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CuGaSe, semiconductor materials, as an important member of the I-llI-VI, family, have sparked
tremendous attention due to their fascinating structure-related properties and promising applications in
solar energy storage and conversion. Nevertheless, the controllable preparation of two-dimensional (2D)
CuGaSe; structures is still a daunting challenge owing to the intrinsic non-layered crystal structure and

inaccessible reactivity-matching of multiple reaction precursors, which will seriously impede the much

deeper research progress on their properties and applications. Herein, non-layered 2D CuGaSe; plates

possessing high crystallinity, and uniform size and morphology have been first synthesized by a feasible
cation exchange strategy. Because the fabrication of 2D CuGaSe, crystals is rarely reported, a particular
highlight is laid on the compositional analysis, structural characterization, and formation mechanism.

Furthermore, the optical absorption and optoelectronic measurements reveal that the as-synthesized
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CuGaSe; plates exhibit high light harvesting capacity and excellent photoelectric performance. This

study opens up a new avenue for the feasible fabrication of non-layered CuGaSe, plates possessing
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1. Introduction

Since the first successful synthesis of graphene in 2004,* two-
dimensional (2D) materials have aroused the great interest
and enthusiasm of researchers owing to their high specific
surface area, unique electronic structure and excellent physical
and chemical properties.>* Generally, 2D materials can be
divided into layered and non-layered types according to their
crystal structures. Despite the fact that previous work mainly
focused on 2D materials with a layered crystal structure, the
research on 2D non-layered materials has gradually attracted
extensive attention.>” Importantly, the emergence and devel-
opment of 2D non-layered semiconductor structures plays
a vital role in broadening and deepening the fundamental
investigation on 2D materials, which also exhibit intriguing
structure- and composition-dependent physicochemical prop-
erties and advanced applications.>*® Compared with layered
materials, non-layered 2D crystals feature abundant dangling
bonds on the surface and intrinsic crystal distortion that render
them specially promising applications in solar energy
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a high-quality crystalline structure and provides a promising candidate for the development of novel
solar energy conversion and storage devices.

conversion and storage, such as photovoltaic cells, optoelec-
tronic detection, and photocatalytic fields.**** Solar energy,
featuring its universality, inexhaustibility, environmental
benignity and high capacity, is identified as the most promising
option for renewable energy. Accordingly, developing advanced
materials to efficiently convert solar energy into chemical and/
or electronic energy is attracting great research interest. In
particular, 2D semiconductor materials originating from their
unique physical, electronic, and structural properties have been
intensively investigated for application in electronic and opto-
electronic devices.® To date, considerable efforts have been
made to achieve the anisotropic growth on non-layered mate-
rials.® However, the most studies of these 2D structures have
largely limited to binary compounds, such as CdX (X = S, Se,
Te)*** and PbX (X = S, Se)."” In addition, further applications of
these materials are severely restricted by the inherent toxicity of
Cd and Pb. Strikingly, as the potential alternatives to the CdX or
PbX crystals, copper-based chalcogenide compounds have
spawned growing interest and research owing to their prom-
ising applications in optoelectronic devices.'®?® Therefore,
rational design a facile approach for the controllable fabrication
of 2D non-layered semiconductor materials with appropriate
bandgap energy, low toxicity and high light absorption coeffi-
cient is of great significance for improving conversion of solar
energy into chemical and/or electronic energy.
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Currently, accumulating evidences demonstrate that copper-
based ternary I-1II-VI, (I = Cu; III = Ga, In; VI = S, Se, Te)
chalcogenide semiconductor materials have received a great
deal of attention due to their distinct composition and
structure-tunable properties and extensive applications.**"** For
instance, Wang et al. reported a hot injection method for the
preparation of monodispersed wurtzite structure CulnSe,
nanocrystals with uniform hexagonal shape as well as their high
performance in optoelectronic application.*” Xia et al. demon-
strated a solvothermal synthesis technique to prepare CulnS,
quantum dots and studied their size-dependent optical prop-
erties.** Among these I-I1I-VI, materials, CuGaSe, as a typical p-
type semiconductor possesses an appropriate bandgap and
high light absorption coefficient, which makes it as an ideal
effective light-absorbing material in optoelectronic and photo-
voltaic applications.*®***¢ Over the past several years, tremen-
dous endeavors have been devoted to develop synthetic
strategies for controllable preparation of CuGaSe, materials,
and significant advances have been achieved. For example,
Tang et al. prepared CuGaSe, nanocrystals using a hot injection
method.* Feng et al. developed a solid-state reaction to
synthesize = CuGaSe, nanocrystals."®* Nevertheless, the
morphology of the as-prepared CuGaSe, materials is mostly
restricted in the form of nanoparticles, which may heavily
hamper their potential applications in optoelectronic devices.
In sharp contrast to the synthesis of binary chalcogenides, there
is still a big challenge to control the composition, shape, and
crystal phase of ternary nanocrystals due to the difficult to
balance the reactivity of three different precursors to favor the
formation of ternary compound and restrain binary by-prod-
ucts.>*” To date, the controllable preparation of 2D CuGaSe,
crystals through wet-chemical methods is still in its infancy.
Especially, tetragonal phase 2D CuGaSe, structures with high
crystalline quality and uniform size have rarely been reported.*®
Consequently, exploring and developing a feasible synthesis
method for controlled preparation of tetragonal phase 2D
CuGaSe, materials is urgently needed, which will further
deepen the understanding of the growth mechanism and
promote comprehensive applications of 2D non-layered
materials.

