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Abstract: Although many two-dimensional (2D) hybrid nano-
structures are being prepared, the engineering of epitaxial 2D
semiconductor hetero-nanostructures in the liquid phase still
remains a challenge. The preparation of 2D semiconductor
hetero-nanostructures by epitaxial growth of metal sulfide
nanocrystals, including CuS, ZnS and NisS,, is achieved on
ultrathin  TiS, nanosheets by a simple electrochemical
approach by using the TiS, crystal and metal foils. Ultrathin
CuS nanoplates that are 50-120 nm in size and have a trian-
gular/hexagonal shape are epitaxially grown on TiS, nano-
sheets with perfect epitaxial alignment. ZnS and Ni;S, nano-
plates can be also epitaxially grown on TiS, nanosheets. As
a proof-of-concept application, the obtained 2D CuS-TiS,
composite is used as the anode in a lithium ion battery, which
exhibits a high capacity and excellent cycling stability.

Engineering hetero-epitaxial nanostructures by depositing
one kind of nanocrystals (for example, noble metals) on the
other substrate with preferred orientation™! have been
demonstrated to be one of the most promising ways to
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achieve superior performances in a wide range of applications
in plasmonics,?" catalysis,*>** electronics,*" and sensing."!
Gas-phase epitaxy methods are traditional techniques for
epitaxial deposition of noble-metal nanostructures on bulk
crystalline substrates.”! However, they are limited by the low
yield, high cost, and requirement of high temperature and
ultra-high vacuum. In contrast, the liquid-phase epitaxy
methods can overcome the aforementioned disadvantages.
Until now, various epitaxial hetero-nanostructures, such as
chalchogenide—chalchogenide,” metal-metal,**<! metal-
metal oxide,**¥! and metal-chalchogenide,®" have been
prepared by solution-based synthetic methods, and they
presented greatly enhanced performance in electrocataly-
sis,*™d sensing,*¥! and electronics,* which is due to their well-
defined structures, interfaces, and selectively-exposed facets.
However, all the aforementioned epitaxial hybrid nanomate-
rials are based on the formation of core—shell nanoparticles or
nanoparticle-based hybrid nanomaterials. Therefore, the
epitaxial growth of anisotropic nanocrystals, and especially
two-dimensional (2D) nanostructures, on dispersible tem-
plates still remains challenge.

Recently, single- or few-layer transition-metal dichalco-
genide (TMD) nanosheets,® such as MoS,, TiS,, TaS,, WS,,
have been emerging as a newly unique class of 2D nano-
materials and have shown many promising applications in
electronics,**1 catalysis,*¢ sensing,™™ and energy storage,!
owing to their outstanding physical, electronic, and electro-
chemical properties. These TMD nanosheets can be used as
novel templates for the construction of functional composites
or directing the growth/assembly of some unique nano-
structures.”) As a typical example, our group first demon-
strated the epitaxial growth of noble metal nanocrystals
including Pt, Pd, and Ag on single-layer MoS, nanosheets in
solution under ambient conditions.” Although 2D lateral or
vertical epitaxial TMD hetero-nanostructures, such as MoS,-
MoSe,, WS,-WSe,, MoSe,-WSe,, and WS,-MoS,, have been
achieved by using chemical vapor deposition methods very
recently,” the liquid-phase growth of 2D TMD epitaxial
hetero-nanostructures still remains a challenge. Herein, for
the first time, we report a facile and universal method for the
liquid-phase epitaxial growth of metal sulfide nanoplates
including CuS, ZnS, and Ni;S, on the ultrathin TiS, nano-
sheets to obtain a new type of 2D vertical epitaxial hetero-
nanostructures, referred to as CuS-TiS,, ZnS-TiS,, and Ni;S,—
TiS,, respectively. It is worth pointing out that the CuS
nanoplates with a size of 50-120nm and triangular or
hexagonal shape were deposited on TiS, nanosheets with
perfect epitaxial alignment without any misorientation. As
a proof-of-concept application, the obtained 2D CuS-TiS,
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hetero-nanostructure was used as an anode of a Li-ion
battery, which exhibited a large capacity and excellent cycling
performance.

