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Lead halide perovskites are widely applied in photovoltaic devices and solar cells. However, the economic
potential is restricted by the toxicity of lead. Two-dimensional (2D) layered organic-inorganic hybrid per-
ovskite (OIHP) copper-based perovskites with good stability and hypotoxicity greatly fulfill environmentally
favorable standards. Herein, we systematically report a synthesis and band-gap modulation of 2D layered
OIHP PEA2CuCl4 (PEA+ = C6H5C2H4NH3) nanocrystals (NCs). The direct band gap of PEA2CuCl4 NCs is
effectively decreased from 2.93 to 1.77 eV by using high-pressure technique, accompanied by the piezochromism
of products from yellow to dark red and then to opaque black, which enhances the photovoltaic application
to a greater extent. Combining experiments and theoretical analysis indicates that direct band-gap narrowing
is caused by the shorted average Cl–Cu–Cl bond length, resulting in increased Cu-3d and Cl-3p interaction,
which raises the valence-band maximum toward the conduction-band minimum. The study contributes to a better
understanding of 2D layered OIHP PEA2CuCl4 NCs and enables pressure processing as a reliable technique for
improving materials by design in applications.
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I. INTRODUCTION

In recent decades, lead halide organic-inorganic hybrid
perovskites (OIHPs) with large carrier diffusion length, high
absorption coefficient, and superior optoelectronic properties
have been used in numerous optoelectronic applications, in-
cluding solar cells, light-emitting diodes, photodetectors and
sensors, etc. [1–5]. However, some developments of these
materials are restricted by their lead toxicity and chemical
instability, which have an impact on their large-scale com-
mercialization, environment, as well as human health [6–13].
With this in mind, it is necessary to develop lead-free and
inherent-stability perovskite materials to adapt to commer-
cial markets and environmental requirements. The transition
metal of copper (Cu) is a viable alternative for Pb in the
formation of Cu-based halide perovskite due to its low tox-
icity, abundance, and low-dimensional electronic structure
[14,15]. Furthermore, due to the mightiness of van der Waals
interaction between the capping organic molecules and the hy-
drophobic property of large organic cations, two-dimensional
(2D) OIHPs exhibit high stabilities. PEA2CuCl4 (PEA+ =
C6H5C2H4NH3) nanocrystals (NCs) as a typical 2D layered

*These authors contributed equally to this work.
†ruijingfu_wyu@163.com
‡suiym@jlu.edu.cn
§xguanjun@jlu.edu.cn

OIHP with low toxicity have recently evoked considerable
attention [16–18]. However, the band gap of perovskites is
required in practical photovoltaics to meet the requirements
approaching the Shockley-Queisser limit [19–21]. Therefore,
the large band gap of 2D OIHP PEA2CuCl4 NCs is untoward
to be applied in practice. To improve the device performance
further, exploring an effective approach is thus extremely de-
sirable to achieve band-gap regulation.

By fine-tuning the electronic configuration in halide
perovskites, high pressure, as an independent thermo-
dynamic parameter, can improve optical and electrical
performances [22–32]; for example, 2D OIHP (C4H9NH3)2
(CH3NH3)n−1PbnI3n+1 [(BA)2(MA)n−1PbnI3n+1, n = 1–4]
stabilized under pressure exhibits persistent band-gap
narrowing by 8.2% [33,34]. At relatively low pressure,
the electronic band of 2D layered perovskite CsPb2Br5

narrows linearly by 0.03 eV from its initial value of 2.37 eV,
which is more robust with respect to external pressure [35].
The study of lead halide OIHP under high pressure has not
only realized interesting experimental phenomena but also
revealed the relationship between their structure and optical
properties, which provides new guidance for the exploration
of Cu-based OIHP.

Herein, we have designed a facile synthetic strategy for
2D OIHP PEA2CuCl4 NCs and realized the band-gap nar-
rowing to approximately 1.77 eV under high pressure. The
small band gap caused by absorption redshift is promis-
ing in lead-free 2D OIHP. Meanwhile, in situ high-pressure
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FIG. 1. (a) Schematic illustration for the synthesis of PEA2CuCl4 NCs. (b) TEM image of PEA2CuCl4 NCs. (c) Crystal structure viewed
in ab plane of PEA2CuCl4 NCs. (d) Two-dimensional layered PEA2CuCl4 NCs. N, C, Cu, and Cl atoms are shown as pink, brown, purple, and
blue spheres, respectively.

