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Two-dimensional (2D) nanomaterials have been receiving
great attention owing to their unique properties and potential
applications in electronics and catalysis.?! Besides graphene,
inorganic 2D materials such as hexagonal boron nitride (h-
BN) and transition-metal chalcogenides (TMCs) are reported
to show also novel mechanical,”*! optical,*! and thermoelectric
properties.’! For example, NbSe, and h-BN have been
extensively studied and applied in, for example, light-emitting
diodes,”® magnetic flux,”! and dielectric layers.’l Since the
interactions between the layers of the bulk material are
determined by van der Waals forces, the mechanical cleavage
method, for which scotch tapes are used, has been applied to
fabricate single and few-layer-thick NbSe, nanosheets.”
However, this method is restricted to the large-amount
production of nanosheets. Alternatively, the other exfolia-
tion-based methods or the direct growth of single or few-
layer-thick 2D materials have been developed.['*?

BN nanosheets can be obtained from direct sonication of
bulk h-BN crystals in different solvents, such as N,N-
dimethylformamide (DMF),”! a mixture of ethanol and
water,”® a mixture of 1,2-dichloroethane and poly(pheny-
lenevinylene) polymer, and a solution of the Lewis base
octadecylamine (OD).'™! In the aforementioned arti-
cles>31 the strong affinity of the organic molecules or
solvents on the h-BN surface weakened the van der Waals
interaction between the adjacent BN layers and thus facili-
tated the exfoliation and isolation of the individual nano-
sheets upon sonication. To prepare the NbSe, nanosheets,
direct sonication of bulk NbSe, crystals in organic solvents!'®!
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and sodium cholate/water solution"”! as well as an intercala-
tion-assisted thermal cleavage method™'! have been
reported. Recently, we developed a simple and effective
method to prepare single-layer 2D nanosheets, such as MoS,,
WS,, TiS,, TaS,, ZrS,, and graphene, through a controllable
process of lithium intercalation and subsequent sonication
and exfoliation of the lithium-intercalated compounds in
water or ethanol””) However, there is a big challenge to
simply apply this lithium intercalation process to prepare
other types of 2D materials, such as h-BN and metal selenides
or tellurides (e.g. NbSe,, WSe,, Sb,Se;, and Bi,Te;). Unlike
the previously reported transition-metal sulfide crystals,
which showed a distinct discharge plateau during the electro-
chemical lithium intercalation process, the h-BN and metal
selenides or tellurides give continuously descending discharge
curves without a plateau. This makes it difficult to determine
the cut-off voltage (i.e. the voltage at which the discharge
stops) to obtain the optimized Li amount inserted in the bulk
materials. The insufficient insertion of Li can lead to
ineffective exfoliation, while too much insertion of Li will
result in the chemical decomposition of the crystals.?”)

In this contribution, we have successfully optimized the
electrochemical lithium intercalation conditions for the
preparation of few-layer-thick BN, NbSe,, WSe,, Sb,Se;, and
Bi,Te; nanosheets through a systematic examination of the
nanomaterials obtained at different cut-off voltages. More
importantly, we have employed two approaches to improve
the quality of the products, that is, we use a low discharge
current to prevent high-current-induced structure degrada-
tion and the deoxygenation of the lithium-intercalated com-
pound solutions to alleviate the surface oxidation of the
nanosheets during sonication. As a proof of concept, the
thermoelectric properties of the NbSe, nanosheet films were
tested, which showed both electrical p-type semiconductivity
and an enhanced Seebeck coefficient relative to the bulk
material.

Scheme 1 shows the electrochemical lithium intercalation
process used to prepare the 2D nanosheets. First, the layered
bulk material is mixed with acetylene black and a poly(viny-
lidene fluoride) (PVDF) binder dispersed in N-methylpyrro-
lidone (NMP). The mass ratio of the layered bulk material,
acetylene black, and PVDF in the mixed slurry is 80:10:10.
The resulting slurry is then uniformly coated on a copper foil
and dried in vacuum at 100°C overnight (Scheme 1a). Then,
the bulk material-coated Cu foil used as the cathode, the
lithium foil used as the anode, and the polypropylene (PP)
film used as the separator are assembled into a lithium ion
battery in an Ar-filled glove box, with 1M LiPF; in a mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC)
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Scheme 1. The electrochemical lithium intercalation process to produce 2D nanosheets from the
layered bulk material (MN =BN, metal selenides, or metal tellurides in Li, MN).