The preparation of 2D semiconductor epitaxial hetero-
nanostructures, that is, CuS-TiS,, ZnS-TiS,, and Ni;S,-TiS,, is
described in the experimental section in detail (see the
Supporting Information). Briefly, the TiS, crystal powder was
first mixed with acetylene black and poly(vinylidene fluoride)
(PVDF) in N-methylpyrrolidone (NMP) to from a homoge-
neous slurry, which was then coated on metal foil (for
example, Cu, Zn, or Ni), and assembled in a Li-ion battery cell
as cathode. After Li ions were intercalated into the layered
TiS, crystals during the discharge process, the battery cell was
kept undisturbed for about two weeks. Finally, the TiS,-coated
electrode was taken out from the battery cell and washed with
acetone, followed by sonication in water. The resultant
solution was then centrifuged to obtain the final product,

- (110)TiS,

. (110)Cqu

(100)Cus (100)Tis,

Figure 1. TEM analysis of CuS-TiS, hetero-nanostructures. A) TEM
image of CuS nanoplates epitaxially grown on a TiS, nanosheet. Inset:
photograph of CuS-TiS, solution. B) Highly magnified TEM image of
CuS-TiS,. C) The SAED pattern of CuS-TiS, with the electron beam
perpendicular to the basal plane of TiS, nanosheet. D) HRTEM image
of a typical CuS nanoplate on TiS, nanosheet. E) HRTEM image and
F) its corresponding FFT-generated SAED pattern of a typical CuS
nanoplate on TiS, nanosheet. The dotted curve in (E) roughly shows
the interface between CuS and TiS,.

that is, CuS-TiS,, ZnS-TiS,, or Ni;S,-TiS,,
which are characterized as follows.

The transmission electron microscopy
(TEM) was used to characterize the CuS-TiS,
hetero-nanostructure. As shown in Fig-
ure 1 A,B, it can be observed that small CuS
nanoplates with size of 50-120 nm in triangular
or hexagonal shape were grown on the TiS,
nanosheet. The selected area electron diffrac-

tion (SAED) pattern of CuS-TiS, showed two Tis,

sets of diffraction spots with six-fold symmetry,
which can be indexed to CuS and TiS,, respec-
tively (Figure 1C). The six spots of (110) planes
of CuS with a lattice spacing of 0.19 nm are
perfectly aligned to the six spots of (110) planes
of TiS, with a lattice spacing of 0.17 nm.
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Another six spots of CuS, which correspond to (100) planes
with a lattice spacing of 0.33 nm, are well aligned with the six
spots of TiS,(100) planes with a lattice spacing of 0.29 nm.
These well-aligned SAED patterns between CuS and TiS,
clearly demonstrated that the CuS nanoplates were epitax-
ially grown on TiS, sheets. Importantly, there is no any
misorientation observed in the epitaxial growth of CuS on
TiS, nanosheet. The high-resolution TEM (HRTEM) image
of a typical CuS nanoplate confirmed its single-crystalline
structure. The measured lattice distance is about 0.19 nm
(Figure 1D), which is assignable to the (110) planes of
hexagonal CuS and can be indexed to the hexagonal phase
covellite in the space group of P6;/mmc (JCPDS 06-0464 with
a=3.792 A and ¢=16.340 A). The HRTEM image at the
interface of CuS and TiS, clearly showed their lattice fringes
(Figure 1 E). As shown in Figure 1F, two sets of well-aligned
spots, which are very similar to the SAED patterns in
Figure 1C, can be observed from the fast Fourier transfer
(FFT)-generated SAED pattern originated from Figure 1E,
further confirming the epitaxial growth of CuS nanoplates on
TiS, sheet.

Figure 2 A illustrates the CuS-TiS, hetero-nanostructure.
The epitaxial relationship between the CuS nanoplate and
TiS, substrate was shown in Figure 2B. It can be seen that the
sulfur layers in CuS and TiS, exhibit the same hexagonal
symmetry, with a lattice mismatch of about 10% given that
the d-spacings for CuS (110) and TiS, (110) are 0.19 and
0.17 nm, respectively. Interestingly, the TEM image also
showed the Moiré pattern fringes that were produced by the
presence of two superimposed lattice planes with different
lattice spacings, that is, CuS and TiS, in this work (Supporting
Information, Figure S1).”! The measured Moiré pattern
spacing is about 1.52 nm, which is close to the calculated
value (1.615nm) of the Moiré pattern spacing, which
corresponds to the superimposed (110) planes of epitaxially
stacked CuS and TiS,, based on the reported calculation
method.®!