measurements were conducted to establish comprehensive
studies related to pressure response, which also included
angular dispersive x-ray diffraction spectra (ADXRD), Ra-
man spectra, and absorption spectra. In addition, pressure-
triggered tunable absorption with a 1.16-eV redshift was
attributed to the structural compression behavior in 2D OIHP
PEA2CuCl4 NCs. Correlating with in situ ADXRD, Raman
spectra, and first-principles calculations, we effectively in-
vestigated the relationship between band-gap properties and
the structure of PEA2CuCl4 NCs due to the unique 2D
structure, which enables the organic layer to be compressed
first. Moreover, first-principles calculations further clarify
that the shorted average Cl–Cu–Cl bond length resulted in
increased Cu-3d and Cl-3p interaction, which raises the
valence-band maximum (VBM) toward the conduction-band
minimum (CBM), leading to reduction of band gap. The issue
independently designed an effective approach to synthesiz-
ing lead-free 2D OIHP PEA2CuCl4 NCs by drawing on the
synthesis methods of other substances. Moreover, it provided
insights into the structure-property relationship in lead-free
2D OIHPs.

II. RESULTS AND DISCUSSION

The synthesis of OIHP PEA2CuCl4 NCs was performed
using a hot-injection approach [Fig. 1(a); details in Sup-
plemental Material] [36]. Transmission electron microscopy
(TEM) was used to examine the morphology and structure of
the synthesized PEA2CuCl4 NCs. As shown in Fig. 1(b), the
samples exhibit a nanocube morphology with a dimension of
700 nm before compression. The structure consists of a Cu-X
octahedral network formed by the stacking of inorganic layers
alternating with organic sheets of PEA+ cations [Figs. 1(c)
and 1(d)] [37] (see the Supplemental Material reference [1] in
[37]). Alkylammonium organic cations are more flexible, and
the unique 2D layer organic-inorganic metal halide has greater
spatial flexibility and compressibility [Figs. S1(a) and S1(b)]
[36], resulting in novel optical properties under high pressure.

Based on the Shockley-Queisser model, it is known that
a perfect band gap is essential for high-performance opto-
electronic materials. Regretfully, large band gaps are typically

displayed in layered perovskites leading to undesirable power-
conversion efficiency limits [38]. Therefore, we expect to
regulate the band gap through high pressure to obtain a
more appropriate band-gap value. Meanwhile, we investigated
PEA2CuCl4 NCs by in situ high-pressure absorption experi-
ment, in which silicone oil was used as the pressure-transfer
medium, and ruby spheres were used for pressure calibration
[39] (see the Supplemental Material reference [2] in [39]). As
shown in Fig. 2(a), the absorption edge distinctly exhibited a
steep exciton edge. As the pressure increased, the PEA2CuCl4

FIG. 2. (a) Absorption spectra of PEA2CuCl4 NCs under high
pressure. (b) Band-gap evolution of PEA2CuCl4 NCs upon compres-
sion. Inset shows Tauc plot for PEA2CuCl4 NCs at 1 atm. (c) Optical
micrograph of PEA2CuCl4 NCs in diamond-anvil cell under high
pressure.
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NCs maintained a relatively clear absorption edge before 4.0
GPa, and a slight redshift was accompanied by a 0.2-eV re-
duction in the band gap [Fig. 2(b)]. However, the absorption
edge became increasingly widened and finally disappeared at
higher pressure, which may relate to the change of structure
and electronic landscape of the sample. The band gap of
PEA2CuCl4 NCs under different pressures by extrapolating
the linear portion of (αhν)2 versus the hν curve [Fig. 2(b)] was
analyzed (α is the absorption coefficient and hν is the photon
energy). In Fig. S2, the band gap is continuously narrowed
from 2.93 to 1.77 eV, which enables the tunability of the band
gap of PEA2CuCl4 NCs. To heighten the accuracy of the test
results, the UV-Vis absorption experiment was repeated (Fig.
S3) [36]. The experimental results were consistent with the
previous ones [Fig. 2(a)]. Meanwhile, the absorption edge was
not fully recovered when pressure was returned to ambient
pressure [Figs. S4(a) and S4(b)] [36]. In addition, interesting
piezoceramics were achieved in PEA2CuCl4 NCs as shown in
Fig. 2(c) [40]. When the pressure reached 3.01 GPa, the vari-
ation occurred from translucent yellow to red. Upon further
compression, the color of the substance was changed from
translucent red to opaque black at about 10.07 GPa, which
is well in agreement with the evaluation of the band gap under
high pressure.