Cation exchange reactions, in which involve replacing
cations of a parent crystalline structure with diverse metal
ions.**?* Cation exchange method has been demonstrated to be
an extremely efficient strategy in the colloid synthesis of semi-
conductor materials with unique composition, morphology,
and crystal structure that are difficult to be achieved by simple
direct growth methods.**** For example, Berends et al. synthe-
sized CulnSe, quantum dots, nanoplatelets, and nanosheets by
partial indium-cation exchange into Cu,_ ,Se nanocrystals.*
Wang et al. reported the successful conversion of layered SnS,
into nonlayered 2D Cu,SnS; nanosheets via cation exchange.*®
Ramirez et al. demonstrated a morphology transformation from
Cu,_,Se nanoparticles to CuzSbSe; nanoplates by cation
exchange reactions.*® Such convincing evidences indicate that
cation exchange reaction may offer an effective approach for the
preparation of tetragonal phase 2D CuGaSe, structures.
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In this work, we demonstrate for the first time a partial
cation exchange strategy to prepare tetragonal phase 2D
CuGasSe, plates. Firstly, Cu,_,Se plates are synthesized via a hot-
injection method. Subsequently, Ga** ions are incorporated
into the Cu,_,Se crystal lattice via the partial replacement of
Cu’ by Ga®". The shape and size of the parent Cu,_,Se without
obvious change is retained in resulting CuGaSe, crystals. The
phase purity of the synthesized CuGaSe, plates can be regulated
by varying the initial precursor Ga : Cu ratio. On the basis of
systematic analysis by several characterization techniques,
a possible formation mechanism of CuGaSe, plates has been
proposed. Moreover, optoelectronic measurements confirm
that a photodetector based on the CuGaSe, plates exhibits
excellent sensitivity and stability.

2. Experimental section
2.1 Materials

Gallium (m) acetylacetonate (Ga(acac)s, 99.99%) and diphenyl
diselenide (Ph,Se,, 98%) were purchased from Alfa Aesar.
Octadecene (ODE, 90%) and oleylamine (OAm, 70%) were
ordered from Sigma-Aldrich. Oleic acid (OA), anhydrous copper
chloride (CuCl), absolute ethanol, and toluene were purchased
from Sinopharm Chemical Reagent Ltd., China. All chemicals
were used directly without further purification.

