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Two-dimensional (2D) semiconductor nanocrystals display unconventional physical and opto-electronic
properties due to their ultrathin and unique electronic structures. Since the success of Cd-based photoe-
missive nanocrystals, the development of sustainable and low-cost nanocrystals with enhanced electronic
and physical properties has become a central research theme. In this context, copper-based semi-
conductor 2D nanocrystals, the cost-effective and eco-friendly alternative, exhibit unique plasmonic
resonance, transport properties, and high ionic conductivity beneficial for sensing, energy storage, con-
version, and catalytic applications. This review summarizes recent progress in the colloidal synthesis,
growth mechanisms, properties, and applications of 2D copper-based nanostructures with tunable com-
positions, dimensions, and crystal phases. We highlight the growth mechanisms concerning their shape
evolution in two dimensions. We analyse the effectiveness of cation exchange as a tool to synthesize mul-
tinary nanocrystals. Based on the preparation of Cu-based chalcogenide and non-chalcogenide compo-
sitions, we discuss synthesis control achieved via colloidal approaches to allow dimension tunability,
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phase engineering, and plasmonic and thermoelectric property optimization. Furthermore, their potential
in various applications of catalysis, energy storage, and sensing is reviewed. Finally, we address the current
challenges associated with 2D Cu-based nanocrystal development and provide an outlook pertaining to

rsc.li/nanoscale unexplored research areas.
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1. Introduction
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The advances in colloidal synthesis approaches over the past
decade have resulted in unprecedented synthesis control over
several solution-processed two-dimensional (2D) nanocrystals
(NCs), with layered and non-layered structures, that display
extraordinary physical and optoelectronic properties.’”® In the
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layered structures, each monolayer with a covalently bonded
atomic arrangement is vertically stacked together via the weak
van der Waals (vdW) force. Using colloidal approaches, a range
of layered transition metal chalcogenides of ME, (M = Mo, W,
Zr, Hf), SnS, GeS, InS, and GaS have been successfully
synthesised."*°** Controlling the 2D thickness of these nano-
structures resulted in high mechanical stability, optical trans-
parency, the transition of indirect to direct bandgap, and
stabilisation of metastable phases. The non-layered structures
possess covalent bonds in three dimensions. For non-layered
NCs, the 2D nature is defined by strong electron-hole confine-
ment in one dimension or by growth limitation in one of the
directions. Quantum confinement resulting from controlling
the thickness below the Bohr radius leads to several exciting
optoelectronic properties such as sharp emissions, large laser
threshold, enhanced oscillator strength, fast exciton dynamics,
etc. Colloidal nanosheets, nanobelts, or rectangular nanoplate-

Nanoscale, 2022, 14, 2885-2914 | 2885


www.rsc.li/nanoscale
http://orcid.org/0000-0002-6002-7753
http://orcid.org/0000-0002-0339-109X
http://orcid.org/0000-0001-8607-8383
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr06990j&domain=pdf&date_stamp=2022-02-23
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr06990j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014008

Open Access Article. Published on 27 January 2022. Downloaded on 06/07/2024 10:25:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

lets of CdE, ZnE, PbS, PbSe, HgSe, and HgTe are among the
most explored systems in this category.®'372¢

The sustainability and toxicity issues associated with heavy
elements constituting a significant portion of nanomaterials
(e.g. Cd and Pb) have shifted the current research focus
towards cost-effective and eco-friendly NCs with a 2D mor-
phology such as copper chalcogenides, copper phosphide
(Cuz_4P), and metallic alloys.*'® Owing to their high electron
conductivity and thickness controlled optoelectronic pro-
perties, they have found applications in thermoelectrics,
alkali-ion battery, sensing, etc.>’ ' These NCs with a 2D mor-
phology also exhibit a high surface area for efficient catalysis
and further allow the manipulation of plasmonic properties by
doping, defect engineering, or heterostructure formation.*?
For the semiconductor and metallic NCs that do not display
quantum confinement, the 2D shape is largely defined by the
morphological appearance in the form of discs, plates, or
sheets (Scheme 1a). The nanocrystals with high symmetry,
such as hexagonal, are more inclined to form hexagonal and
triangular plates, or discs, and NCs with cubic or ortho-
rhombic crystal structures tend to form platelets. In terms of
quantum confinement, nanosheets display strong out of plane
confinement and zero in-plane confinement as the length and
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position of Cu-based 2D NCs.
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width of nanosheets are at least 20 times larger than the
thickness,®>' whereas nanoplatelets display weak electron con-
finement along the width and length.” Likewise, nanodiscs
and nanoplates exhibit weak in-plane electron confinement.
For nanoplates and nanodiscs confinement along the vertical
direction can range from weak to strong depending on the
thickness. The least passivated narrow edges of these 2D NCs
are often critical for active species binding during electro-
chemical reactions.

The emerging ternary alkali metal (Cs, Rb) copper halides
that display strong electron-phonon coupling and structural
distortion upon photoexcitation result in deeply self-trapped
emission.**** Given their photoluminescence properties, they
are applied in blue LED fabrication. Moreover, they are also
predicted as phonon glass electron crystals with a thermoelec-
tric figure of merit ~ 2.6.%° In addition, the high ionic mobility
of Cu’ in a Cu-based NC lattice benefits foreign cation substi-
tution forming multinary NCs, which is not feasible for most
other 2D NCs.***” These Cu-based NCs can possess both
layered and non-layered structures. For example, in ortho-
rhombic CuSbS, each layer of interconnected CuS; and SbS,
chains weakly interacts via the vdW force.”” Interestingly, a
layered copper sulphide that exhibits temperature-dependent

2D morphologies

nanoplate nanosheet

Cu

Copper

(a) Possible morphologies of colloidal 2D NCs where charge carriers are confined within a plane but can move along the plane; (b) com-
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photoluminescence exists constituting monolayers of two
(Cu-S),, chains interconnected by Cu-Cu bonds, and where
each layer is interconnected by alkanethiol.*® Given the signifi-
cant advancement of synthesis control and applicability of the
colloidal Cu-based 2D NCs that have been achieved to date, it
is timely to review the progress made, challenges remaining,
and future outlook.

