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Abstract. Ultrathin 2D metal sulphide nanostructures have revealed extraordinary properties, applications and thus, the
subject matter of current research. However, synthesis of shape-controlled large-sized (approximately few lms) plates/
sheets are not well known, specifically due to the colloidal synthesis process resulting in the distribution of shape/size.
Here, we report the template-assisted growth of large-sized CuS nanoplates (*0.5–9 lm) by simple wet chemistry, where
the Au microplates serve as a template. The Au microplates act as seed and facilitate the Au-Cu via epitaxial growth of
Cu. Later, the Au-Cu acts as the source of Cu and in presence of aqueous S2-, the CuS hexagons form, however, the edge
of the hexagons are parallel to the Au seed and thus, hinting to be controlled by the seed. Interestingly, the substrate
independent Au-Cu can even provide the platform for the spiral nanoplates, by simply decorating the outer surface of the
Cu with pillar-like features.
Keywords.

1.

Hexagonal plates; template-driven growth; semiconductors; nanoplates; spiral; pillar structure.

Introduction

Successful exfoliation of graphene has articulated immense
interest in the scientific community in search of new 2D
nanostructures with similar interesting optical, electrical
and mechanical properties [1]. These 2D nanostructures
include transition metal dichalcogenides (such as MoS2,
WS2) [2], hexagonal boron nitride (h-BN) [3], metal oxides
(TiO2, ZnO) [4,5], metal chalcogenides (CdS, CdSe, PbS,
Bi2Se3, CuS) [6–11], noble metals (Au, Ag) [12,13] and so
on. The current research interests are directed towards the
synthesis of large flat nano-sheets/-plates to be used as
substrates for electrode materials (in batteries) [14], active
material for field effect transistor [15], template for epitaxial growth of other 2D plates/sheets [16] and so on.
Among the many known synthetic processes, chemical
vapour deposition (CVD), mechanical exfoliation (for layered material), wet chemical synthesis are the most prevalent [17], where the latter possesses easily tunable and
versatile fabrication opportunities for large thin plates. The
as-grown sheets can be used as template for the growth of
other 2D materials resulting in heterojunctions [18] or

This article is part of the Topical Collection: SAMat Focus Issue.

heterostructures for plasmonic applications [19,20] or
photocatalysis [8].
This work is focussed on 2D CuS plates. The wet
chemical synthesis processes of CuS triangular/hexagonal
nanoplates include solvothermal methods [11], soft templating [21], seed-mediated [22] or surfactant-assisted [23]
non-aqueous growth. However, shape-controlled growth of
large 2D CuS nanoplates is yet to be investigated. In this
direction, ultrathin size tunable triangular/hexagonal nanoplates up to 3 lm in lateral length have been fabricated
[24,25]. However, a general and facile route for the synthesis of surfactant-free aqueous synthesis process of welldispersed shape-controlled large plates has not been
validated.
Herein, we report the template driven growth of
micrometres (up to *9 lm) long Au-CuS hexagonal plates
by a simple wet chemistry, where the Au nanoplates serve
as template. The growth could overcome the limiting step
i.e., lattice mismatch, by simply introducing one intermediate step i.e., Au-Cu core–shell structures and followed by
sulphidization resulting in Au-CuS core-shell. The edges of
the plates are parallel to the Au seeds and thereby facilitating the growth up to few lm. Thus, the growth is an
aqueous synthetic process and does not retain any organic
or other impurities. Additionally, the Au-Cu acts as a
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platform with screw dislocations and facilitates spiral CuS
nanoplates, which is, to the best of our knowledge, being
reported for the first time.

2.

