A and B were 3.6 eV

Fig. 3 Crystal structural transformations from Gua3Cu2I5 to Gua6Cu4I10 induced by chiral MBA cations.

Fig. 4 Optical band gap of Gua4Cu4Br8 (A) and Gua3Cu2I5 (B). DFT band
structures of Gua4Cu4Br8 (C) and Gua3Cu2I5 (D). Projected density of states
(PDOS) plots of the Gua3Cu2I5 via DFT calculations (E). Detailed projected
density of states (PDOS) plots of the Gua3Cu2I5 via DFT calculations (F).
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and 2.72 eV, respectively. The electronic properties of Gua4-
Cu4Br8 and Gua3Cu2I5 were determined by the density func-
tional theory (DFT) calculation method, as shown in Fig. 4C
and D, both of which exhibited the direct band gap semicon-
ductors, according to the calculation method based on a
previous report.47 PBE functional calculations48 generally
underestimate the band gap. Differently, blue emissive Cua3-
Cu2I5 exhibited a direct band gap of 2.75 eV at the G point.37

However, from Fig. 4D, yellow emissive Cua3Cu2I5 showed a
band gap of 2.44 eV at the G point. The detailed projected
density of states (PDOS) in Fig. 4E and F indicates that the
valence band maximum (VBM) of yellow emissive Cua3Cu2I5 is
composed of inorganic parts, Cu 3d and I 5p atomic orbitals.
However, for the conduction band minimum (CBM), the con-
tribution of specific atomic orbitals cannot be found obviously.
To study the composition of the CBM, we calculated more
states of PDOS as shown in Fig. 4F. Although the 4S orbital of
Cu accounts for the highest proportion, its height is very low in
comparison with the height of total DOS. Other orbitals of I 5s,
I 5p, and partly Gua molecules make second contribution with
a similar proportion. To further explain the PDOS diagrams of
the VBM and CBM, the spatial distribution of charge density is
plotted. It can be seen from Fig. S3A (ESI†) that the VBM is
mainly composed of Cu3d and I5p atomic orbitals. In Fig. S3B
(ESI†), the distribution of the CBM is more interesting. The
charge density distribution is wide. Both C and N atoms on Gua
molecules show little charge density distribution. The main
distribution is concentrated on the Cu atoms sharing two I
atoms. The distance between the two Cu atoms is relatively
close, about 2.55 Å. The 4s orbitals of Cu atoms overlap
partially, which is similar to the distribution of p orbitals.
Moreover, it should be noted that the 5s and 5p orbitals of I
atoms are also partially involved in the CBM. This also explains
the distribution of the CBM. The CBM is no longer composed of
pure Cu 4s orbitals. The main compositions for the CBM are
the overlapping 4s orbitals of Cu atoms that share two I atoms.

Previously, the emissions of Gua3Cu2I5 single crystals exhib-
ited a reversible phase transition from blue to yellow color in a
heating–cooling cycle.37 The thermogravimetry analysis (TGA)
measurements of Gua4Cu4Br8 and Gua3Cu2I5 were performed
from room temperature to 600 1C as shown in Fig. S4 (ESI†). It
can be seen that Gua4Cu4Br8 and Gua3Cu2I5 are stable up to
about 300 1C. In particular, the emission colour changes of
Gua3Cu2I5 single crystals when exposed to heating and cooling
processes under the irradiation of UV-254 nm wavelength
cannot be observed in Fig. S5 (ESI†). They both showed
relatively good thermal stability. Furthermore, the PL spectra
and the PL decay lifetime measurements of Gua4Cu4Br8 and
Gua3Cu2I5 powders and single crystals were performed as
shown in Fig. 5 Gua4Cu4Br8 and Gua3Cu2I5 powders and single
crystals exhibited broad PL peaks, which was similar to the
previous reports on perovskite materials.49 From Fig. 5A and B,
the excitonic absorption bands of Gua4Cu4Br8 and Gua3Cu2I5

powders and single crystals were positioned at 330 nm and
325 nm, respectively. The PL excitation (PLE) and PL spectra of
Gua4Cu4Br8 and Gua3Cu2I5 powders and single crystals also

exhibited only one PL peak at about 600 nm and 575 nm,
respectively. However, the excitonic absorption band of Gua6-