In situ high-pressure ADXRD experiment was performed
to further assess the connection between the structure and
optical properties of PEA2CuCl4 NCs. In the integrated spec-
tra as shown in Fig. 3(a), it was found that there are no
new XRD peaks generated during the pressurization process
except for the Bragg diffraction peak moving to higher diffrac-
tion angles, which indicates compression occurring for crystal
structure of PEA2CuCl4 NCs before 5.2 GPa. Upon further
compression to 8.3 GPa, some of the diffraction peaks grad-
ually broadened and weakened, indicating that the structure
was deformed to a greater extent under higher pressure. Fi-
nally, the Bragg diffraction peaks entirely disappeared, and
only faint broadband remained once the pressure reached
22.30 GPa, which indicates that the material was completely
amorphized. Part of the amorphous phase began to recrys-
tallize and part of the diffraction peak did not return to the
original state upon releasing pressure [Fig. S4(c)] [36].

To get insights into the structural evolution under high
pressure, the crystal structure of PEA2CuCl4 NCs was refined.
The R factors (unweighted profile R factor Rwp and weighted
profile R factor Rp) obtained from the refinement are exhibited
in Table SI [36]. The cell parameters and cell volume of
PEA2CuCl4 NCs were calculated, as shown in Figs. 3(b) and
3(c). It was obviously seen that the lattice constant c was
more sensitive to pressure than the lattice constants a and
b, indicating a reduction of the cell volume of PEA2CuCl4

NCs mainly resulting from c-axis compression. PEA2CuCl4

NCs were an orthorhombic system with the space group Pbca
(a = 7.16045 Å, b = 7.33469 Å, and c = 38.5093 Å) at am-
bient pressure [Fig. 3(d)].

To better understand the relationship between structure and
optical properties, we performed first-principles computation.
We determined the crystal structures at higher pressures using
a completely relaxed crystal structure, including both relax-
ation of atomic positions and lattice parameters, through total
energy minimization with the residual forces on the atoms

FIG. 3. (a)−(c) High-pressure evolution of ADXRD patterns,
cell parameters, and unit-cell volume. (d) Refinement of ADXRD
pattern collected at 1 atm. Green lines reflect refined peak positions,
and blue line represents differences between experimented (black)
and simulated (red) profiles.

converged to below 0.01 eV/Å. Meanwhile, considering the
van der Waals interaction in this 2D layer structure optB86b,
optB88 and DFT-D2/D3 [optB86b: o-p-t-B-8-6-b (stands for
Optimized Becke 86 exchange with the B parameter); optB88:
o-p-t-B-8-8 (stands for Optimized Becke 88 exchange) DFT-
D2/D3: D-F-T-D-2-slash-D-3 (stands for Density Functional
Theory with D2 or D3 dispersion corrections)] method of
Grimme were tested to optimize the structure. We found that
the calculated lattice parameters of theoretical calculation are
well in agreement with the experimental value by employing
DFT-D3 method of Grimme, as shown in Table SII [36]. In
addition, spin-orbit coupling (SOC) is not important in this
material and thus we can neglect it (Fig. S5) [36,40,41]. As
shown in Fig. 4(a), the PEA2CuCl4 exhibited a direct band
gap at � points under ambient conditions. Partial density of
states (DOS) shows that the Cu 3d and Cl 3p interactions
dominate the VBM of the PEA2CuCl4 NCs, while the Cu
3s and Cu 3p interactions contribute to the CBM [Fig. 4(b)].
Figure 4(c) depicts the evolution trend of pressure-dependent
band gap obtained by calculation, which is well in agreement
with experimental evolution. Note that PEA2CuCl4 NCs
exhibit feature of direct band-gap evolution under high
pressure (Fig. S6) [36], further facilitating its application
in photovoltaic behavior [42]. Furthermore, we investigated
the nature of gap evolution. Under ambient conditions, the
bond length L2 is much longer than L1 and L3, indicating a
severe distortion of the octahedron. Intriguingly, the length
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FIG. 4. (a) Calculated electronic band structure of PEA2CuCl4 at 1 atm. High-symmetry k path was represented by G (0, 0, 0), Z (0, 0,
0.5)−T (−0.5, 0, 0.5)−Y (−0.5, 0, 0)−S (−0.5, 0.5, 0)−X (0, 0.5, 0)−U (0, 0.5, 0.5)−R (−0.5, 0.5, 0.5) in Brillouin zones. (b) Density of
states projected onto Cu and Cl atoms. Inset shows DOS of Cl-p. (c) Calculated band-gap evolution of PEA2CuCl4 NCs upon compression.
(d)–(f) Calculated ELF in ab plane under high pressure. Dashed lines represent atomic distance of Cu-Cl.