Moreover, the energy-dispersive X-ray spectroscopy
(EDS) and corresponding elemental mapping were used to
explore the composition of the CuS-TiS, hetero-nanostruc-
tures. The presence of S, Ti, and Cu, and their homogeneous
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Figure 2. Representation of the epitaxial growth of CuS nanoplates on TiS, nanosheets.
A) llustration showing CuS nanoplates epitaxially grown on a TiS, naosheet. B) Azimu-
thal orientation of a CuS nanoplate on the TiS,(001) surface in the (001) orientation.
Only the top S and Ti layer of TiS, and bottom S and Cu layer of CuS are shown.
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distribution in the hetero-nanostructures, can be clearly
observed in the Supporting Information, Figure S2A-D. The
corresponding EDS spectrum showed strong signals of S, Ti
and Cu elements (Supporting Information, Figure S2E). The
ratio of CuS to TiS, is about 3:2, which was calculated from
the EDS result (Supporting Information, Table S1). Note that
the weak O signal observed in the EDS spectrum (Supporting
Information, Figure S2E) may arise from oxidation of the
sample prior to the characterization. Furthermore, the
chemical composition of CuS-TiS, was investigated by X-
ray photoelectron spectroscopy (XPS). The XPS survey
spectrum of CuS-TiS, showed the obvious signals of Cu, Ti,
S, and O (Supporting Information, Figure S3A). As shown in
Figure S3B, the fitted Cu spectrum exhibited two peaks at
931.5 and 951.5 eV, indicating that Cu?" in CuS is the main
signal.” The Ti** in TiS, was detected as the dominant
oxidation state, as shown in the fitted Ti spectrum (Supporting
Information, Figure S3C).*®<! The S*~ in CuS and TiS, was
fitted as the dominant state of S spectrum (Supporting
Information, Figure S3D)."!

To investigate the growth process of CuS-TiS,, the
products at different reaction times were characterized by
TEM. In our experiment, after Li ions were intercalated into
TiS, on the Cu electrode during the discharge process, the
battery cell was kept undisturbed for a certain time before the
electrode was taken out. The reaction time here means the
undisturbed time in which the reaction continuously happens.
Figure 3 shows the TEM images and corresponding SAED

Figure 3. TEM images and the corresponding SAED patterns of products obtained at different
time: A,B) 1d, C,D) 5d, E,F) 10d, and G,H) 15 d.

patterns of the products obtained at different reaction time.
At 1 day, pure TiS, nanosheets were obtained (Figure 3 A,B),
which is consistent with our previous report.'”! Notably, some
small CuS nanocrystals can be observed on TiS, sheets at
reaction time of 5days (Figure 3C). The corresponding
SAED pattern showed that the CuS nanocrystals were
epitaxially deposited on TiS, (Figure 3D). The CuS nano-
crystals continuously grew to form CuS nanoplates with
a triangular shape at reaction time of 10 days, which were
aligned on TiS, sheets (Figure 3E). The epitaxial growth is
clearly evidenced by the corresponding SAED pattern (Fig-
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ure 3F). After the electrode was kept undisturbed for 15 days,
some relatively large CuS nanoplates with triangular or
hexagonal shapes were obtained on TiS, sheets with perfect
epitaxial alignment (Figure 3 G,H).

Significantly, our method is widely applicable for epitaxial
growth of other metal sulfide on TiS, sheets. By replacing the
Cu foil with Zn or Ni foil, ZnS or Ni;S, nanoplates can be also
epitaxially deposited on TiS, nanosheets at the similar
experimental conditions. As shown in the Supporting Infor-
mation, Figure S4A, ZnS nanoplates with size of 70-150 nm
grown on TiS, nanosheets can be observed. Its corresponding
SAED pattern revealed the epitaxial growth effect of ZnS on
TiS, (Supporting Information, Figure S4B). The HRTEM
image at the interface of ZnS-TiS, showed two crystalline
structures with lattice fringes of 0.29 and 0.27 nm, which is
assignable to both (100) planes of TiS, and ZnS (Supporting
Information, Figure S4C). The EDX spectrum of ZnS-TiS,
hetero-nanostructures clearly showed the presence of Zn, Ti,
and S (Supporting Information, Figure S5). Similarly, Ni;S,
nanoplates with a size of 50-200 nm can be also epitaxially
grown on TiS, nanosheets, and the detail TEM and EDS
analyses are shown in the Supporting Information, Fig-
ure S4D,F and Figure S6, respectively.