Experimental

Chemicals: Hydrogen tetrachloroaurate(III) hydrate
(HAuCl43H2O), tetraoctylammonium bromide (ToABr)
were obtained from Spectrochem, India and copper(II)
suphate pentahydrate (CuSO45H2O), potassium sodium
tartrate tetrahydrate (KNaC4H4O64H2O), sodium hydroxide (NaOH), sodium sulphide anhydrous (Na2S),
formaldehyde (HCHO) and toluene were from S D-Fine
Chem, India, and used without further purification.
Characterization: Scanning electron microscopy (SEM),
energy-dispersive X-ray spectra (EDAX) and back-scattered electrons (BSE) imaging were performed using a
Nova NanoSEM 600 equipment (FEI Co., The Netherlands). TEM measurement was performed with a Technai
instrument operating at 200 kV. XRD measurement was
carried out using a PANalytical instrument (CuKa: 1.5406
Å; scan rate: 1°/3 min). AFM image was captured in tapping mode using a Bruker Innova AFM.
Synthesis of Au crystallites: 1:3 ratios of AuToABr (25
mM) and ToABr (50 mM) were mixed and separated the
organic part (AuToABr). Fifty microlitres of AuToABr and
450 ll of toluene mixed and 30 ll of the precursor dropcoated on Si/glass substrate and thermolysed at 250°C for
30 min. The as-synthesized crystallites were cleaned by
toluene and dried under N2.
Electroless deposition of Cu: Electroless deposition of Cu
was performed by the Cu plating solution, where the latter
is prepared by mixing the solutions of A and B. The solution
A is aqueous solution of 3 g of CuSO45H2O, 14 g potassium sodium tartrate and 4 g of NaOH in 100 ml of distilled
water. Aqueous solution (37.2 wt%) of HCHO is solution B.
Au crystallites were dipped in plating solution and halted at
different time intervals by taking out the sample from the
solution and then, washed with water, ethanol and finally
dried under N2 gas.
Formation of Au-CuS: The as-synthesized Au-Cu crystallites were dipped in freshly prepared Na2S solution (by
dissolving 128 mg in 5 ml distilled water) and kept for
different time intervals. Then, the samples were cleaned
with water and IPA and dried under N2.

3.

Results and discussion

Phase transformation of aqueous Au(III) ions to toluene
medium by the phase transferring agent, tetraoctylammonium
bromide (ToABr), leads to a complex formation, termed
AuToABr. Thermolysis of the AuToABr precursor at 250°C
results in Au microplates [26–29], as schematically shown in
figure 1a. The as-prepared Au crystallites were cleaned with

Figure 1. (a) Schematic representation of Au crystallites synthesis process. (b) SEM image of as-synthesized Au plate.
(c) Schematic representation of electrolessly deposited Cu over
Au crystallites. (d) SEM image and (e) EDAX mapping of the Cudeposited Au crystallites. Scale bar, 500 nm. The contour of the
Au crystallite has been shown in white dotted hexagon. Cyan and
blue colours represent Au M and Cu L signals, respectively (also
see supplementary figure S1). The crystallites are movable and
does not allow to image the same crystallites prior to and after Cu
deposition.

toluene to remove the unreacted precursor and dried under
flowing nitrogen. The crystallites possess single crystalline
{111} orientated anisotropic morphology (see figure 1b) [26].
The crystallites were then immersed in Cu electroless solution
for 10 min, followed by washing with ethanol and drying under
nitrogen, which resulted in the deposition of Cu all over the
microplate (see figure 1c) [30,31]. EDAX mapping of the AuCu crystallites confirm the conformal coating of Cu on the Au
template, resulting in Au-Cu core–shell structure as shown in
figures 1d, e and supplementary figure S1, while retaining the
overall morphology similar. The co-presence of Au and Cu can
be related with a previous report from the laboratory [30], in
which it was shown that the electroless deposition of Cu
favours epitaxial deposition over Au microcrystallites in spite
of high lattice-mismatch (*11.4%), the reason being the
stronger binding energy of Au-Cu. The electroless deposition
in the presence of Au catalyst can be written as follows:
HCHO þ OH ! HCOO þ 1=2H2 þ 2e ;

ð1Þ

CuðIIÞ þ 2e ! Cuð0Þ:

ð2Þ

The as-prepared Au-Cu crystallites were washed with
water, ethanol and dried under nitrogen and were used as Cu
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seed to obtain metal sulphide crystallites. Accordingly, the
Au-Cu crystallites were dipped in Na2S solution (as
schematically represented in figure 2a) for 10 min and
washed with water followed by IPA. Following the Na2S
treatment, nanoplate-like features were seen distributed all
over the substrate, as shown in figure 2b. The magnified
view of a plate in figure 2c shows a bright feature at the
centre surrounding by a hexagonal plate-like morphology,
and such features are seen arranged at different angles
(majorly *0 and 90°) with respect to the Si substrate (see
figure 2b inset and supplementary figure S2). Elemental
mapping of the plate reveals that the nanoplates are made of
Cu and S, whereas the bright feature in the centre is of Au,
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Cu and S (see figure 2d–f). The mapping also unveiled that
the central bright portion consists of Cu deposited over a
much smaller-sized Au (figure 2c), which may be compared
with supplementary figure S1 before Na2S dipping. EDS
line profiles collected from a nanoplate along and across
(supplementary figure S3) also confirm the presence of Au
only at the central region of the brighter part (not the full
region), while the Cu and S were present all through.
Interestingly, the sides of the Au crystallite and the CuS
nanoplate are parallel, hinting the growth to be a templatedriven process, the template being the Au nanoplate crystallite. At an intermediate reaction time (i.e., 5 min Na2S
treatment), the growth is seen in all the directions of the

Figure 2. (a) Schematic representation of Au-CuS nanoplates formation starting from Au-Cu. Treatment of Na2S (for 10 min) on the
Au-Cu crystallites (10 min Cu deposition) results in the Au-CuS nanoplates. (b) SEM image of as-synthesized Au-CuS nanoplates and
in the inset, schematically projected the orientation of the plates. (c) SEM image of a single nanoplate along with the contours of the
pristine Au (yellow dot dashed lines), Cu (orange) and overgrown CuS nanoplate (white) drawn to visualize the relation between them.
(d–f) EDAX mapping of the Au-CuS nanoplate shown in figure c. Scale bar, 1 lm. EDAX mapping confirms the very small Au core
and CuS shell. (g) SEM image of a Au-CuS nanoplate at an intermediate time exhibiting the nanoplates growth process (5 min Na2S
treated). (h) SEM and (i) the corresponding backscattered images of a nanoplate. The backscattered image reveals the core–shell
geometry. The lines in the backscattered image are due to the noise in the detector. (j) SAED pattern collected from the bright feature of
the nanoplate along the zone axis [011] reveals an epitaxial relation between Au and Cu with d-spacings of 2.45 and 2.09 Å,
respectively, for the {111} planes.

323

Page 4 of 7

Bull Mater Sci (2020)43:323

Au-Cu crystallite resulting in an imperfect hexagonal plate
(as shown in figure 2g). Back-scattered electron imaging
confirms the formation of a core–shell structure as shown in
figure 2h, i, where a tiny core made of Au encapsulated
with the Cu shell facilitates the growth of *lm long plates
(evincing three different contrast regions). SAED pattern
collected from the bright feature unveils the epitaxial relation (see figure 2j) of Au and Cu, which is consistent with
our previous observation [30]. The treatment of Na2S to the
Au-Cu crystallites results in CuS nanoplates following the
reaction:
Cuð0Þ þ Na2 S þ 2H2 O ! CuS þ H2 þ 2NaOH:

ð3Þ

EDAX spectrum collected from the Au-CuS crystallites
elucidates the presence of Cu/S *54/45 as in figure 3a.
XRD data collected from the same crystallites in figure 3b
exhibits an anisotropic pattern with a highly intense peak at
*38.16° assignable to Au{111} and the second intense
peak at *32.94° ascribed to the (006) peak of CuS
hexagonal phase (JCPDS card no. 65-0603) with lattice
parameters of a = 3.785 Å, c = 16.297 Å in the space group,
P63/mmc. Thus, the lattice mismatch from the two intense
peaks can be calculated to be *15.23%. The spontaneous
reaction between Cu and S2- allows the formation of CuS,
while the orientation to be dictated by the small Au at the
core. Thus, in spite of huge lattice mismatch, the