The present review aims at providing an overview of the
multifaceted advancements that have emerged in the growth
mechanism, synthesis, properties, and application of colloidal
2D Cu based NCs. First, we briefly discuss the various compo-
sitions of 2D Cu based NCs achieved using -colloidal
approaches. We discuss the growth mechanism of these NCs,
highlighting the effect of ligand passivation, the effect of alka-
nethiol and halide anions in copper chalcogenide formation
and cation exchange for multi-elemental NC formation. This is
followed by the discussion on synthesis and growth para-
meters, with a specific focus on copper-based chalcogenides,
copper phosphides, copper-based halide NCs, and metal NCs.
We describe their plasmonic and thermoelectric properties
and applications in photocatalysis, electrocatalysis, energy
storage, and sensors. We conclude the review with an outlook
of the different synthetic approaches and compositions for 2D
copper based NCs in view of their applications.

2. Colloidal 2D copper based NCs

In recent years, bottom-up approaches have gained promi-
nence in synthetic chemistry, particularly with the advance-
ment of synthetic techniques for producing nanomaterials
with  well-defined  size, morphology, phase, and
characteristics.*>*® So far, bottom-up methods, such as the
physical deposition method and wet chemical synthesis, have
been comprehensively investigated to develop 2D
nanostructures.>*'  In  particular, colloidal  synthesis
approaches have shown significant utility in synthesising solu-
tion processable 2D NCs with the morphology ranging from
nanosheets, nanodiscs to nanoplates.’®**** In a typical col-
loidal synthesis, the organic anions and metal salts or organo-
metallic precursors as metal sources are combined with the
organic solvent with boiling point up to 360 °C under inert
conditions. The heat-up technique and the hot injection
approach are the two ways often used in colloidal systems. The
heat-up technique includes gradually heating the precursors in
the presence of ligands and organic solvents.** In contrast, the
hot injection method induces supersaturation by creating a
temperature gradient between anionic and metal precursors.
The rapid injection of an anionic source into a hot metal pre-
cursor solution in the presence of ligands and organic sol-
vents, or vice versa, starts the nucleation.**® Heat-up synthesis
is beneficial for the gram-scale synthesis of NCs due to its sim-
plicity. However, in the heat-up process, the nucleation and
growth step are not separated well due to the continuous
supply of the monomer with an increment of thermal energy.
The extended monomer saturation stage induces broad size
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distribution, especially for multinary systems. In contrast, hot-
injection induces a supersaturation that accounts for single
burst nucleation providing more control over the shape, size,
and composition.

To date, using colloidal approaches, a number of 2D NCs of
binary and multinary Cu chalcogenides (Cu,_,E, E = S, Se, Te),
binary Cu phosphides (Cu;_,P) and Cu-metal alloys
(Scheme 1b) have been synthesised. The binary Cu,_,S,
Cu,_,Se, Cu,_,Te, and Cu;_,P are the most explored compo-
sitions for 2D morphologies.*”>° The introduction of group III
metals such as In and Ga in the binary Cu chalcogenides
resulted in the second most explored compositions of ternary
CulnS, and CuGaS, and their selenide alternatives in 2D
mrophology.>*~* Here the partial replacement of In for Ga and
S for Se has resulted in quaternary compositions of
Culn,_,Ga,S,, CulnS,,Se,_,, and a more complex composition
of Culn,;_,Ga,S,,Se,_,..>* Introduction of transition metals,
group IV and group V elements into Cu-chalcogenide 2D NCs
resulted in the following compositions of CuSbS,, Cu;SbS;,
Cu;BiS;, Cu,SnS;, Cu,SnSe;, Cu,GeS;, CuFeS,, Cu,SnZnSe,,
Cu,GeZnSe,, etc.*>*”>>"%! More recently, metal halides of Cu
with compositions of Csz;Cu,l5, Cs3Cu,Brs and Rb,CuX; (X =
Cl, Br) have also been synthesised.*>®> Among the metallic Cu
2D NCs seeded growth materialised NCs with PdCu and
PdPtCu compositions.®® Apart from these, many other uncon-
ventional compositions such as Cu;P;_,S, and CsCusS; have
also been achieved using colloidal methods.®*®® All the com-
positional outcomes that are achieved using the colloidal
approach are highlighted in Scheme 1b.

2D NCs of Cu,_,S, Cu,_,Se, Cu;_,P, and Cu,_,Te have been
synthesised using heat-up and hot-injection approaches in
different phases.>**”*8%%%% They are mainly investigated for
their plasmonic and electronic properties. Though initial
approaches for synthesising binary Cu,_,S were solely based
on traditional hot-injection and heat-up techniques, later soft
templates of Cu-thiolates and other amphiphilic ligands were
improvised to achieve NCs with ultrathin thickness. For binary
Cu;_,P, heat up techniques are devised based on the decompo-
sition of organophosphorous compounds such as trioctylphos-
phine, tris(diethylamino)phosphine and triphenyl phosphite.
High temperatures above 300 °C are used for trioctylphosphine
but other precursors could be decomposed below 300 °C.
While the hot-injection synthesis of Cu;_,P requires the injec-
tion of highly reactive precursors such as tris(trimethylsilyl)
phosphine. Among the other semiconductor NCs are multin-
ary CulnS, nanodiscs, nanosheets, CuSbS, nanosheets, and
Cu;BiS; nanoplatelets using heat-up and hot-injection
approaches.”'**°>°%7% Tnitial approaches for synthesising
CulnS, were based on the heat-up of the metal precursor and S
source. But extension of the elemental composition to quatern-
ary by the introduction of Ga and Se required a more con-
trolled hot-injection approach where cation and anion intro-
duction windows can be separated based on the injection
temperature. For group V based NCs, heat up techniques are
based on the decomposition of diethyldithiocarbamate precur-
sors of metals.>>>® Using the cation exchange of Cu,_,S and
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Scheme 2 Literature reports on colloidal 2D Cu-based nanocrystals. Here HI, HU and CE denote hot-injection, heat-up and cation exchange,

respectively.

Cu,_,Se 2D templates several heterostructures and multinary
nanoplates with more complex compositions involving Au, Ag,
Cd, Zn, Hg, Pb, Pd, In, Ga, Fe, Sn, and Ge have also been
achieved in recent times.® The recent addition to the ion
exchange series is the anion exchange of the Cu;_,P template
for the materialisation of CusP;_,S, nanorings.** Alloyed Cu-
based multimetallic NCs such as PtPdCu nanorings have also
been synthesised via Cu®>" introduction of the PtPd template.®?
The milestones achieved in terms of synthesis in this field are
highlighted in Scheme 2.