(viv=1:1) as electrolyte (Scheme 1b). The obtained battery
cell is connected to a Neware battery test system at room
temperature. The electrochemical lithium intercalation is
performed through the galvanostatic discharge at a current of
0.025 mA (Scheme 1c). By optimizing the cut-off voltage (or
the discharge capacity), we can control the amount of the Li
ions intercalated between the layers of the bulk material, so
that the Li insertion process can stop at a proper Li amount to
avoid the decomposition of the lithium-intercalated com-
pound. After the lithium intercalation, the battery cell is
dismantled (Scheme 1d) and the lithium-intercalated mate-
rial, coated on the Cu foil, is taken out, rinsed with acetone to
remove the residual electrolyte (i.e. LiPFy), and
dried. Finally, the lithium-intercalated material on
Cu foil is immersed in Milli-Q water deoxygen-
ated with N, in a closed vial (Scheme 1e) and
subsequently sonicated for 10 minutes. During
the sonication, the profuse evolution of gas can be
observed and an opaque suspension of the
exfoliated materials formed (Scheme 1f).
During the whole experimental process, the
lithium ions fulfill several important functions.
First, the Li" ions are inserted into the interlayer
space of the layered bulk material, which expands
the interlayer distance and weakens the van der
Waals interactions between the layers. Second,
the inserted Li* ions are subsequently reduced to
Li’ by accepting electrons during the discharge
process. The metallic Li can react with water to
form LiOH and produce H, gas (evidently,
bubbles were observed during our experi-
ments).???! The generated H, gas pushes the
layers further apart. Under vigorous agitation by

Discharge

Dismantled cell

System

Figure 1a shows the transmis-
sion electron microscopy (TEM)
image of a typical h-BN nanosheet.
The selected area electron diffrac-
tion (SAED) pattern (inset in Fig-
ure 1a) of the flat area of the
nanosheet and the high-resolution
TEM (HRTEM) image (Fig-
ure 1b) indicate the hexagonal lat-
tice structure. A lattice spacing of
22 A can be assigned to the BN
(100) planes.” The folded edges of
typical double- (Figure 1c) and
triple-layer (Figure 1d) BN nano-
sheets show the interlayer spacing
of 3.3 A, which is in agreement
with the theoretic value of the bulk
h-BN.?! The TEM image and
SAED pattern of the obtained
NbSe, nanosheet are shown in Fig-
ure 1e. The lattice spacing of 3.0 A
shown in the HRTEM image (Fig-
ure 1f) is consistent with that of
the NbSe, (100) plane. The photographs of the BN and NbSe,
solutions are shown in Figure 1g and 1h, respectively,
indicating the production of homogeneous dispersions of
the 2D materials by using our method.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to further characterize the
morphology and thickness of these 2D nanomaterials. Fig-
ure 2a—c shows SEM images of BN nanosheets deposited on
Si/SiO, substrates with a lateral size up to 550, 670, and
730 nm, respectively. Their thicknesses of 2.3, 4.0 and 8.0 nm
(Figure 2d—f) are determined by AFM measurements, con-
firming that few-layer-thick BN nanosheets were successfully

N

Voltage (V)

o

Take sample out

Figure 1. a) TEM image of a typical BN nanosheet. Inset: SAED pattern of the BN
nanosheet. b) HRTEM image of few-layer-thick BN nanosheet. c—d) TEM images of
the folded edges of c) double- and d) triple-layered BN nanosheets. €) TEM image of
a typical NbSe, nanosheet. Inset: SAED pattern of the NbSe, nanosheet. f) HRTEM
image of a few-layer-thick NbSe, nanosheet. Photographs of g) the BN solution and

h) the NbSe, solution.
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Figure 2. SEM images of typical BN nanosheets deposited on Si/SiO, substrates with a lateral size up
to a) 550, b) 670, and c) 730 nm. AFM measurements of the corresponding BN nanosheets in (a—)
give the thickness of d) 2.3, e) 4.0, and f) 8.0 nm, confirming that few-layer-thick BN nanosheets were

successfully produced.