2.2 Preparation of Se-ODE and Ga-OAm precursors

The Se-ODE precursor solution was prepared by addition of
0.0624 g of Ph,Se, (0.2 mmol) to 1.0 mL of ODE, followed by
heating to 70 °C, yielding a transparent orange liquid.*” The Ga-
OAm precursor solution was prepared in a nitrogen atmo-
sphere, by dissolving 0.3670 g of Ga(acac); (1.0 mmol) in
10.0 mL OAm in a three-neck flask under magnetic stirring,
followed by heating to 120 °C for 60 min until the Ga(acac);
absolutely dissolved.*®

2.3 Synthesis of the two-dimensional CuGaSe, plates

CuGaSe, plates were prepared according to our previously re-
ported method with a slight modification.” In a typical
synthesis procedure, 0.0099 g of CuCl (0.10 mmol) together with
0.2 mL of OAm, 0.2 mL of OA and 6.0 mL of ODE were brought
into a three-neck round-bottom flask (100 mL) at room
temperature. In order to eliminate dissolved oxygen, adventi-
tious water and other low-boiling-point impurities, the mixture
was first heated to 130 °C and maintained for 30 min under
nitrogen atmosphere and constant stirring. After that, the
reaction mixture was further heated to 230 °C. At this point, the
Se-ODE precursor solution was transferred into a syringe
equipped with a large needle and injected quickly into the flask
at 230 °C and kept at the temperature for 10 min. Subsequently,
2.0 mL Ga-OAm precursor solution was immediately injected
into the above solution and the reaction mixture was further
raised to 255 °C and maintained for 90 min with continuous
stirring. After the reaction was complete, the resulting solution
was allowed to cool to room temperature naturally. The as-

synthesized product was collected by centrifugation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(9000 rpm, 3 min) and washed several times with absolute
ethanol and toluene.

2.4 Characterization

The as-prepared samples were characterized by X-ray diffraction
(XRD) performed on a Philips X'pert PRO X-ray diffractometer
(Cu Ka, 2 = 1.54182 A). The morphologies of the samples were
examined using a Scanning Electron Microscopy (SEM, JSM-
6700F). The high resolution transmission electron microscopy
(HRTEM), selected area electron diffraction (SAED) patterns,
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), and corresponding energy-
dispersive X-ray spectroscope (EDX) mapping analyses were
performed on a JEOL JEM-ARF200F TEM/STEM with a spherical
aberration corrector. Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) analysis was performed on
a PerkinElmer Model Optima 3000DV to quantify the copper,
gallium, and selenium content of the resulting crystals. X-ray
Photoelectron Spectroscopy (XPS) was performed using an
ESCALAB MK II with Mg Ka as the excitation source. The
ultraviolet-visible-near infrared (UV-vis-NIR) absorption spectra
were recorded on a spectrophotometer (Shimadzu Solidspec-
3700DUV) at room temperature. The samples were prepared
by dispersing the plates in toluene. Thermogravimetric analysis
(TGA) was performed on a STA-449-F3 thermal analyzer
(NETZSCH Corporation) with a heating rate of 10 °C min™" in
flowing argon. Current-voltage (I-V) characteristics of the
devices were recorded with a two-probe method using an elec-
trochemical station (CHI660e) and xenon lamp (PLS-SXE300)
was selected as a white light source.

3. Results and discussion
3.1 Characterizations of the CuGaSe, plates

The typical CuGaSe, plates have been synthesized by means of
a cation exchange method. The method consists of a sequential
two-step strategy, i.e., starting from the as-synthesized Cu,_,Se
plates followed by the incorporation of Ga** via an in situ cation
exchange reaction, leading to homogeneous CuGaSe, plates.
The structure, morphology, and composition of the as-obtained
CuGaSe, plates are comprehensively characterized by various
techniques. As shown in Fig. 1a, the crystal structure of the as-
prepared CuGasSe, plates is characterized by the powder XRD.
The major specific diffraction peaks at 27.7°, 45.7°, 46.1°, 54.2°,
and 55.0° can be respectively indexed to the (112), (220), (204),
(312), and (116) planes of the tetragonal chalcopyrite phase of
CuGaSe, (JCPDS no. 31-0456).*® The none-existence of any
observable impurity peak and peak splitting can confirm the
absence of the chance of the phase separation during the
synthesis of CuGaSe, plates. Meanwhile, the presence of strong
and sharp diffraction peaks verifies the highly crystalline nature
of the resulting CuGaSe, plates. The morphology of CuGaSe,
crystals is examined by SEM measurement. As displayed in
Fig. 1b, it can be seen that the as-synthesized CuGaSe, crystals
are roughly hexagonal structure. The thickness and edge length
of the CuGaSe, plates are around 45.3 + 2.3 nm and 328.1 +