3. Growth mechanism

Controlling the morphology in two dimensions in the form of
colloidal nanoplates, nanodiscs, or nanosheets is generally
achieved through oriented attachments, soft template-assisted
growth, cation exchange (CE) of 2D templates or due to the
ligand passivation of certain facets and restriction from crystal
symmetry.>*' In oriented attachment/self-organisation, the
energetically under-passivated crystal facets of NCs attach to
form a superstructure assembly which further goes through
recrystallisation to form larger nanocrystals.”'””> However, the
2D morphology will form when the preferential binding of
ligands to the facet perpendicular to the growth facet con-
stricts the assembly in a two-dimensional template. In the
oriented attachment driven growth of 2D nanocrystals,
Schliehe et al describe an egg tray-like assembly of PbS
quantum dots vig attachment of (110) facets where the oleic

2888 | Nanoscale, 2022, 14, 2885-2914

acid bound to the (100) facets formed a bilayer stacking result-
ing in PbS nanosheets.”” The surface energy is a controlling
parameter to decide the shape of NCs in solution. The Gibbs
free energy for an individual NC formation is described as AG
= AGpu + y94, where AGpu = AHpux — TASpun, 7 is the
surface energy per unit area of NCs and A is the total area of
NC. The surface energy (y) contributes significantly to the total
Gibbs free energy for NC formation. The surface energy of indi-
vidual NCs depends on the passivation of certain facets, and
the ligands play a critical role in determining which facets will
grow. Therefore, ligand passivation is regarded as a significant
driving factor for forming anisotropic NCs.” In the case of soft
templated growth, ligands such as OLA and 1-DDT, or an
amphiphilic surfactant such as cetrimonium bromide that dis-
solve the cationic precursors can form lamellar templates
sandwiching the metal cations between the top and bottom
layer alkyl chain coordinated via their functional groups.”* The
stability of such a lamellar structure facilitates metal chalco-
genide formation in the 2D confined framework upon the
introduction of anionic precursors.”*””® Another method, the
cation exchange, which requires topotactic cationic replace-
ment of 2D template NCs to form a new composition, has also
been used to synthesize several multinary 2D NCs from 2D
binary metal chalcogenide templates.”” The formation of an-
isotropic metal nanocrystals proceeds via a slow reduction
process, providing a better chance of overcoming the more
thermodynamically favored reactions toward forming trun-
cated nanocubes due to their intrinsically higher energy com-
pared to other isotropic shapes.”®”® Additionally, the aniso-

This journal is © The Royal Society of Chemistry 2022
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tropic growth of multimetallic metal NCs is vastly influenced
by the nature and shape of the initial seeds.®*" In contrast to
semiconductors, the seeded growth of multi-metallic NCs
initiates via the deposition of foreign cations on the seed and
their subsequent interatomic diffusion forms the alloy. The
following sub-sections will discuss the crucial mechanisms
that drive the growth and 2D morphology evolution in the col-
loidal synthesis of Cu based NCs.

3.1. Effect of ligand passivation

In colloidal synthesis the choice of the ligand is a crucial
factor in directing the shape of NCs during growth. Depending
on the metal-anion framework of the terminating facets, the
polarity of each facet varies; thus, the surface energy is also
different for each facet.**®* The strong binding of the ligand
to certain facets inhibits monomer deposition on those facets
compared to other facets and influences anisotropic growth.
The ligands can be small molecules generated upon precursor
decomposition such as halides, carbonyls, solvents such as
oleylamine (OLA), trioctylphosphine oxide (TOPO), or metal-
ligand complexes.”"®** During the growth of metal NCs with
the cubic crystal phase, CO generated upon metal carbonyl
precursor decomposition binds explicitly with the (111) facet
to inhibit further monomer deposition from forming 2D NCs
enclosed with {111} planes. For example, Yang et al used
Mo(CO)s for generating CO in situ, which influenced the
nanosheet morphology during CuPd NC growth.®®> As another
class of small molecules, halide ions act as surface-active
species that govern the shape of NCs. The halide ions can
influence the anisotropic development of metal nanocrystals
in numerous ways, including modification of the redox poten-
tials of the metal ions, serving as face-specific capping agents,
and/or influencing the degree of metal underpotential depo-
sition at the nanocrystal surface. For example, the presence of
halide ions was shown to control the 2D morphology in hexag-
onal CulnS, and CuGa$, NCs.’*%%%” Liu et al. showed the for-
mation of 2D CuGas, NCs by using GaCl; as the Ga*' source
whereas an identical synthesis involving Ga(acetylacetonate)
[Ga(acac);] formed nanorods.>® The favourable adsorption of
CI” on basal {001} facets of wurtzite CuGaS, influenced the 2D
growth (Fig. 5e and f). Tang et al. demonstrated the influence
of halide ions on the morphology-controlled synthesis of Cu
nanocrystals in the aqueous phase.®® The type of halide ion
(CI7, Br7, I') solely controlled the morphology of nanocrystals
(2D plates, 1D wires, and 3D polyhedral particle). DFT study
showed that the co-adsorption strength of ammonium and
halide ions on Cu(100) compared to Cu(111) was a critical
factor in regulating the shape of the Cu NCs. As a result, the
selective adsorption of halide ions on certain facets of Cu NCs
would contribute to morphological differences.

Coordinating ligands can affect the NC morphology immen-
sely by adsorbing onto partially charged facets. OLA was
shown to passivate the polar (001) facet of wurtzite CuGaS,
NCs inhibiting the growth along the (001) direction promoting
2D growth. For example, Adhikari et al. demonstrated a non-
coordinating solvent in the reaction system formed wurtzite

This journal is © The Royal Society of Chemistry 2022
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CuGa$, nano-tadpoles.”’ In contrast, when a coordinating
solvent OLA was used, flat 2D nano tadpoles were formed.
Similarly, our group observed that using coordinating solvents
such as OLA and TOPO in the reaction system for wurtzite
Culn,_,Ga,(S;_,Se,), synthesis formed nanoplates.”® However,
NCs with intrinsically asymmetric crystal structures such as
klockmannite and covellite crystal phases seldom get affected
by ligand interaction.®® In klockmannite, covellite, one CuE;
unit sandwiched between two CuE, units, comprises a trilayer
interconnected to the another trilayer up and down via di-chal-
cogenide bonds along the vertical axis. For such structures,
new metal-chalcogenide bond formation can only take place
along the linear direction forming 2D NCs.