fabricated by using our method. The chemical composition of
the obtained BN nanosheets was studied by X-ray photo-
electron spectroscopy (XPS, see Figure S1 in the Supporting
Information). The Bls spectrum can be fitted by two energy
bands at 189.1 and 190.4 eV, the N1s peak can be fitted with
two subbands located at 396.3 and 397.5 eV, which may be
assigned to Bls and N1s oxidation states in Li;BN (6 is the
residual amount of Li ions on BN nanosheet)? ! and BN,
respectively.?+26:27]

The SEM images in Figure 3a,b show that we have
successfully prepared the micron-size NbSe, nanosheets with
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.00.30.6 0.9
d pum—>

Figure 3. SEM images of typical NbSe, nanosheets deposited on Si/
SiO, substrates with lateral size up to a)~6.4 and b) 1.1 um. The
corresponding AFM measurements of NbSe, nanosheets give the
thickness of c) 2.6 and d) 2.4 nm, confirming that few-layer-thick
NbSe, nanosheets were successfully produced.
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lateral sizes up to 6.4 um. The
AFM measurements further
indicate that the obtained few-
layer-thick NbSe, nanosheets
have thickness of 2-3 nm (Fig-
ure 3¢,d). To the best of our
knowledge, this is the first time
that AFM images are used as
direct evidence for the formation
8 of few-layer-thick NbSe, nano-
sheets, which further proves the
effectiveness of our method. The
XPS spectra of Nb3d and Se3d
core peaks are shown in Fig-
ure S2 in the Supporting Infor-
mation. The doublet with com-
ponents at 203.8 and 206.5 eV is
attributed to Nb“*®* in Li,NbSe,
(¢ is the residual amount of Li
ions intercalated on NbSe, nano-
sheet).”®! The two bands at
204.4 and 207.2 eV are assigned
to Nb*" ions in NbSe,. Those at
208.1 and 210.9 eV are attributed
to Nb** ions in the oxidized species of Nb,Os.**! For the
evolution of the Se3d core peak, the doublet (54.6-55.5 eV)
corresponds to Se*~ ions in NbSe,, indicating that selenium is
not oxidized.”>*)

Compared to the traditional lithium intercalation method
which uses the expensive n-butyllithium as the intercalating
agent, our method requires an elevated reaction temperature
and takes long time,” our electrochemical lithium interca-
lation method can be easily conducted at room temperature
and is well-controlled.”™ However, unlike our previously
reported transition-metal sulfide crystals (e.g. MoS,, WS, and
TiS,) which showed distinct discharge plateaus during the
electrochemical lithium intercalation process, the h-BN and
metal selenide or telluride materials show a continuously
descending discharge curve without a plateau. The lack of
a plateau makes it difficult to determine the cut-off voltage
(i.e. the voltage at which the discharge stops) to obtain the
optimized amount of inserted Li ions. Therefore, in the
present work, to apply the lithium intercalation method to BN
and NbSe,, as well as to other layered materials, we
determined the optimized cut-off voltage by carrying out
a series of control experiments at different discharge capaci-
ties and systematically examined the obtained products.

Taking h-BN as an example, its galvanostatic discharge
curve (i.e. open circuit voltage vs. x, where x is the number of
Li atoms in Li,BN) shows that the cell voltage decreases from
1.8 to 0.4 V (at 0 <x<0.058) without an obvious discharge
plateau (Figure S3a in the Supporting Information). The
optimized cut-off voltage is 0.4 V. If the discharge was
stopped at a voltage higher than 0.4 V, only thick BN flakes
were obtained. On the other hand, if the discharge was
continued till 0.3 V, chemical decomposition of BN crystals
was observed (Figure S4 in the Supporting Information). A
discharge curve with a similar profile was also observed for
NbSe, crystals (Figure S3b in the Supporting Information).
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s

0
0 80 160 240
d/nm—»

Angew. Chem. Int. Ed. 2012, 51, 9052 —9056


http://www.angewandte.org

Based on our systematic study, the optimized intercalated
lithium amount (x) in NbSe, for preparation of high-quality
exfoliated NbSe, nanosheets was 3.2, corresponding to
a discharge voltage of 0.7 V, where the lithium intercalation
process stopped. Importantly, to further improve the quality
of the produced nanosheets, we set, based on our systematical
investigation, the discharge current at 0.025 mA, which is
lower than the 0.05 mA used in our previous procedure.?”!
Using this current, the structure degradation induced by
a large discharge current can be avoided. Furthermore, we
also applied a deoxygenation procedure by degasing the
water solution of the lithium-intercalated compounds with N,
to alleviate the excessive surface oxidation under sonication.

