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Abstract: Two-dimensional (2D) copper-based ternary and
quaternary semiconductors are promising building blocks for
the construction of efficient solution-processed photovoltaic
devices at low cost. However, the facile synthesis of such 2D
nanoplates with well-defined shape and uniform size remains
a challenge. Reported herein is a universal template-mediated
method for preparing copper-based ternary and quaternary
chalcogenide nanoplates, that is, CulnS, Culn,Ga;_.S, and
Cu,ZnSnS,, by using a pre-synthesized CuS nanoplate as the
starting template. The various synthesized nanoplates are
monophasic with uniform thickness and lateral size. As
a proof of concept, the Cu,ZnSnS, nanoplates were immobi-
lized on a Mo/glass substrate and used as semiconductor
photoelectrode, thus showing stable photoelectrochemical
response. The method is general and provides future oppor-
tunities for fabrication of cost-effective photovoltaic devices
based on 2D semiconductors.

Because of the increasing demand for clean energy, there
has been growing interest in fabrication of photovoltaic
devices which can harvest and directly convert solar energy
into electricity.! Compared to other high-cost methods based
on vacuum techniques for fabrication of photovoltaic devices,
the solution-processing approach based on nanocrystal sus-
pensions is particularly appealing because of its simplicity and
lower cost.>* One of the key issues in fabrication of solution-
processible photovoltaic devices is the synthesis of inorganic
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nanocrystals with an appropriate band-gap for solar light
absorption and conversion. In an effort to explore new
materials suitable for photovoltaics, the field of design and
synthesis of semiconducting nanocrystals, a field previously
dominated by binary semiconductors, has been expanded to
include more complex ternary and quaternary structures.
Among them, copper-based ternary I-III-VI, semiconductors
[e.g., CulnS, (CIS) and Culn,Ga, _,S, (CIGS)] and quaternary
semiconductors [e.g., Cu,ZnSnS, (CZTS)] are the most
promising candidates because of their optimal band-gaps,
large absorption coefficients, and high photostability.[*!

Until now, various synthetic routes, including the single-
source decomposition, as well as hydrothermal and solvo-
thermal reactions, have been developed for the synthesis of
CISU and CZTS"'3 nanocrystals. However, compared to
the common binary chalcogenides,™ it is still difficult to
control the stoichiometry and crystal phase of the ternary and
quaternary nanocrystals because of the different reactivity of
metal precursors and the complex interactions between the
capping molecules and nanocrystals, which may result in the
formation of biphasic nanomaterials or heterostructures as
the intermediate products.>™" As one of the successful
examples for preparing CIS nanostructures, the group of Cui
reported the epitaxial growth of CIS nanorods on pre-
nucleated Cu,S nanodisks, followed by the progressive trans-
formation of the biphasic Cu,S-CIS into monophasic CIS
nanorods.” Recently, the group of Xie reported that
preformed CuSe can be used as a self-sacrificial template
for preparation of ultrathin CulnSe, nanoplates, but the
nanoplates showed small sizes with a broad size distribu-
tion.®” The aforementioned investigations shed light on the
transformation mechanism and complex phase behavior
during the synthesis of ternary and quaternary semiconductor
nanocrystals.

In addition to the crystal phase, the control over shape and
size of ternary and quaternary semiconductors is also
essential for tuning their optical properties.**? Nanospheres
and nanorods are the most common shapes observed in
ternary and quaternary semiconductors which are synthesized
in solutions. However, two-dimensional (2D) nanoplates of
ternary and quaternary semiconductors have been rarely
reported until now.P*¥3% For example, the groups of Sargent
and Li reported the synthesis of CulnSe, nanoplates through
the specific choice of ligand and reaction temperature.**3
However, most of the obtained nanoplates showed either
a wide size distribution or irregular shapes. Therefore, the
facile synthesis of phase-pure ternary and quaternary nano-
plates with well-defined shapes and narrow size distribution
remains a big challenge.
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Following our recent work on the phase transformation of
copper selenides through a solution-phase process,*® we
herein present a facile and general template-based method
for the synthesis of monodispersed ternary and quaternary
semiconducting nanoplates. In our experiment, the ultrathin
covellite-phase CuS nanoplates were chosen as the templates,
and the corresponding ternary (e.g., CIS) and quaternary
nanoplates (e.g., CIGS and CZTS) were successfully pro-
duced in a high-temperature solution reaction with appro-
priate metal precursors. The X-ray diffraction (XRD) and
Raman spectra confirmed that the final products are mono-
phasic without any impurity. Moreover, the template-medi-
ated growth mechanism is discussed. The optical properties of
the obtained various nanoplates and the photoelectrochem-
ical properties of their thin films were also investigated.