3.2. Effect of alkanethiol and halide anions on copper
chalcogenide synthesis

According to Pearson’s hard-soft acid-base theory, alka-
nethiols as soft Lewis bases display a strong affinity towards
soft Lewis acidic Cu' cations. This favourable interaction is
responsible for forming columnar or lamellar Cu-thiolate
complexes.*®**?1"% In the lamellar framework, Cu' stays con-
fined between hydrophobic layers of alkanethiols.** The
alkane chain length decides the integrity of the lamellar struc-
ture. In the columnar structure, four Cu' interact with four
alkanethiol forming discs that stack with each other.*® These
polymeric complexes can break down above a certain tempera-
ture e.g., columnar framework of Cu-1-DDT breaks down
beyond 190 °C. The complexes subsequently undergo an iso-
tropic phase transition to form monomers upon thermolysis
of the C-S bond resulting in the isotropic nucleation of pseu-
dospherical NCs. The presence of halide anions can prolong
the tenacity of such Cu'-alkanethiolate complexes up to the
onset of nucleation.*>*"°* van der Stam et al. observed a Cu'-
DDT lamellar structure, which generally melts beyond 150 °C,
but remained intact in the presence of chlorides up to
230 °C."

As a result, the nucleation in the 2D lamellar template
formed thin nanosheets of Cu,_,S (Fig. 1a and b). It was pro-
posed that the presence of Cl™ as a poly coordinated bridging
ligand strengthens the lamellar structure. In another instance,
Zhai et al. observed the effect of chloride ion on the mor-
phology by varying the ratios between Cu(NOj3), and CuCl, pre-
cursors (Fig. 1c).”° Keeping the total copper precursor concen-
tration constant, a lower concentration of CuCl, with respect
to Cu(NOj), (CuCl,/Cu(NOs), = 0.53) materialized 1D nano-
structures whereas a higher concentration of CuCl, (CuCly/
Cu(NO3), = 9) solely formed 2D nanoplates. Similarly, Wu et al.
varied HCI in a reaction system containing Cu(OAc),, TOPO,
and ODE to see a transition from spherical NPs for zero or low
HCI to triangular nanoplates at 2 mmol HCL.?® Apart from the
Cu-halides other metal halides (e.g. SnBr,, SnCl,) have also
been explored to induce a 2D morphology where their pres-
ence instigated 2D templated growth by stabilizing the lamel-
lar complex.”’ Depending on the halide species, the shape of
the NCs can be modulated. In the presence of Br~, mostly hex-
agonal plates or sheets are formed whereas ClI~ predominantly

Nanoscale, 2022, 14, 2885-2914 | 2889
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(a) Schematic of controlling the 2D shape of the Cu,_,S using Cl™ source. The Cl™ stabilized the lamellar Cu-alkanethiolate structure close to

the nucleation stage influencing a 2D templated nucleation; (b) in the absence Cl™ the lamellar structure melts and provides monomers for Cu,_,S
nuclei formation resulting in spheroids. Reproduced from ref. 49 with permission from ACS, copyright 2016; (c) effect of ratio variation between
CuCl, and Cu(NOs), on morphology control of Cu,_,S. Reproduced from ref. 90 with permission from ACS, copyright 2017; (d) effect of SnX4 (X =
Cl, Br) additives on nanoplate formation of Cu,_,S. The Br~ source formed hexagonal plates whereas the Cl™ source produced triangular plates.

Reproduced from ref. 91 with permission from ACS, copyright 2016.

forms triangular shapes (Fig. 1d).™?> In contrast, I” species
which is a soft base does not form any regular shapes. Such
disparity can be attributed to the strong interaction between
Cu' and I~ which hampers the formation of Cu-alkanethio-
late. However, it is unclear if halide anions can affect the 2D
growth of multinary Cu-chalcogenides by forming a soft tem-
plate as nuclei.

3.3. Cation exchange (CE)

The topotactic cationic replacement in 2D Cu,_,S or Se nano-
plates are usually used to materialize multi-elemental NCs
of different compositions in a  two-dimensional
morphology.®>°*°® The high mobility of cations on a rigid
anionic lattice is mostly responsible for creating channels for
cation replacement.’® Sequential cationic incorporation in the
anionic lattice avoids the unnecessary formation of secondary
impurities while keeping the morphology intact. The compo-
sitional outcome mostly depends on the following:

(1) Incoming foreign cation valency and its ability to adapt
the coordination environment of the template lattice.

(2) The vacancy of Cu cations in the template to facilitate
the movement of cations on the rigid anionic lattice.

(3) The presence of mildly reducing soft Lewis base (e.g
alkanethiols, tri-alkyl phosphine) to scavenge Cu' using
favourable soft acid-soft base interaction.

Cu,_,S or Se possesses a rich and diverse phase diagram
having monosulphide (Cu,_,S, x = 0-0.4) and disulphide
anions with tetrahedral and trigonal sites. A ternary combi-
nation involving a divalent cation (Cd**, Zn**, Hg>" etc.) and a

2890 | Nanoscale, 2022, 14, 2885-2914

monovalent cation cannot satisfy the charge balance in tetra-
hedral coordination, thus the divalent cations partially or com-
pletely replace the Cu cation to form heterostructures or a new
binary phase.>®”” Liu et al. outlined the formation of hetero-
structure nanoplates of Cu,S-CdS on a covellite CuS template
by using Cd>" as the foreign cation with 1-DDT. In this study,
1-DDT acted as the Cu’ extractor and reducing agent for CuS
to Cu,S (Fig. 2a).®! In contrast, trivalent cations such as In**
Ga®' can satisfy the charge balance and alloy to form ternary
NCs. Mu et al. demonstrated the formation of thin CulnS,
nanoplates using CE of the djurleite Cu,_,S template where
Cu" and In*' share the tetrahedral coordination site."*
Moreover, with the tetravalent cations (Sn**, Ge**) alloying has
also been possible with templates having trigonal sites along
with the tetrahedral site. One such example is the cation
exchange of CuS nanoplates with Sn*" in the presence of a
mild reducing agent, 1-DDT (Fig. 2b).*” In Cus, two tetrahedral
units of the CuS, sandwich a trigonal CuS; unit to form a
single layer where each layer is connected to the other layer via
a disulphide bond. Here 1-DDT is crucial to reduce the disul-
phide bond to expose holes for cation incorporation.
Additionally, 1-DDT being a soft base scavenged Cu" cations to
create cation vacancies in the lattice. Upon disulphide bond
breakage, Sn*" replaces Cu* from the trigonal site and keeps
the tetrahedral sites intact to form Cu,SnS; nanoplates. In con-
trast, using Sn>" with 1-DDT in the same process generated
SnS. However, in the absence of 1-DDT, Sn** acts as a reducing
agent and reduced the disulphide bond in a two-electron
reduction process converting all the trigonal sites into tetra-