heteroepitaxial growth is facilitated, where the key lies with
epitaxial deposition of Cu. Similar anisotropic (006) oriented XRD pattern was observed in 1–2 lm large CuS
triangular/hexagonal plates [25]. By comparing the SEM
and XRD in figures 2c and 3b, one may conclude that the
hexagonal plates are {001} oriented following the Au
crystallites which are {111} oriented. The triangular shape
of Au crystallite is determined by the triangular atomic
arrangement on its fcc (111) facet, which is also true for the
deposited Cu crystallite. For CuS, on the other hand, the
underlying lattice is hexagonal, which gets carried to its
morphology. In addition to the intense (006) peak in XRD,
many small peaks are also seen possibly arising from varied
stoichiometry known for the Cu-S system [32]. HRTEM
image collected from the nanoplate confirms the crystallinity as shown in figure 3c with visible Moiré patterns
arising due to the stacking of multiple misoriented plates.
The d-spacing calculated from the plate in figure 3d is 4.14
Å, indexable to (004) of CuS and thus, the plates are {001}
oriented which is in coherence with the observation drawn
from the XRD data and SEM imaging. AFM image collected from a plate showed that the thickness to be *23 nm
with a surface roughness of *4 nm (see figure 3e, f). In the
example shown, the height of the Au-Cu crystallite is *93
nm with respect to the CuS plate. The length and thickness

Figure 3. (a) EDAX spectrum and (b) XRD pattern collected from the collection of the Au-CuS nanoplates. (c) HRTEM image of the
nanoplates showing Moiré pattern from differently oriented plates. Scale bar 5 nm. (d) Magnified view of the square region in figure c
showing the line spacing *4.14 Å, indexable to (004) of CuS. (e) AFM image of a nanoplate and the corresponding line profiles drawn
along and across the lengths of the nanoplate in (f). Scale bar, 200 nm.
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of the plates possess distributions, approximately few lms
and *20–200 nm (calculated from the vertically aligned
plates as in supplementary figure S2), respectively.
To understand the role of Cu, time-dependent electroless
deposition was carried out followed by Na2S treatment (for
10 min), while monitoring the changes by SEM (see figure 4). For the 2 min Cu plating, thin smaller-sized
hexagonal plates with Au-Cu at the centre are seen to be
formed as shown in figure 4a. With increase in the Cu
plating time (4 and 8 min), the relative size and thickness of
the plates increase as shown in figure 4b–d. Thus, in all
cases, the CuS nanoplates were formed, however, with a
prominent difference with respect to the shape; higher
deposition times resulted in a range of perfect as well as
imperfect hexagonal morphologies. The imperfection refers
to the presence of differently sized yet merged hexagons as
shown in figure 4b, d. The probability of introducing

Page 5 of 7

323

imperfection is higher with the increase in Cu content as
shown in figures 2b and 4a–d. Ideally, with increasing the
Cu content, the size and thickness of the plate should
increase, however here, the growth along the vertical
direction contributing towards the thickness is not much
favoured. Instead, the growth leads to the formation of
spiral features. This kind of feature has been observed in the
case of two-dimensional metal chalcogenides arising due to
the screw dislocations [33–39].
Herein, the Au-Cu template drives the CuS formation
where the initially deposited Cu follows the epitaxial relation with the bottom Au surface. Beyond certain thickness
(approximately few hundreds nm, see figure 1e and supplementary figure S1), the deposited Cu does not follow the
Au core any longer and thus, with increasing the thickness
of the Cu shell, the outer surfaces of the Cu give rise to
pillar-like islands protruding outwards as shown in figure 4e