© 2021 The Author(s). Published by the Royal Society of Chemistry
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17.6 nm (Fig. S1 of the ESIf), respectively. HRTEM, SAED, and
EDX are performed to investigate the crystal microstructure and
composition of the resultant CuGaSe, plates. As shown in
Fig. 1c, the lattice fringes can be clearly observed, uncovering
the well-defined single-crystalline structure. Moreover, the
detected interplanar distances of the CuGaSe, plates are 0.32
and 0.20 nm, which can be assigned to the (112) and (2—20)
lattice planes of tetragonal phase CuGaSe,,"®*® respectively. For
the corresponding SAED pattern depicted in Fig. 1d, the
observed regular symmetric diffractions can also demonstrate
that the as-prepared CuGaSe, plates possess good crystallinity.
In addition, the elemental composition of CuGaSe, plates is
determined by EDX. As detected in Fig. S2,T the corresponding
Cu : Ga : Se atomic ratio is close to 1 : 1 : 2, which is consistent
with the ICP-AES analysis (Table S1 of the ESIT). All of the above
measurement results confirm that as-prepared CuGaSe, plates
are of high purity and good crystalline structure.

In order to further verify the structure and composition of
the CuGaSe, plates, STEM-EDX analysis was conducted. As
shown in Fig. 2a, STEM image demonstrates a good consistent
with the SEM observation, in which the prepared CuGaSe,
plates are of approximately hexagonal morphology. As shown in
Fig. S2 of the ESIL,{ the EDX measurement confirms that the
resulting products are composed of Cu, Ga, and Se elements.
The atomic ratio of Cu : Ga : Se is close to 1 : 1 : 2, which is well
consistent with the stoichiometric ratio of CuGaSe,. In addi-
tion, as shown in Fig. 2b-d, STEM-EDX elemental mapping of
the as-synthesized CuGaSe, plates further reveals that three
elements are homogeneously distributed in the plates.

X-ray photoelectron spectroscopy (XPS) has been performed
to investigate the chemical state and elemental composition of
the synthesized CuGaSe, plates. As illustrated in Fig. 3a, the XPS
survey spectrum uncovers the existence of Cu, Ga, Se, C, and O
in the resulting CuGaSe, plates. As shown in Fig. 3b the copper
high-resolution XPS spectrum, two characteristic peaks of Cu
2ps» and Cu 2py/, locating at 931.5 and 951.3 eV with a peak
splitting of 19.8 eV demonstrate the presence of Cu(i) in the
CuGaSe, plates.** The gallium high-resolution XPS spectrum in
Fig. 3c exhibits two peaks at 1143.6 and 1116.7 eV correspond-
ing to Ga 2p4,, and Ga 2p3,,>>* respectively, suggesting that the
chemical state of the Ga in the composite is +3. In Fig. 3d the
high-resolution XPS spectrum of Se 3d, the two peaks of 53.2
and 54.1 eV are assigned to Se 3ds,, and Se 3d;),, respectively,
indicating the —2 oxidation state of Se in the as-prepared
CuGaSe, plates.** Consequently, XPS results further verify that
CuGaSe, plates without any other impurities have been
successfully prepared.

3.2 Formation mechanism of the CuGaSe, plates

To gain a further insight into the formation mechanism of the
as-prepared CuGaSe, plates, the products of different reaction
stages before and after gallium precursor injection have been
carefully investigated. Firstly, we will analyze the results of
reaction system before injecting gallium precursor. In the first
step, the crystal structure, chemical composition, and
morphology of the resulting crystals after injecting selenium

RSC Adv, 2021, 11, 3673-3680 | 3675
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Fig. 1

Fig.2 (a) HAADF-STEM image of the as-prepared CuGaSe; plates and
the corresponding STEM-EDX elemental mappings for (b) Cu, (c) Ga
and (d) Se, respectively. The scale bar is 1 um.

precursor at 230 °C for 10 min (Experimental section for details)
are characterized by several techniques. The SEM image in
Fig. 4 depicts the synthesized crystals are of fairly uniform
plates. The thickness and edge length of the plates are around
43.8 £+ 2.9 nm and 320.5 + 15.8 nm (Fig. S37), respectively. As
seen in Fig. S4,t the interplanar distance of 0.33 nm can be well
indexed to the (111) lattice space of the cubic Cu,_,Se.”® The
crystal phase of the resulting product is characterized by XRD.
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(@) XRD pattern along with standard JCPDS no. 31-0456 for reference and (b) SEM image of the as-synthesized CuGaSe; plates. (c) HRTEM
image and (d) the corresponding SAED pattern of the CuGaSe; plates.