This journal is © The Royal Society of Chemistry 2022
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copyright 2018; (b) illustration of outcomes from CE of the covellite CuS template with Sn>*

and Sn** cations in the presence and absence of dode-

canethiol as the reducing agent; reproduced from ref. 37 with permission from ACS, copyright 2017; (c) schematic of the CE product from CuS using
tri and tetravalent cations. Reproduced from ref. 61 with permission from ACS, copyright 2018; (d) sequential CE of the Cu,_,Se,S;_, template
forming multi-elemental Cu,ZnSnSe,S;_, nanoplates. Reproduced from ref. 96 with permission from ACS, copyright 2014; (e) CE of Ag* on the CuS
template leading to segregated Ag,S formation at the corners of CuS nanoplates. Reproduced from ref. 97 with permission from ACS, copyright

2018.

hedral co-ordination. Upon the two electron-reduction process
of the CugSe covellite unit, two Sn>" entities convert themselves
into Sn*" and incorporate in the tetrahedral sites to form
Kuramite Cu;SnS, nanoplates. Using 1-DDT as the reducing
agent and CuS nanoplates as a template, Liu et al. synthesized
Cu,GeS;, CulnS,, CuGaS,, and CuFeS, nanoplates (Fig. 2¢).”"
Once the coordination restriction relaxes upon the introduc-
tion of a second cation, divalent cation incorporation is facili-
tated to form quaternary or multinary nanoplatelets. Lesnyak
et al. demonstrated the formation of Cu,ZnSnSe,S,_, via a
stepwise cation exchange of Cu,_,Se,S;_, template using TOP
as a soft Lewis base (Fig. 2d).°® Similarly, the compositions of
Cu,ZnSnS,, Cu,ZnGeSe,, Cu,GeSe,S; ), and Cu,ZnGeSeyS,
were also explored via CE.'°“'°* Besides providing uniform
elemental compositions, CE preserves the anionic sublattice
and metal coordination environment in most cases.'®* %
Consequentially, the kinetically trapped phases which are not
accessible via conventional synthesis approaches could also be
materialized. Generally, a template with hexagonal packing of
anions will generate the hcp arrangement of anions in the
resulting product. This leads to the preferred formation of a
wurtzite, monoclinic or rhombohedral crystal phase. Whereas
a cubic (ccp, fec, bee) packing will result in zinc blende, ortho-
rhombic, and tetragonal crystal phases. For example, using the
djurleite Cu;.0,S template which possesses a hexagonal S

This journal is © The Royal Society of Chemistry 2022

packing, CE with In** formed wurtzite CulnS,.>’

Similarly,
using a digenite Cu,_,S template which possesses cubic close
packing (ccp) of S, CE with In** formed zinc blende CulnS,."**
Despite having control over the composition and crystal struc-
and tetra-valent cations, the outcome of CE

with monovalent cations is less clear.'°*'°® Depending on the

ture of di-, tri-,
crystal structure of the template used, the outcome will vary.
For example, Swihart and co-workers observed at a lower Ag"
concentration that Ag,S domains were formed at the corners
of the covellite CuS plate when used as a template (Fig. 2e).””
The high surface energy at the corner lowers the nucleation
barrier, due to which most of the CE starts at the corner and
gradually reaches the core. The disulphide bond in CuS
allowed for the redox reaction and reorganisation that lead to
Ag,S domains to grow further to take a pseudospherical mor-
phology. In contrast, the djurleite Cu, ¢4S template facilitated
the formation of alloyed Ag;CusS, plates. In another instance,
Kim et al. explored the Cu,oS;6 template to materialise segre-
gated Cusz;S16-Ag,S plates which evolve into an Ag,S shell on
Cuz:S;6 plates and later again to segregated Cusz;S;s—AgZ,S
plates upon Pt shell formation on the basal plane.'® They
suggested the transition of Cu,¢S;¢ into Cuz;S;6 and strain in
Ag,S facilitated Ag" migration from the core to shell and again
to the core. It is worth mentioning that once the crystal phase
reaches a stable structure, exchange of cation ceases. However,
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high temperature, high lattice strain, and vast difference
between the anionic lattice of the template and the desired
product can promote reorganisation of the lattice structure
and change the shape of the NCs with metastable structures.
In templated cation exchange, variation in the solvation of
incoming and outgoing ionic species alters the diffusion
rate."™ "% Due to the difference between diffusion rates of
slow incoming foreign cations and fast outgoing host cations,
the host cations deplete and form hollow structures in a
process called the Kirkendall effect.''™''* The nanoscale
Kirkendall effect is well explored for metal oxide and chalco-
genide NCs. For the nanoplate morphologies, when the cation
exchange starts from the edges and the outgoing host cation
replacement is faster than the incoming ionic species incor-
poration rate, voids will form in the 2D templates to generate
biconcave or toroidal shapes. It is worth mentioning that the
nanoscale Kirkendall effect is discernible for a larger template
as CE occurs from the edges in an anisotropic template.
Hence, the diffusion rate at the basal plane will be signifi-
cantly different from edges only when the diameter is very
large. In Cu,_,E templates, Cu' is highly mobile; hence, the
mobility of the incoming cation will be crucial to control the
hollow shape. Mu et al. utilized a Cu,_,S template to form per-
forated CulnS, plates."*® The role of In*" was crucial to control
the Kirkendall effect (Fig. 3a). They suggested the ability to
generate In** upon nucleophilic attack of S*>~ varied as
In(OAc); ~ In(acac); > InCl; > Inl;. Thus, the slow release of
In*" from Inl; creates a significant difference in the diffusion
rate of outgoing fast Cu" and S*~ compared to slower In’"
resulting in nanoplates with holes (Fig. 3b). Similarly, Hong
et al. explored the roxbyte Cu,oS;s template for a hollowing

2892 | Nanoscale, 2022, 14, 2885-2914

desulphurisation process using tri(ethyldiamino)phosphine.®*
A Cu migration process occurs following the desulphurisation
forming Cu;P,_,S, toroidal rings (Fig. 3c). The utilisation of
this concept in 2D materials is fairly new, thus opening
a window to explore new compositions with hollow 2D
morphologies.