As a typical example, the synthesis of the CIS nanoplate
was chosen to illustrate the template-mediated transforma-
tion, in which the CuS nanoplate was used as the initial
template synthesized based on our recently reported
method.® Figures 1a and b show the typical transmission
electron microscopy (TEM) images of the obtained CuS
nanoplates, which are hexagonal in shape with an average
plane length of (150 +40) nm and thickness of about 4.8 nm,
thus corresponding to three unit cells (the lattice constant of
CuS along the c axis is 1.63 nm). After the CuS nanoplates
reacted with the indium precursor (i.e., indium(IIl) 24-
pentanedionate) at high temperature (260°C) for 2 hours, CIS
nanoplates were formed (see the detailed synthetic procedure
in the Supporting Information). XRD analysis (see Figure S1
in the Supporting Information) confirmed that the CIS
nanoplate has a pure tetragonal chalcopyrite structure
(JCPDS, 65-1572), which is different from the commonly
observed wurtzite phase.”?! Figure 1 c illustrates a scanning
electron microscopy (SEM) image of the CIS nanoplates. It
can be seen that all the nanocrystals maintained the 2D
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Figure 1. a,b) TEM images of CuS nanoplates. SEM (c) and TEM images (d—f) of
CulnS, nanoplates prepared by the CuS-templated transformation. g) Structural models

of (left) CuS and (right) CulnS,.
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platelike shape and stacked face-to-face. The TEM image of
a typical CIS nanoplate shows that it still possesses the
hexagonal morphology (Figure 1d), although its corners are
not as sharp as that of the original CuS nanoplate. The
observed interplane distances in the high-resolution TEM
(HRTEM) images are about 0.32 and 0.19 nm (Figure 1e,f)
for the (112) and (220) planes, respectively, of chalcopyrite
CIS, and also indicate that the CIS nanoplates are bound by
{112} planes as the top and bottom surfaces. Furthermore, it
was found that the thickness of the CIS nanoplates increased
to about 12 nm from 4.8 nm of the original CuS nanoplates
(Figure 1e), while their average lateral size remained almost
the same.

To study the mechanism of this template-mediated trans-
formation, both crystal structures of the CuS template and
CIS nanoplate are investigated. As shown in Figure 1g, the
initial hexagonal CuS nanoplate with the (001) basal plane
transforms into the tetragonal CIS nanoplate with the (112)
basal plane. It should be noted that the atomic arrangement of
CusS (001) is similar with that of CIS (112) (middle panel of
Figure 1g). As viewed from the CuS (001) projection, the
sulfur atoms are in regular hexagonal arrangement with Cu
atoms located at the interstices. In contrast, the CIS (112)
planes, which result from substituting half of Cu atoms in CuS
with In atoms, deviate slightly from the perfect hexagonal
symmetry because of the different atomic radii of Cu and In
(Figure 1g, middle panel). Despite the structural deviation,
the in-plane lattice spacing of CIS is only slightly different
from that of CuS, that is, the lattice spacing of {220} and
{204} is larger than that of {110}, by only 3.0 and 3.3 %,
respectively. The structural similarity between the CuS and
CIS crystals ensured the successful transformation from CuS
to CIS without the change of morphology. The most distinct
difference between these two structures is that the CuS crystal
consists of alternating CuS;-Cu;S-CuS; covalent layers and S—
S van der Waals layers along the [001] direc-
tion,*” while in the chalcopyrite CIS, every Cu
and In atom is tetragonal-coordinated with
sulfur atoms. Comparing the crystal structure of
CuS along the z axis with that of CIS along
[221] direction (bottom panel of Figure 1g), it
can be seen that during the transformation, as
the In*' ions insert into the S-S layers of CuS,
formed by van der Waals interactions, and
partially replace the initial Cu" ions, the S
planes also undergo a gliding motion to even-
tually transform to the tetragonal structure. In
addition, the Cu* ions which are replaced by
In*" ions will further react with the indium and
sulfur precursors in solution to produce the
newly formed CIS, which is re-deposited on the
plane of the initial nanoplate. Note that half of
the initial Cu' ions are replaced by In*' ions
and dissolved into the solution to participate in
the re-growth process, and the lattice spacing of
planes parallel to the 2D basal plane expands
by about 20% after the CuS to CIS trans-
formation (i.e. from d5c,s=0.27 nm to
diiycis=0.32nm). As a result, the thickness

[221]
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of the CIS nanoplates is more than doubled (about 12 nm)
compared to the original CuS template (about 4.8 nm).