As shown in Fig. 5a, the emerged diffraction peaks at 27.0°,
31.3°,44.8°,53.1°, 65.2°, and 71.9° can be assigned to the (111),
(200), (220), (311), (400), and (331) planes of the cubic phase of
Cu,_,Se (JCPDS no. 06-0680),”® respectively. Furthermore, EDX
analysis in Fig. 5b demonstrates that as-prepared Cu,_,Se
crystals have Cu deficient stoichiometry with the Cu : Se ratio of
1.85 : 1. Strikingly, slightly Cu-deficient composition of Cu,_,Se
crystals is favorable for cation exchange reactions.*® XPS anal-
ysis is conducted to probe surface chemistry of prepared
Cu,_,Se plates. For the high-resolution XPS spectrum of Cu 2p
in Fig. 5c, the peaks at 932.0 (2ps») and 951.8 eV (2pi/2)
demonstrate the presence of Cu'.”” Fig. 5d displays the high-
resolution XPS spectrum of Se 3d, where the peaks at 53.8
(3dss,) and 54.3 (3d35,) eV indicate the (—2) oxidation state of
Se.*® Overall, these experimental results can verify the formation
of cubic Cu,_,Se plates prior to the injection of gallium
precursor.

The synthesized Cu,_,Se plates remained in the crude
solution for the following cation exchange reaction toward
CuGaSe, plates. Generally, high temperature is favorable to
impel the proceeding of cation exchange reactions for the
synthesis of Ga-containing nanomaterials.”® In addition, it is
worth noting that molar ratio of precursors is judiciously
controlled since it has a significant effect on the phase purity of
the resulting product. We raise the reaction temperature to
255 °C after injecting gallium precursor. The XRD character-
izations have been employed to monitor the phase evolution of
the resulting products obtained from various Ga : Cu precursor
molar ratios during the process of cation exchange reactions. As
shown in Fig. 6a and b, a group of XRD patterns reveal that the
initial cubic phase Cu,_,Se has partially transformed into

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS spectra of the as-prepared CuGaSe; plates. (a) Survey spectrum, (b) Cu 2p core level spectrum, (c) Ga 2p core level spectrum, and (d)

Se 3d core level spectrum.

Fig.4 SEM image of the sample synthesized at 230 °C for 10 min after
Se-precursor injection.

tetragonal phase CuGaSe, when the Ga : Cu ratio changes from
0:1to1:1.Further increase of the Ga: Curatioupto 1.5 : 1in
Fig. 6¢ results in the enhancement of the representative
diffraction peaks at 27.7°, 46.1°, and 54.2°, which can be
indexed to the (112), (220)/(204), and (312)/(116) planes of the
tetragonal chalcopyrite phase of CuGaSe,. Meanwhile the
fading of the main characteristic peaks at 27.0°, 44.8°, and 53.1°
matched with the (111), (220), and (311) planes of cubic
Cu,_,Se. Finally, as present in Fig. 6d, a pure tetragonal struc-
ture of CuGaSe, plates with nearly hexagonal shape is success-
fully achieved when the Ga: Cu ratio increases to 2: 1. It is
demonstrated that CuGaSe, plates with desired stoichiometric
combination can be obtained by suitable adjustment of molar
precursor ratios.