In our experiment, the bulk TiS, crystals and metal foils
were used as the starting materials. Previously, our group used
the lithium intercalation method for exfoliation of single-
layer 2D TMD nanosheets from their bulk crystals.'”! Taking
TiS, as an example, after the discharging process, the Li ions
were intercalated into the interlayer
spacing of TiS, crystal and reacted with
TiS, to form the intercalated com-
pound, that is, Li TiS,."" It has been
reported that during the lithium inter-
calation process, Li can react with TiS,
to form Li,S through the following
reactions:['!]

Li+TiS,—"'5 Ti,S; + 4 Li,S (1);
Li+'4 TiS,—'4 TiS + 4 Li,S (2);
and  Li+'/,TiS,—'/, Ti+'4Li,S (3).
According to the previous study, by
coating S powder on Cu foil as the
anode in a battery cell, CuS nanocrys-
tals were obtained after the discharging
process."™? In their experiment, the S
powder reacted with Li to form Li,S
and the Li,S then reacted with Cu foil
to obtain the CuS nanocrystals. There-
fore, in our experiment, we suggest that
during the electrochemical process, Li first reacted with TiS,
crystal to form the Li, TiS, compound, in which the interlayer
spacing of TiS, crystal was expanded. Meanwhile, some Li,S
could also be obtained based on the reaction between Li and
TiS, [Eq. (1)-(3)]. The formed Li,S then reacted with Cu foil
to get CuS nanocrystals. Because of the similar crystal
symmetry of CuS and TiS, nanosheet and tolerable lattice
mismatch (ca. 10 %), the epitaxial growth of CuS on TiS, was
realized to minimize the free energy at their interface. The
mechanism for growth of ZnS and Ni;S, on TiS, sheets are
similar to the aforementioned mechanism for CuS-TiS,.
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Figure 4. Lithium ion battery performance of the CuS-TiS, hetero-
nanostructure. A) Charge—discharge voltage profile of the CuS-TiS,
electrode at current density of 0.3 Ag™' for the first two cycles.

B) Cycling performance of the CuS-TiS, electrode at various current
densities.

As a proof-of-concept application, the CuS-TiS, hetero-
nanostructure was used as anode in Li-ion battery. The first
two charge—discharge curves at current density of 0.3 Ag™!
are shown in Figure 4 A. The first intercalation process gave
discharge capacity of 1158 mAhg™' and a corresponding
charge capacity of 584 mAhg ', which means the first
Coulombic efficiency is only 50.4 %, along with solid electro-
lyte interphase formation, the initial irreversible capacity may
also attribute to the incomplete de-intercalation of Li ions
that intercalated into CuS-TiS,. During the second cycle, the
electrode showed discharge capacity of 626 mAhg™' with
charge capacity of 578 mAhg . It is worth pointing out that
the capacity of CuS-TiS, hetero-nanostructure is higher than
that of the pure CuS nanosheet and TiS, based batteries.!™
Importantly, the fabricated battery cell shows excellent
cycling performance. As shown in the Supporting Informa-
tion, Figure S7, the specific capacity of CuS-TiS, based
battery almost keeps same even after 100 cycles (ca.
600 mAhg™). The high reversible capacity and excellent
cycling behavior of CuS-TiS, is also demonstrated in the rate
capability. The cycling performance of CuS-TiS, composite at
different current densities is shown in Figure 4 B. It was found
that the CuS-TiS, battery exhibits capacities as high as about
350 and about 260 mAh g™ at high current densities of 3 and
6 Ag™!, respectively (Figure 4B). This performance is much
better than that of pure CuS nanosheets."** Importantly, even
after the charging—discharging process at high current density,
the capacity of CuS-TiS, battery can be fully recovered to the
initially stable value (Figure 4 B). The large specific capacity
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and excellent cycling performance make CuS-TiS, a promis-
ing material for Li ion battery application.

In summary, we have developed a facile and general
method for the preparation of vertical 2D epitaxial semi-
conductor hetero-nanostructures, including CuS-TiS,, ZnS-
TiS,, and Ni;S,-TiS,. Thin CuS nanoplates with triangular/
hexagonal shape were epitaxially grown on TiS, nanosheets
with perfect epitaxial alignment without any misorientation.
To the best of our knowledge, this is the first time that the
epitaxial growth of 2D semiconductor hetero-nanostructures
was achieved in the liquid phase at room temperature.
Intriguingly, the obtained 2D CuS-TiS, hetero-nanostructure
was used as anode in lithium-ion battery, which exhibited
a large capacity and excellent cycling stability. We believe that
our facile and universal method could be a promising strategy
towards the scalable production of novel 2D hybrid nano-
materials with well-defined structures for various applica-
tions.
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