4. Colloidal synthesis and key growth
parameters for 2D morphology

In colloidal synthesis, NC formation proceeds in three stages,
(1) decomposition of the precursors and formation of metal
anion complexes. (2) Nucleation of monomers; depending on
the techniques, the nucleation stage can be either continuous
(heat-up) or discrete (hot-injection). For hot-injection, rapid
precursor introduction and a temperature gradient between
precursor mixtures present in the flask and precursor in the
injection induces a supersaturation which leads to a discrete
nucleation stage. (3) Growth from monomer deposition on
nucleated NCs occurs in two stages where the initial stage is
rapid, and the second stage of growth is slow. In the heat-up
approach, the first stage of growth and nucleation overlap. In
hot injection, the rapid deposition of monomers is essential to
terminate nucleation. Here the choice of precursors and
ligands is a crucial factor to avoid the formation of secondary
phases or to induce the formation of beneficial soft templates.
Precursor chemistry can be regulated majorly based on the
hard-soft-acid-base theory initially developed by Pearson.
Based on the tendency to accept (metal source) or donate elec-
tron (ligand), charge on the species, size, and the polarisability

This journal is © The Royal Society of Chemistry 2022
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of the electron cloud, the cations and anions can be cate-
gorised as hard, soft and borderline. For example, metal ions
with high charge, small size, and low polarisability tend to be
hard acids. The anions and cations with a similar nature i.e.
hard-hard or soft-soft tend to show superior interactions than
other combinations, whereas the multifarious role of ligands
has been discussed in the previous sections. Another crucial
factor is temperature. Modulation of the reaction temperature
is a gateway to provide enough energy to control cationic
diffusion and crystal phase transition. The following section
presents the progress made to synthesise 2D copper-based
NCs using colloidal synthesis. We examine their growth
process and how certain factors play a vital role in regulating
morphologies. The focus is on how various reaction factors
such as precursor ratio, ligands classes and their concen-
tration, reaction kinetics, and reaction temperature will alter
the 2D morphologies (Table 1). The section is split into Cu
chalcogenide and non-chalcogenide based 2D NCs. Copper
chalcogenide NCs are further categorized into two sub-sec-
tions: binary copper chalcogenides and multinary copper
chalcogenides (ternary and quaternary). Furthermore, the
section of non-chalcogenide based NCs covers copper phos-
phides, copper-based alkali metal halides and metal-metal
alloys.

4.1. 2D copper based chalcogenides

Cu chalcogenides (S, Se and Te) NCs exhibit a wide range of
compositions and diverse crystal structures.’’ Therefore,
tuning the composition, size and shape is the key to alter their
optoelectronic properties for several applications such as ther-
moelectrics, photovoltaics, catalysis, etc. Over the past decade,
significant control over the morphology and crystal phases was
achieved using colloidal synthesis, including several meta-
stable phases of Cu chalcogenide NCs.**'**14>143 Thig review
section will summarize the synthesis advancements in the 2D
morphology of binary and multinary i.e., ternary and quatern-
ary NCs.

4.1.1. Binary copper chalcogenides. Colloidal binary
copper chalcogenide (Cu,_,E; E = S, Se, and Te) NCs have
gained popularity in recent years due to their unique pro-
perties making them suitable for use in various applications.
The possibility of multiple compositions and crystal structures
can be exploited to tune the size and shape of colloidal Cu,_,E
NCs across an extensive range, allowing for multiple mor-
phologies that are not possible with other binary NCs.

P-Type Cu,_,S is the most studied binary copper chalcogen-
ide due to its inherent Cu vacancies. The binary Cu-S system
has a very rich phase diagram,'** with a wide range of equili-
brium crystal forms having different 2D morphologies.
Copper-rich phases such as chalcocite (Cu,S), djurleite
(Cu31S16 Or Cuyo4S), digenite (CugSs or CuygS), and anilite
(CuyS4 or Cu, 75S) usually form as nanoplates or nanodiscs,
whereas copper-poor phases including covellite (CuS) and vil-
lamaninite (CuS,) exhibit nanosheet-like morphologies. The
availability of different S sources provides further accessibility
for tuning the size and shape of NCs. For instance, Lesyuk