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.3 Optical and optoelectronic properties of the CuGaSe,
plates

To prove the ability of the optoelectronic device application of
the CuGaSe, plates, UV-vis-NIR absorption spectra are
measured to investigate the optical properties. As depicted in
Fig. 7a, an obvious comparison in absorption curves can be
observed between Cu,_,Se and CuGaSe, crystals. The spectral
response curve of initial Cu,_,Se plates exhibits two stages. For
the ranges within 800 nm, they should be induced by excitonic
or interband transitions. However, the range beyond 800 nm,
they should be caused by localized surface plasmon resonance
(LSPR). Remarkably, a distinct LSPR of Cu,_,Se plates in the
NIR region arising from the copper-defect-induced free carriers
is thoroughly restrained after the partial replacement of Cu"
with Ga®" via cation exchange reactions. Such results of UV-vis-
NIR absorption demonstrate another evidence of the successful
transformation from Cu,_,Se to CuGaSe,. Meanwhile, the as-
synthesized CuGaSe, plates demonstrate a stronger absorp-
tion in visible light region. On the base of absorption spectra,
the direct optical bandgap energy of CuGaSe, plates in Fig. 7b is
determined by extrapolation of the linear region of the Tauc plot
to the photon energy. As a result, the calculated bandgap is 1.61
+ 0.003 eV (Fig. S51), which is in well consistent with the
literature report.** Moreover, we have investigated the thermal
stability of the resulting CuGaSe, plates. According to TG
analysis in Fig. S6,T the small amount of weight loss over the
temperature range from 100 to 380 °C may be attributed to the
removal of absorbed water molecules and some organic
compounds on the materials' surface. With the increase of the
temperature, up to about 530 °C, the CuGaSe, plates will be

RSC Adv, 2021, 11, 3673-3680 | 3677
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Fig. 6 XRD patterns of the samples synthesized with different
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15, (d) Ga: Cu = 2.

further decomposed. Based on the above results of TGA, we
suggest that the synthesized CuGaSe, plates have good thermal
stability.

Based on the above results of absorption spectra, the
synthesized CuGaSe, plates are expected as promising light-
harvesting materials for optoelectronic applications. To
further evaluate the potential application of CuGaSe, plates in
optoelectronics, a photodetector is constructed by drop-casting
a concentrated toluene solution of CuGaSe, plates onto glass
substrate and employed two adjacent ITO film as conductive
electrodes.® A xenon lamp is utilized as a white light source by
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equipped with a cutoff filter of 400 nm, which can afford visible
light ranging from 400 to 780 nm.

Fig. 7c shows the current-voltage (I-V) curves of the CuGaSe,
plates photodetector measured in the dark and under light
illumination at a bias of 1.0 V, respectively. The linear curves
demonstrate good ohmic contacts between the ITO electrodes
and CuGaSe, plates. In addition, it is obviously observed that
the current under light illumination is higher than that in the
case of dark. The stability and responsivity are also identified as
key factors to assess the property of a photodetector. For
purpose of exploring the stability and responsivity of the
CuGaSe,-based photodetector, the time-dependent current
response has been conducted under illumination with light
intensity of 6.5 mW cm ™ at a voltage of 1.0 V. Fig. 7d exhibits
the photocurrents of the device during repetitive switching of
light illumination, or on/off switching. The photocurrent
increases and decreases as a response to the periodically
switching on and off operation for a duration of 50 s, exhibiting
high sensitivity. Furthermore, the photocurrent can still be
changed by periodically turning on and off the light even
though after a number of cycles. Such results indicate that the
photodetector based on the CuGaSe, plates has an excellent
stability and repeatability.

4. Conclusions

In summary, we have first demonstrated a cation exchange
method to prepare non-layered tetragonal phase 2D CuGaSe,
plates. Starting from the synthesis of Cu, ,Se plates, a subse-
quent cation exchange with Ga®" results in the formation of
CuGaSe, plates while retaining their original shape and size.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) UV-vis-NIR absorption spectra of Cu,_,Se and CuGaSe; plates dispersed in toluene. (b) The linear extrapolations of plots of (ahv)? vs.
photon energy. (c) Current versus voltage curves of the CuGaSe, plates measured in dark and under xenon lamp illumination with a power
intensity of 6.5 MW cm™2, and (d) current versus time curves during ON and OFF cycles.

The phase purity of CuGaSe, plates can be controlled by regu-
lating the initial precursor ratio. Furthermore, we also reveal
that CuGaSe, plates have promising potential application in
photoelectric conversion. Expectedly, the present synthetic
methodology of CuGaSe, plates can also be extended for the
preparation of other 2D materials from non-layered structures
to further explore the physicochemical properties and advanced
applications.
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