Cu4I10 single crystals exhibited was positioned at 340 nm. The
PL spectra of Gua6Cu4I10 single crystals also exhibited only one
PL peak at about 560 nm in Fig. S1D (ESI†). Such broad
luminescence and a large stoke shift were attributed to self-
trapped excitons.50–52 The time-resolved photoluminescence
(TRPL) spectra of Gua4Cu4Br8 and Gua3Cu2I5 powders and
single crystals were well fitted by the first-order exponential
decay function, as shown in Fig. 5B, C, E and F. The PL decay
lifetime (t) of Gua4Cu4Br8 powders and single crystals was 538
ns and 505 ns with an absolute photoluminescence quantum
yield (PLQY) of less than 1% when exposed to excitation at
290 nm and emission at 600 nm. However, Gua3Cu2I5 powders
and single crystals exhibit yellow luminescence with PL decay
lifetimes of 3835 ns (3.835 ms) and 3830 ns (3.830 ms) under the
conditions of excitation at 290 nm and emission at 550 nm.
And the absolute PLQY of Gua3Cu2I5 is about 72.04% as shown
in Fig. S6 (ESI†). However, the TRPL spectrum of Gua6Cu4I10

powders agreed well with the biexponential decay function. The
average PL decay lifetime (t) of Gua6Cu4I10 powders was 6.29 ms
with an absolute PLQY of 12.07% when exposed to excitation at
330 nm and emission at 550 nm in Fig. S7 and S8 (ESI†).

As descripted above, a high PL intensity and yellow emission
of Gua3Cu2I5 perovskite materials urged us to employ the
obtained perovskite single crystals for LED applications. There
has been a previous report on the utilization of Gua3Cu2I5

perovskite powders for UV-pumped LEDs exhibiting bright
cool-white emissions.37 Differently, we introduced Gua3Cu2I5

Fig. 5 PLE and PL spectra of Gua4Cu4Br8 (A). PL decay lifetime of
Gua4Cu4Br8 powders (B) and single crystals (C). PLE and PL spectra of
Gua3Cu2I5 (D). PL decay lifetime of Gua3Cu2I5 powders (E) and single
crystals (F).
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single crystals into UV-pumped LEDs. The commercial UV-LED
(255 nm) chip was used to optically pump different phosphor
mixtures. Gua3Cu2I5 single crystals were assembled with a
255 nm UV-LED chip to form LEDs, as illustrated in Fig. 6(A,
B) and Movie S1 (ESI†). The broad emission spectra of UV-
pumped LEDs based on Gua3Cu2I5 single crystals are shown in
Fig. 6B. The PL intensity of the LEDs based on Gua3Cu2I5 single
crystals increases with an increase in the working voltage from
5.5 to 7.5 V, indicating the high photoluminescence character-
istics. The PL spectra presented an emission peak of UV-
pumped LEDs at around 575 nm, which correspond to the
emissions of Gua3Cu2I5 single crystals. From Fig. 6C, the
measurement results at room temperature demonstrated that
the CIE color coordinate is (0.44, 0.51), which agreed well with
the yellow emission region. With the increase of working
voltage from 5.5 to 7.5 V, the luminance of UV-pumped LEDs
also increased and reached up to about 3600 cd m2 as shown in
Fig. 6D. These results show that the yellow light emitted from
the LEDs based on Gua3Cu2I5 single crystals exhibited high
luminance, which can further promote the applications of

high-brightness LEDs and other optoelectronic devices. More-
over, the operational stability measurements of Gua3Cu2I5

single crystal-based LEDs were performed under UV light
(255 nm) excitation for 35 minutes in air, as shown in Fig. 7.
And the PL intensity was recorded every 5 minutes. The PL
intensity gradually decreased with the increase of time. The
possible reason is that the oxidation and decompositions of
Gua3Cu2I5 single crystals happen when exposed to light and
air.53 If encapsulations of these devices are performed, Gua3-

Cu2I5 single crystal-based LEDs will exhibit relatively good
photoluminescence.