This journal is © The Royal Society of Chemistry 2022
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et al. employed a hot-injection method to synthesise triangular
and hexagonal-like 2D NCs. Altering precursor ratios, reaction
temperature, and time resulted in size and shape change
(Fig. 4a).""® They investigated the effect of the Cu:S precursor
on the shape of nanostructures. With a high Cu to S precursor
ratio, irregular spherical covellite nanodiscs were produced,
which progressively transformed into faceted triangles as the
Cu:S precursor ratio decreased. The thermodynamic growth
mechanism played an important role in the change in mor-
phology. At the start of the reaction with a sufficient supply of
sulfur, the most reactive positions (vertex tips) of the triangular
NCs were formed, promoting the triangular shape of the initial
NCs under kinetic growth. As the reaction proceeds, under
equilibrated monomer supply NCs developed with all six facets
to minimise the system’s surface energy at the expense of
smaller triangles, which gradually dissolve to produce hexag-
onal platelets. Furthermore, the gradual addition of Cu and S
precursors into the reaction system formed nanosheets up to
2 microns. In another instance, Du et al. materialised CuS
nanosheets by reacting sulfur powder and CuCl in the pres-
ence of OLA and octylamine at 95 °C for 18 h.”* The formed
nanosheets were found to have an average plane length of 453
+ 6 nm and thickness of 3.2 + 0.2 nm. The nanosheet for-
mation was attributed to nucleation in a confined lamellar
structure due to the reaction of OLA and octylamine with CuCl
(Fig. 4b). Gao and co-workers illustrated the formation of Sn-
doped ultrathin Cu;;S;6 nanosheets with lateral dimensions
>200 nm by varying the quantity of SnCl, in the reaction
medium.”® The authors proposed that SnCl, can form stable
complexes with dodecanethiol, which acts as surface capping
agents, preferentially adhering to the djurleite’s (100) facets,
resulting in ultrathin 2D nanosheets. Wang et al. reported the
synthesis of Cu,S nanodiscs."'®'*® These nanodiscs were
formed by injecting 1-dodecanethiol (1-DDT) into a heated
solution consisting of copper acetate (CuOAc), tri-octyl phos-
phine oxide (TOPO), and 1-octadecene (ODE). The rise in injec-
tion temperature from 160 to 190 °C increased the size of
nanoparticles from 13.1 + 0.9 nm to 16.9 + 2.3 nm, whereas
monodisperse nanodiscs were obtained with a further increase
in temperature to 200 and 220 °C. Xie and co-workers fabri-
cated anisotropic CuS nanodiscs with low size distribution by
injecting S-OLA solution in a hot colloidal mixture of CuCl,
oleic acid, OLA and 1-ODE.""” In another study, Li et al
revealed that an oriented attachment is critical for the precise
control of the size and shape of Cu,,S NCs.''® At the initial
stage of the reaction, Cu,,S spherical nanoparticles were
formed by injecting di-tert-butyl disulphide (TBDS) into a
heated CuCl, solution. These spherical nanoparticles evolved
further into circular nanodiscs and hexagonal Cu; ¢S nano-
discs with prolonged reaction times (Fig. 4c). Higher tempera-
tures and longer reaction times enhanced the crystallinity and
diameter of the nanodiscs, with minor effects on their thick-
ness, crystallographic phase, and composition. The room
temperature synthesis of CuS nanoplates by multiple injec-
tions of ammonium sulphide into a mixture of CuCl,, OLA,
and toluene was reported by Liu et al.*'° The authors achieved
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Table 1 Synthesis parameters and crystal structures of 2D copper-based compounds
Temperature
Products Method Crystal phase Reactants, ligands, and solvents and duration Ref.
2D-copper-based binary chalcogenides
Copper sulfide
Cu,S nanoprisms and  Hot-injection approach Hexagonal Cul/CuOAc, S, OLA, S 120-150 °C/ 115
nanosheets (covellite) 30 min
CusS nanosheets Hot-injection approach Hexagonal CuCl, S, OLA, octylamine 95°C/18 h 74
(covellite)
Sn doped Cu3;S16 Heat up approach Monoclinic Cu(acac),, n-dodecanethiol, SnCl,-5H,0 200 °C/48 min 93
nanosheets djurleite
Cu,S nanodiscs Hot-injection approach Hexagonal CuOAc, 1-dodecanethiol (1-DDT), 200-220 °C/ 116
tri-n-octylphosphine oxide (TOPO), ODE 5-540 min
CusS nanodiscs Hot-injection approach Hexagonal CuCl, S, OLA, OA, ODE 180 °C/10 min 117
(covellite)
Cu,_,S nanodiscs & Hot-injection approach Monoclinic CuCl,-2H,0, di-tert-butyl disulfide, OLA 180-220 °C/ 118
nanoplates (roxbyite) 10-60 min
CusS nanoplates Hot-injection approach Hexagonal CuCl,-2H,0, ammonium sulfide, OLA 200°C/10sto 119
(covellite) 160 min
Cu,_,S nanoplates Heat up approach Hexagonal CuCl, S, TOPO, OLA 85°C/1h 120
(covellite)
Copper selenide
Cu,_,Se nanosheets &  Hot-injection approach Cubic CuCl, Se powder, 2-ethylhexanoic 250 °C/30 min 121
nanoplates (berzelianite) acid, OLA, paraffin liquid
Cu,_,Se & CuSe Hot-injection approach  Cubic/Cu,_,Se CuCl,-2H,0, Se powder, hydroxylamine 80°C/3 h 122
nanosheets hexagonal/CuSe  hydrochloride, 1-DDT, OLA
CuSe nanoplates Hot-injection approach Hexagonal CuCl, Se, OLA, OA, ODE 300-330 °C/ 68
15 min
Cu,_,Se nanoplates Heat up approach Hexagonal Cu(acac),, Ph,Se,, OLA 220 °C 123
(weissite like)
Cu,_,Se nanodiscs Hot-injection approach Mix phase CuCl, selenourea, OLA 200-240 °C/ 124
10-90 min
Cu,_,Se nanodiscs Hot-injection approach Cubic CuCl,, dimethylimidazoline-2-selenone, 175 °C/10 min 125
OLA, methylene chloride
Copper telluride
CuTe nanoplates Hot-injection approach — CuCl, TOP-Te, LiN(SiMe3),, TOPO, OLA 190 °C/15min 67
Cu,Te nanodiscs Hot-injection approach — Cu(acac),, TOP-Te, C;,SH, OA 180 °C/2 min 126
CuTe nanosheets Heat up approach — Cu(acac),, didodecyl ditelluride, dioctyl ether 155°C/1h 127
2D-copper-based multinary chalcogenides
Cu,_,S,Se;_y nanodiscs  Hot-injection approach  Monoclinic CuCl, Se powder, DDT, OLA, ODE 190°C/1 h 128
CuS,Se;_,, nanoplates Heat up approach Hexagonal Cu(NOs),, S powder, Se powder, ethanol, NaOH 80-95°C/10h 129
CusSbs, rectangular Heat up approach Orthorhombic Cu(diethyldithiocarbamate),, Sb(diethyl- 220°C/1 h 130
nanosheets dithiocarbamate)s;, OLA, 1-DDT
Cu;3SbS; rhombic Heat up approach Monoclinic Cu(diethyldithiocarbamate),(phenanthroline), 220°C/1h 130
nanosheets Sb(diethyldithiocarbamate);, OLA, 1-DDT
CusSbS, nanoplates Hot-injection approach  Orthorhombic Cu(acac),, SbCl;-6H,0, S, OLA 170-280 °C/ 22
10-30 min
CusSbS, nanoplates Hot-injection approach Orthorhombic Cu(OAc),-H,0, SbCl;, S, OLA 190 °C/45 min 55
Cu;BiS; nanoplatelets  Hot-injection approach ~ Orthorhombic Bi(diethyldithiocarbamate);, Cu(diethyl- 220 °C/15 min 56
dithiocarbamate),, OLA, 1DDT
CuFeS, nanoplates Hot-injection approach Tetragonal Cu-oleate, Fe-stearate, S, OLA, ODE 240 °C/1 h 131
Culn$, nanodiscs Heat up approach Hexagonal CuCl, InCl;, thiourea, OLA 240°C/1 h 70
CsCusS; nanoplatelets  Hot-injection approach ~ Orthorhombic Cs,CO3, Cu(acac),, S, OLA, OA 260 °C/15 min 65
Cu,ZnSnS, nanoplates  Hot-injection approach Hexagonal CuCl,-2H,0, SnCl,-5H,0, ZnCl,, DDT, OLA, OA 240 °C/1 h 132
wurtzite
Cu,ZnSnS, nanosheets  Heat-up approach Hexagonal Cu(acac),, Zn(acac),, SnCl,-5H,0, 1-DDT 250 °C/25 min 60
wurtzite
Cu,ZnSnSe, Hot-injection approach Hexagonal Cu(acac),, Zn(Ac),, Sn(Ac),, diphenyl diselenide, 250 °C/15 min 133
nanoplates wurtzite OLA
CuyIn,Gay_(S,Se1_y)s Hot-injection approach Hexagonal Cul, In(acac);, Ga(acac)s, diphenyl diselenide, 175 °C/25 min 54
nanoplates wurtzite TOPO, 1-DDT, OLA, ODE
2D-copper based non-chalcogenides
Copper phosphides
Cu;_,P nanoplates Hot-injection approach Hexagonal Cu NCs solution, TOP, TOPO, OLA 320°C/1h 69
CuzP nanoplates Heat-up approach Hexagonal CuCl, TOP, TOPO, octylamine, OLA 350°C/10sto 23
25 min
Cu;P nanoplatelets Heat up approach Hexagonal CuCl, PH; gas TOP, TOPO, octylamine, OLA 200-230 °C/ 134
15 min
Cu;_,P nanodiscs Hot-injection approach Hexagonal CuCl, (TMS);P, TOP, OLA, ODE 300 °C/10 min 50
Cu;_,P nanodiscs Heat up approach Hexagonal CuCl,, triphenyl phosphite, hexadecylamine, 300 °C 135
ODE, EtOH
Cu;_,P nanoplates Heat up approach Hexagonal CuCl, P(NEt,)3;, OLA, ODE, trioctylamine T¢ = 280 °C 136