Figure 4. SEM images of the time-dependent Cu deposition for (a) 2, (b) 4 and (c, d) 8 min over the Au
crystallites followed by Na2S treatment for 10 min. With increasing the time of Cu deposition, the thickness
of the nanoplates increases and ring-like feature appears. Scale bar, 200 nm. SEM images of as-grown (e) Cu
islands over the Au crystallite and (f) the Au-CuS plates (10 min Cu and 20 min Na2S treated), exhibiting
spiral CuS nanoplate. The white dashed lines have drawn to guide the eye. Scale bar, 500 nm. (g) Schematic
representation of the possible growth mechanism of the spiral nanoplate.
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(also see supplementary figure S3a of ref. [31]). These
pillars serve as templates for the formation of the CuS
nanoplates, where the former hosting step-like features
involving screw axes, dictate the growth of the nanoplates
to follow alike (see figure 4f, g). Thus, with the increasing
Cu content i.e., the deposition time, both the growth of the
nanoplates and spiral morphologies are favoured (as shown
in figure 2b). Similarly, with a highly pre-loaded Cu seed,
the number of spiral rings can also increase with the
increasing Na2S treatment time (see supplementary
figure S4).
The formation of Au-CuS nanoplates is substrate-independent. The growth of Au-CuS morphologies on a glass
substrate were similar to that seen on the Si substrate (see
supplementary figure S5). It therefore, appears that the
formation of CuS, both the deposition of Cu over Au and its
conversion to CuS, is mainly dependent on the Au crystallites independent of the bottom substrate. Thus, the
controlling parameters can be the size of the Au crystallite
(since the rate of Cu deposition varies with increasing size
of the crystallite), electroless deposition time and the Na2S
treatment time. This synthesis recipe can be used as a
versatile tool for the growth of flat/spiral/stack nanoplates
by simply tuning the Cu deposition time, i.e., epitaxial
relation.
Instead of well-dispersed nanoplates, densely packed
nanoplates with different orientations can also be obtained
by enhancing the density of the Au crystallites in the substrate (see supplementary figure S4) and reproducible over
larger-sized substrate as well (see supplementary figure S6).
Additionally, with increasing the density of the Au crystallite, the size of the plates can be increased to *9 lm by
stitching multiple plates along the length, as shown in
supplementary figures S4 and S7. Thus, the template-driven
growth triggers the metal–semiconductor heterojunction
formation, which can be employed to grow other metal
chalcogenides with preferable orientation leading to different heterojunctions. Additionally, some parts of the
substrate exhibit CuS flowers for the longer period of Cu
deposition followed by Na2S treatment (supplementary
figure S8).
Thus, the process can be implemented on unconventional
lattices of Au as well, where the deposition of Cu is anisotropic [31,40,41]. A study of the growth of CuS from such
as a seed would be worthwhile. The study allowed us to
synthesize large CuS nanoplates, which can be employed as
electrodes in battery, active materials in field effect transistors, templates for the epitaxial growth of metal/semiconductors, heterojunctions and so on. Thus far, the size of
the plates is *500 nm with few exceptions (1–3 lm). With
further optimization, the size of the plates can be made
much larger. The synthetic process is substrate-independent
and thus, applicable over large area of any substrate.
Additionally, the process allows one to tune the stacking of
the sheets in the vertical direction, i.e., flat/spiral. This is a
simple, fine-controlled synthetic process. The nanoplates
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are easy to handle and transferable (sonication in a solvent).
Importantly, the plates are surfactant-free and devoid of any
impurity, which is the common problem in cation/anion
exchange process. Thus, the synthesis of semiconductors by
the current process will be interesting for basic science as
well as in application perspective.

4.

Conclusion

In the present study, simple aqueous synthetic processes
result in Au-CuS at ambient condition. The unique epitaxial
relation of Au-Cu facilitates the growth of *0.5–9 lm large
flat CuS hexagonal plates. Interestingly, the introduction of
Cu island on the Au-Cu crystallites gives rise to screw
dislocations and guide the interesting spiral growth of CuS
nanoplates. The spiral nanoplate growth is in turn facilitated
by the steps on the Cu surface. The present recipe being a
substrate-independent process, holds a great promise for
synthesizing other 2D nanostructures as well as for morphology engineering by simply using the metal seed itself as
the template.

Acknowledgements
G U Kulkarni acknowledges the funding support received
from SERB with sanction number CRG/2019/002281. This
paper is dedicated to our beloved colleague, Dr Gangaiah
Mettela, who sadly passed away recently. Both authors
thank Prof C N R Rao for his constant encouragement.
C Sow thanks University Grants Commission, India, for a
fellowship.