Conclusions

In summary, we have demonstrated that Gua4Cu4Br8 and
Gua3Cu2I5 single crystals with photoluminescence characteris-
tics were grown by slow evaporation methods in air. Acentric
Gua6Cu4I10 single crystals originated from Gua3Cu2I5 single
crystals induced by (R)- and (S)-MBA cations. The obtained
copper(I) halide perovskites exhibited strong PL emissions
and large Stoke shifts (about 200 nm) between their absorption
and emission spectra. Color coordinates of (0.44, 0.51) and a
high luminance of up to 3600 cd m�2 were obtained based on
Gua3Cu2I5 single-crystalline UV pumped LEDs, which can pro-
vide broad prospects for potential applications in solid-state
lighting and displays.

Experimental
Materials

CuI (AR, J&K), CuBr (AR, J&K), Gua2CO3 (AR, J&K), H3PO2 (AR,
J&K), HI (57%, J&K), HBr (48%, J&K), R-MBA, and S-MBA were
purchased from Sino-pharm and utilized without further
purification.

Synthesis and crystal growth

Gua4Cu4Br8 was synthesized with a reaction of Gua2CO3 and
CuBr with a molar ratio of 1 : 2 in mixed acid (HBr/H3PO2 = 3 : 1)
solution. Gua2CO3 (0.3650 g, 2 mmol) and CuBr (0.5710 g,
4 mmol) were dissolved in HBr (6 mL) and H3PO2 (2 mL)
solution at 60 1C temperature to form a colourless solution.
And then the solution was cooled to room temperature. Bulk
Gua4Cu4Br8 single crystals were formed by a slow evaporation
method in an ambient atmosphere as shown in Fig. 1A.

Gua3Cu2I5 was synthesized with a reaction of Gua2CO3 and
CuI with a molar ratio of 3 : 4 in mixed acid (HI/H3PO2 = 2 : 1)
solution. Gua2CO3 (1.0910 g, 6 mmol) and CuI (1.5250 g,
8 mmol) were dissolved in HI (8 mL) and H3PO2 (4 mL) solution
at 70 1C temperature to form a light-yellow solution. And then
the solution was cooled to room temperature. Bulk Gua3Cu2I5

single crystals were formed by a slow evaporation method in an
ambient atmosphere as shown in Fig. 1D.

Gua6Cu4I10 was synthesized with a reaction of Gua3Cu2I5

and R/S-MBA with a molar ratio of 2 : 1 in mixed acid
(HI/H3PO2 = 2 : 1) solution. Gua3Cu2I5 (3.7560 g, 4 mmol) and

Fig. 6 (A) Schematic illustration of fabricated UV-pumped LEDs based on
Gua3Cu2I5 single crystals. (B) PL intensity of Gua3Cu2I5 single-crystalline
UV-pumped LED devices under the excitation of UV-255 nm LED chips at
different working voltages. Inset: The photograph of Gua3Cu2I5 single-
crystalline UV-pumped LEDs at a work voltage of 7.5 V. (C) CIE chroma-
ticity diagram of Gua3Cu2I5 at room temperature. (D) Luminance–voltage
diagram of Gua3Cu2I5 single crystal-based UV-pumped LEDs.