difference of the Cu–Cl bond decreases gradually because of
the increased L1 (along the c direction) before 5 GPa, and then
L1, L2, and L3 start to decrease [Fig. S7(a)] [36]. Meanwhile,
organic layer distance also decreases under high pressure,
indicating vertical compression without slip [Fig. S7(b)]
[36]. In addition, the average Cu–Cl bond length decreases
with increasing pressure, demonstrating global positive
compression [Fig. S8(a)] [36]. In addition, before 5 GPa, the
standard deviation gradually decreases, indicating distortion
of the octahedron decrease, while standard deviation
gradually increases with increasing pressure, indicating
that [CuCl4]2− inorganic octahedron was gradually distorted
and deformed at higher pressure. Therefore, in the process of
increasing pressure, distortion of the octahedron experienced
the decrease and increase [Fig. S8(b)] [36]. In addition,
the decrease of the average Cl–Cu–Cl bond length results in
increased orbital overlap, which is in excellent agreement with
the calculated electron local function (ELF) [Figs. 4(d)–4(f)].
Therefore, direct band-gap narrowing is caused by the shorted
average Cl–Cu–Cl bond length, resulting in increased Cu-3d
and Cl-3p interaction. The schematic illustration of the Cu–Cl
bond length in the [CuCl4]2− framework under compression
is shown in Fig. S9 [36].

The interaction between organic and inorganic layers un-
der high pressure was investigated by in situ high-pressure
Raman spectra at room temperature. In the low frequency,
three Raman modes correspond to Cu-Cl vibrations (Fig.
S10) at around 170, 251, and 270 cm−1 [36], agreeing with
the previously reported Raman peaks of (C2H5NH3)2[CuCl4]

[43]. The frequency shift of the corresponding typical Raman
modes of copper chloride as a function of pressure was re-
ported by Li et al. [44]. Evidently, three peaks at around 480,
500, and 1000 cm−1 correspond to PEA+ cations, as shown
in Figs. S10(a) and S10(b) [36]. During the process of pres-
surization starting from ambient pressure, a weak band shift
to higher frequency of the Cu-Cl vibration occurred due to
the lattice contraction, which may be attributed to a decrease
in the interatomic distance. When the pressure was raised
to around 2.0 GPa, the vibration peaks of the PEA+ cation
disappeared, while the Cu-Cl vibration peaks remained in
this process. Moreover, the three peaks were gradually weak-
ened and broadened until they disappeared, indicating that
the electronic structure of PEA2CuCl4 NCs was enormously
changed and that the organic layer was first distorted during
the process of pressurization. This fact shows that enough
space for the [CuCl4]2− inorganic octahedron was provided.
Moreover, the Cu-Cl vibrations completely disappeared at
about 13.0 GPa, manifesting that the [CuCl4]2− inorganic
octahedron was gradually distorted and deformed at higher
pressure. The vibrational peaks reappeared upon decompres-
sion, with the color from opaque black back to translucent
yellow.

III. CONCLUSION

We successfully synthesized 2D OIHP PEA2CuCl4

NCs by a facie hot-injection method. Note that 2D
OIHP PEA2CuCl4 NCs exhibit feature of direct band-gap
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evolution under high pressure, further facilitating its applica-
tion in photovoltaic behavior. Importantly, the direct band gap
was effectively controlled by high pressure from 2.93 to 1.77
eV, which approaches the Shockley-Queisser limit of photo-
voltaic applications, accompanied by the piezochromism of
products from yellow to dark red and then to opaque black.
In situ high-pressure experiments and theoretical calculations
indicated that such band-gap narrowing was ascribed to the
unique 2D layered structure change under high pressure.
Therein, the direct band-gap narrowing caused the shorted av-
erage Cl–Cu–Cl bond length, resulting in increased Cu − 3d
and Cl − 3p interaction, which raised the VBM toward the
CBM. The study contributes to a better understanding of 2D
layered OIHP PEA2CuCl4 NCs and enables pressure process-
ing as a reliable technique for improving materials by design
in applications.
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