References
[1] Geim A K 2009 Science 324 1530
[2] Rao C N R and Nag A 2010 J. Inorg. Chem. 27 4244
[3] Nag A, Raidongia K, Hembram K P S S, Datta R, Waghmare
U V and Rao C N R 2010 ACS Nano 4 1539
[4] Yang H G, Liu G, Qiao S Z, Sun C H, Jin Y G, Smith S C
et al 2009 J. Am. Chem. Soc. 131 4078
[5] Kaneti Y V, Yue J, Jiang X and Yu A 2013 J. Phys. Chem. C
117 13153
[6] Gao T and Wang T 2010 Cryst. Growth Des. 10 4995
[7] Son J S, Wen X D, Joo J, Chae J, Baek S, Park K et al 2009
Angew. Chem. Int. Ed. 48 6861
[8] Bouet C, Tessier M D, Ithurria S, Mahler B, Nadal B and
Dubertret B 2013 Chem. Mater. 25 1262
[9] Bhandari G B, Subedi K, He Y, Jiang Z, Leopold M, Reilly
N et al 2014 Chem. Mater. 26 5433
[10] Lin Z, Chen Y, Yin A, He Q, Huang X, Xu Y et al 2014
Nano Lett. 14 6547
[11] Du W, Qian X, Xiaodong M, Gong Q, Cao H and Yin J 2007
Chem. A Eur. J. 13 3241

Bull Mater Sci (2020)43:323
[12] Radha B, Jayaraj D, Kulkarni G U, Heun S, Ercolani D and
Sorba L 2012 ACS Appl. Mater. Interfaces 4 1860
[13] Zhang Q, Hu Y, Guo S, Goebl J and Yin Y 2010 Nano Lett.
10 5037
[14] Chang K and Chen W 2011 Chem. Commun. 47 4252
[15] Zhang X, Lai Z, Ma Q and Zhang H 2018 Chem. Soc. Rev.
47 3301
[16] Huang X, Zeng Z, Bao S, Wang M, Qi X, Fan Z et al 2013
Nat. Commun. 4 1444
[17] Tan C, Cao X, Wu X J, He Q, Yang J, Zhang X et al 2017
Chem. Rev. 117 6225
[18] Sharma I and Mehta B R 2017 Appl. Phys. Lett. 110 061602
[19] Zhu H, Wang Y, Chen C, Ma M, Zeng J, Li S et al 2017 ACS
Nano 11 8273
[20] Huang X, Li S, Huang Y, Wu S, Zhou X, Li S et al 2011 Nat.
Commun. 2 292
[21] Du Y, Yin Z, Zhu J, Huang X, Wu X J, Zeng Z et al 2012
Nat. Commun. 3 1177
[22] Hsu S W, Ngo C, Bryks W and Tao A R 2015 Chem. Mater.
27 4957
[23] Xie Y, Carbone L, Nobile C, Grillo V, D’Agostino S, Della
Sala F et al 2013 ACS Nano 7 7352
[24] van der Stam W, Akkerman Q A, Ke X, van Huis M A, Bals
S and de Mello Donega C 2015 Chem. Mater. 27 283
[25] Lesyuk R, Klein E, Yaremchuk I and Klinke C 2018
Nanoscale 10 20640
[26] Radha B, Arif M, Datta R, Kundu T K and Kulkarni G U
2010 Nano Res. 3 738

Page 7 of 7

323

[27] Radha B and Kulkarni G U 2012 Curr. Sci. 102 70
[28] Radha B and Kulkarni G U 2011 Cryst. Growth Des. 11 320
[29] Kulkarni G U, Mettela G and Kiruthika S 2017 in Molecular
materials: preparation, characterization, and applications,
p 213
[30] Mettela G and Kulkarni G U 2015 CrystEngComm 17 9459
[31] Mettela G, Kouser S, Sow C, Pantelides S T and Kulkarni G
U 2018 Angew. Chem. Int. Ed. 57 9018
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