Fig. 7 (A) PL intensity and (B) the maximum intensity of Gua3Cu2I5 single-
crystalline UV-pumped LED devices under the excitation of UV-255 nm
LED chips after different running times.
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R/S-MBA (0.2435 g, 2 mmol) were dissolved in HI (12 mL) and
H3PO2 (6 mL) solution at 70 1C temperature to form a light-
yellow solution. And then the solution was cooled to room
temperature. Bulk Gua6Cu4I10 single crystals were formed by a
slow evaporation method in an ambient atmosphere as shown
in Fig. S3 (ESI†).

Slow evaporation was carried out under the following con-
ditions: oil bath (35 1C), humidity (20%) and atmospheric
pressure.

Powder and single crystal X-ray diffraction measurements

X-Ray powder diffraction patterns were determined on a
PANalytical XPert Pro MPD equipment with Cu-Ka radiation in
the 2y range of 1001–901 using reasonable step size and step
time settings. Single-crystal X-ray diffraction data were col-
lected on a Bruker D8 advance diffractometer equipped with
a CCD detector (graphite-monochromated Mo-Ka radiation,
l = 0.71073 Å) at 293(2) K. APEX3 software was used for
data integration and cell refinements. The crystal was kept at
293(2) K during data collection. Using Olex2,54 the structure
was solved with the Olex2.solve55 structure solution program
using Charge Flipping and refined with the XL56 refinement
package using Least Squares minimization.

X-Ray photoelectron spectroscopy (XPS) measurements

Polycrystalline samples were extracted using a sample trans-
porter that protects against air exposure. The sample transpor-
ter is connected to an ultra-high vacuum chamber and then
transferred to the XPS systems for characterization. Pass energy
values are 160 eV for XPS wide scan, and 10 eV for high
resolution scan. All the data analysis about XPS was performed
using the XPS Peaks Fit software. All the elements were fitted
with the 80% Gaussian and 20% Lorentzian peak shapes after
applying background subtractions with Shirley function.57

UV-Vis and steady-state, time-resolved photoluminescence (PL)
spectrum measurements

The optical absorption spectra were recorded using a UV-Vis
absorption spectrophotometer (PerkinElmer, Lambda 1050).
Steady-state, time-resolved photoluminescence (PL) spectra
were recorded with a photoluminescence system (HORIBA,
FluoroLog-3). The powder and single crystalline samples were
placed in a holder applied to the photoluminescence system.
The absolute PLQY of all the samples was measured, which was
coated on the BaSO4 standard sample.

Simulation details

Structural optimization was performed via the Vienna ab initio
simulation package (VASP)58,59 with the conjugate gradient
method. The Perdew, Burke, and Ernzerhof exchange–correla-
tion functional within GGA was used.60 The convergence of
energy between two electronic steps in the self-consistent
process was set to 10–5 eV. Ionic relaxation was stopped when
the maximum force was smaller than 0.01 eV Å�1. All atoms in
the models and the cell shape and volume were fully relaxed. A
Monkhorst–Pack grid of 3 � 2 � 2 is used for the reciprocal

space sampling.61 An energy cut-off of 450 eV was adopted for
plane-wave expansion of electronic wave functions.

Thermogravimetric analysis measurements

Thermogravimetric analysis (TGA) was carried out using a TGA/
DSC1/1600HT analyzer (METTLER TOLEDO Instruments). All
the powder samples were placed in an Al2O3 crucible, and
heated at a rate of 10 1C min�1 from room temperature to
600 1C under flowing N2 gas, respectively.

UV-Pumped LEDs fabrication and measurements

The PL, CIE chromaticity and luminance characteristics of
UV-pumped LEDs were investigated using a PR-788 spectro-
photometer (Photo Research) and a Keithley-2400 instrument.
For fabricating UV-pumped LEDs, regular Gua3Cu2I5 single
crystals were placed on commercial UV LED chips with
255 nm emission wavelength as the pumping source for LEDs
as shown in Fig. 6(A, B) and Movie S1 (ESI†). The fabricated
LED devices were placed in the measurement equipment.
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