Compared to our recently reported templated phase
transformation of binary copper sulfide (e.g., from hexagonal
CuS to djurleite Cu, ;S nanoplates),* the transformation
from CuS to CIS here is more complicated. First, when In*"
ions are inserted into the CuS template, half of the initial Cu™
ions need to be replaced to maintain the total charge balance,
while in the CuS to Cu, S transition, the initial Cu" ions
remain in the rigid sulfur framework when additional Cu*
ions are inserted. Second, the thickness of CIS nanoplate is
more than doubled compared to that of the initial CuS
template because of the regrowth step and lattice expansion
which accompany the replacement of Cu® with In*", whereas
the transformation from CuS to Cu, S only leads to a slight
thickness increase (ca. 20%). Lastly, the templated growth
here requires higher reaction temperature because of the
much lower ion mobility of In*" relative to that of Cu" within
the framework.

Impressively, our unique template-mediated synthetic
method can be used to synthesize CIGS nanoplates with
tunable compositions (i.e., x varies from 0 to 1 in
Culn,Ga,_,S,) through the reaction of pre-synthesized CuS
nanoplates and indium/gallium precursors at different molar
ratios (see the Supporting Information for detailed exper-
imental procedures). The compositions of obtained products
were confirmed by EDS characterization and summarized in
Table S1. Figure 2a shows XRD patterns of the Culn,Ga,_,S,
nanoplates with different compositions, that is, x=1, 0.75,
0.50, 0.25, and 0 (from bottom to top pattern). It can be found
that the peak positions and the relative peak intensities match
well with the chalcopyrite-type CIGS. Because of the smaller
size of the Ga’ ion as compared to the In** ion, a gradual
peak shift to higher angle can be observed with an increase in
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Ga content in Culn,Ga,_,S,. For example, the strongest (112)
peak shifts from about 27.90° for CIS to approximately 29.06°
for CGS when the Ga content is increased from 0 to 100 %.
Large-area SEM images confirmed that all the CIGS products
are 2D nanoplates (see Figure S2). In the synthesized product
of CGS (Figure S2e), spherical nanoparticles arising from the
additional nucleation in the bulk solution were also observed,
and coexisted with 2D nanoplates. To identify the elemental
distribution of the nanoplates, STEM-EDS analysis was
performed. The dark-field image of a single Culn,sGa,sS,
nanoplate shows uniform contrast (Figure 2b), and the
corresponding EDS elemental mapping reveals the homoge-
neous distribution of Cu, In, Ga and S elements, thus
indicating that no phase separation occurred during the
templated growth of CulnysGa,sS, nanoplates. The STEM-
EDS analyses of CIGS nanoplates with other compositions
also suggested the monophasic nature of the products (see
Figure S3).

More importantly, we found that the optical properties of
the CIGS nanoplate are dependent upon the Ga (or In)
content. With an increase in the Ga content, the color of the
CIGS nanoplate suspension in n-hexane gradually changes
from dark-brown to orange (inset of Figure 2b, from left to
right, x=1, 0.75, 0.5, 0.25 and 0 in Culn,Ga,_,S,). Indeed, the
UV/Vis extinction spectra of the corresponding CIGS suspen-
sions showed substantial a blue shift of the optical absorbance
band edge with increasing Ga content. The calculated opti-
cal band gaps from the diffuse reflectance spectra also
gradually shifted to higher energy when the composition of
Culn,Ga,_,S, was tuned from CIS to CGS (see Figure S4).

Impressively, our template-mediated method can be used
to synthesize the quaternary Cu,ZnSnS, (CZTS) nanoplate
by complete replacement of In** ions with Zn?" and Sn*" ions.
Actually, the CZTS crystal exhibits two phases, that is,
stannite and kesterite, which depend on the
occupancy positions of the cations.***
However, it is difficult to distinguish
them, as both phases may coexist because
of the similar lattice parameters and total
energy. Figures 3a and b show TEM images
of prepared CZTS nanoplates, which are
about 12 nm in thickness and (150 &+ 40) nm
in plane size. These nanoplates also pre-
serve the hexagonal shape, similar to the