2894 | Nanoscale, 2022, 14, 2885-2914

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr06990j

Open Access Article. Published on 27 January 2022. Downloaded on 06/07/2024 10:25:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Review
Table 1 (Contd.)
Temperature
Products Method Crystal phase Reactants, ligands, and solvents and duration Ref.
Ternary Cu-based halides
Cs;Cu,l; nanodiscs Hot-injection approach ~ Orthorhombic Cul, Cs-oleate, OLA, ODE, OA 70-80 °C/30 s 34
Cs;Cu,Brs nanoplates Hot-injection approach  Orthorhombic CuBr, Cs-oleate, OLA, ODE, OA 70-80 °C/30 s 34
Cs;Cu,ls nanoplates Hot-injection approach ~ Orthorhombic Cul, Cs-oleate, OLA, ODE, OA 110 °C/10 s 62
Cs3Cu,Brs nanoplates  Hot-injection approach ~ Orthorhombic CuBr, Cs-carboxylate, ODE, {(hexanoic acid/ 70 °C/25 s 137
& nanodiscs nonylamine) for nanoplates}, {(nonanoic acid/
OLA) for nanodiscs}
Rb,CuX; (X = Cl, Br) Mix-up approach Orthorhombic RDbX (X = Cl, Br), CuX (X = Cl, Br), DMSO, OA, Room 33
toluene temperature
Metallic Cu-based NCs
Cu nanoplate Heat up approach Cubic CuS0,-5H,0, ascorbic acid, CTAB, NaOH, water 85°C/2.5h 138
Cu nanosheet Heat up approach Cubic Cu(NO3),:3H,0, ascorbic acid, CTAB, hexamethyl- 80 °C/3 h 139
enetetramine, water
Cu nanoplate Heat up approach Cubic Cu(OAc),-H,0, poly(vinyl pyrrolidone), DMF, 60 °C/3-4 min 140
hydrazine, water
Cu nanoplate Heat up approach Cubic CuBr,, ascorbic acid, branched polyethyleneimine 90 °C/10 h 88

water

Ni-Cu alloy nanoplates  Heat up approach Defected cubic

PdCu alloy nanosheets  Heat up approach Cubic
Cu-Ag alloy NCs Heat up approach Cubic
a {, - ] Nucleation
Phase 1 A%,
) “high Cuig i
low Cu/S
N\

[ Phase 3
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(a) The shape transformations during the OAm-S based hot-injection copper sulphide synthesis are shown in a scheme, along with methods

to control the shape. Reproduced from ref. 115 with permission from RSC, copyright 2018; (b) schematic illustration of fabrication of ultrathin CuS
nanosheets.”* ©2012 Nature (c) TEM images showing the morphology evolution of Cu,_,S NCs. Reproduced from ref. 118 with permission from

RSC, copyright 2011 ©2011 RSC.

a wide variety of NC sizes by varying the number of
ammonium sulphide injections, ranging from large
nanosheets to smaller nanoparticles. A single ammonium sul-
phide injection resulted in large irregularly shaped plates with
high polydispersity. A series of smaller injections with an
overall constant volume of ammonium sulphide solution
resulted in NCs with decreased average size and low polydis-
persity. Heating the copper precursor and sulfur powder
demonstrated a simple synthesis protocol for the formation of
monodisperse Cu,_,S nanoplates at 85 °C in a solution con-
taining OLA and TOPO."*°

Copper selenide is another notable p-type binary semi-
conductor with potential uses in solar cells, thermoelectric

This journal is © The Royal Society of Chemistry 2022

converters, solar cells, photothermal treatment, and photo-
catalytic activity.*"">* Copper selenide has a range of crystal
structures dictated by stoichiometric and non-stoichiometric
phases. It exhibits a variety of phases, ranging from Cu-
deficient hexagonal klockmannite CuSe to copper-rich belli-
doite cubic Cu,Se. There are few reports on 2-D copper sele-
nide among the various 2-D nanostructures of metal chalco-
genides. Deng et al. synthesised berzelianite Cu,_,Se nano-
plates and nanosheets by injecting Cu(i)-complex precursor
solution into a hot reaction mixture of selenium powder and
paraffin oil.**!
nanosheets with diameters of 1.0-2.5 pm, whereas lower

Higher copper concentrations r