Culng 50Gag 505,
Culng ;5Gag 555,
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initial CuS nanoplates. The observed lattice
spacings are about 0.31 and 0.19 nm (Fig-
ure 3¢ and d), thus corresponding to the
(112) and (220), respectively, planes of
tetragonal CZTS structure. The EDS anal-
ysis verified that the nanoplate is composed
of Cu, Zn, Sn, and S elements (see Fig-
ure S5). STEM-EDS elemental mapping of
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Figure 2. a) XRD patterns of CulnGa,_,S, nanoplates. b) STEM dark-field image of a single
Culngs0Gag50S; nanoplate and the corresponding EDS mapping of the nanoplate. c) UV/Vis
extinction spectra of the Culn,Ga,_,S, nanoplates. Inset: photograph of solutions of
CulnGa,_,S, nanoplates with different compositions dispersed in n-hexane. From left to
right, x in Culn,Ga,_,S, is equal to 1, 0.75, 0.50, 0.25, and 0, respectively.
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a typical nanoplate further demonstrates
that the four elements are evenly distrib-
uted in the nanoplate (Figure 3e). The
XRD analysis (Figure 3f) suggests that
the obtained product can be assigned to
the tetragonal structure with the kesterite
phase (JCPDS, 26-0575). However, these
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nanoplates is reported. By using the synthe-
sized CuS nanoplates as synthetic templates,
the corresponding ternary and quaternary
(e.g., CulnS,, Culn,Ga,_,S,, and
Cu,ZnSnS,) nanoplates were successfully
prepared through solution-based routes at
high temperature. These nanoplates main-
tained the hexagonal shape of the initial
CuS nanoplates, and showed lateral length

Intensity

L

of over one hundred nanometers and
a thickness of about 12 nm. The successful
realization of the template-mediated trans-
formation between hexagonal-phase CuS
and tetragonal-phase copper-based chalco-
genides (i.e. CIGS or CZTS) mainly

resulted from their structural similarity. As
JCPDS 26-0575

30

Figure 3. TEM (a,b) and HRTEM (c,d) images of synthesized CZTS nanoplates. e) STEM-
EDS mapping of a single CZTS nanoplate shown in Figure 1b. f) XRD pattern of CZTS

nanoplates.

diffraction peaks can also be indexed to the combination of
zinc blend ZnS and tetragonal Cu,SnS;. To confirm the phase
purity of the CZTS nanoplate, Raman spectrum of the
product was studied (see Figure S6). A relatively strong peak
at about 336 cm ' and a weak peak at approximately 284 cm ™!
were observed, and are in agreement with those of bulk
CZTS.* Meanwhile, the characteristic Raman peak of zinc
blend ZnS at 356 cm ! was absent, and excludes the presence
of ZnS in the product. Therefore, the XRD peaks (Figure 3 f)
cannot be assigned to the mixture of ZnS and Cu,SnS;, and we
can confirm that the tetragonal CZTS is the only crystal phase
present in the product.

Recently, the CZTS has been suggested as a promising
building block for fabrication of solar cells because of its
abundance and low cost.””) To demonstrate the potential
application of our 2D CZTS nanoplates in solar harvesting,
the potoelectrochemical behavior of the 2D CZTS nanoplates
immobilized on Mo/glass was characterized in the presence of
0.1m Eu(NOs;);, which was used as the electron scavenger. The
CZTS suspension shows strong photoabsorption in the entire
visible range of light (see Figure S7), thus demonstrating
their potential application as a light-absorbing layer. As
shown in Figure 4, the cathodic photocurrent was detected at
negative potentials (vs. Ag/AgCl), and the current magnitude
increased as the electrode potential shifted to a more negative
value. This observation indicates that the CZTS film behaved
as p-type semiconducting photoelectrode. The stability of the
photocurrent generated from the as-deposited CZTS thin film
was evaluated at a constant potential of —0.5 V (vs. Ag/AgCl)
at the light-on and light-off time of 10 seconds (inset of
Figure 4). The CZTS film showed a constant photocurrent
density of 0.07 mA cm~2 which remained stable over several
minutes during the test despite being immersed in an aqueous
electrolyte.

In summary, a facile and general method for the
templated synthesis of copper-based ternary and quaternary

www.angewandte.de

40
26 (degree)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a proof of concept, the thin film prepared
from CZTS nanoplates coated on a Mo/
glass substrate was used as a photoelectrode,
which exhibited similar photoelectrochem-
ical activity to that of other p-type semi-
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Figure 4. Plot of current density versus potential for the photocurrent
response of Cu,ZnSnS, nanoplate film immobilized on a Mo/glass
substrate. Inset: The sketch map of the photoelectrochemical system
and photostability measurement of Cu,ZnSnS, film at a potential of
—0.5V (vs. Ag/AgCl).

conductors in aqueous solution with Eu(NOj); as an electron
scavenger. It is anticipated that the combination of these 2D
p-type semiconductors with other n-type semiconductors
through layer-by-layer deposition can produce novel inor-
ganic multilayers, thus leading to highly efficient solar light
conversion.
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