Most importantly, our current method based on the
aforementioned technical improvement cannot only be used
for fabrication of BN and NbSe, nanosheets, but also applied
to a wide range of layered materials, such as WSe,, Sb,Se;, and
Bi, Te;. For example, Figure S5 in the Supporting Information
shows the SEM images of WSe, powder and a WSe, nano-
sheet after exfoliation. Similarly, the SEM images of Sb,Se;
and Bi,Te; before and after exfoliation are shown in
Figures S6 and S7 in the Supporting Information, respectively.
As observed, the Sb,Se; and Bi,Te; bulk materials are crystals,
while the exfoliated materials show a sheet morphology, and
appear darker in contrast to the Si/SiO, substrate in the SEM
images, indicating the better electrical conductivity of the
semiconducting nanosheets relative to the Si/SiO, substrate.

As a proof of concept for potential applications of the
produced 2D materials, the thermoelectric properties of the
NbSe, nanosheets were measured. Figure 4a shows the
temperature-dependent Seebeck coefficient (or the thermo-
electric power) for the NbSe, nanosheets and the bulk
crystals. The bulk NbSe, gives a negative Seebeck coefficient,
indicating its n-type semiconducting behavior. However, the
Seebeck coefficient of the NbSe, nanosheets is positive,
suggesting a p-type semiconducting behavior.”*! This is
consistence with the results reported previously. The nano-
sheets obtained from lithium intercalation and exfoliation are
p-type semiconductors.”3!! In addition, the NbSe, nanosheets
gave much higher absolute Seebeck coefficients (Figure 4a)
and an increased electrical conductivity (Figure 4b) relative
to the bulk counterpart, resulting in improved overall
thermoelectric transport properties, in terms of the power
factor, that is, S’0, (S=Seebeck coefficient, o= electrical
conductivity, Figure 4c). These enhanced properties can be
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ascribed to a change in the carrier concentration and mobility
of NbSe, after lithium intercalation and exfoliation,”® most
likely caused by the extra electrons introduced into the half-
filled Nb d,. band.[>*!

In summary, we have prepared few-layer-thick BN, NbSe,,
WSe,, Sb,Ses, and Bi,Te; nanosheets from their layered bulk
precursors by using an electrochemical lithium intercalation
process. The lithium intercalation conditions, such as cut-off
voltage and discharge current, have been systematically
studied and optimized. The high-quality BN and NbSe,
nanosheets, which were evidenced by SEM, TEM, and
AFM, have been successfully produced. In addition, the
NbSe, nanosheets showed both an enhanced Seebeck coef-
ficient and an electrical p-type semiconductivity, suggesting
their potential application in thermoelectric devices.

Experimental Section

Chemicals: Boron nitride (BN, Sigma, Steinheim, Germany), niobium
selenide (NbSe,, Alfa Aeser, Massachusetts, USA), tungsten(IV)
selenide (WSe,, Alfa Aeser, Massachusetts, USA), antimony trisele-
nide (Sb,Ses, Sigma, Steinheim, Germany), bismuth telluride (Bi,Te,,
Sigma, Steinheim, Germany), poly(vinylidene fluoride) (PVDF,
Sigma, Steinheim, Germany), N-methylpyrrolidone (Sigma, Stein-
heim, Germany), lithium ion battery electrolyte (Charslton Technol-
ogies Pte Ltd., International Business Park, Singapore), lithium foil
(ACME Research Support Pte Ltd, Bukit Batok Street, Singapore),
polypropylene (PP) film (Celgard 2300, North Carolina, USA),
copper foil (ACME Research Support Pte Ltd, Bukit Batok Street,
Singapore), acetone (Tech Grade, Aik Moh Paints & Chemicals Pte
Ltd, Singapore), ethanol (>99.9%, Merck, Darmstadt, Germany)
were used as received without further purification. The deionized
water was purified using the Milli-Q system (Millipore, Billerica, MA,
USA).

Electrochemical intercalation: The lithium intercalation of the
layered material was performed in a test cell with the Li foil as anode
and 1M LiPF, dissolved in the mixture of ethyl carbonate (EC) and
dimethyl carbonate (DMC) (1:1 in volume ratio) as electrolyte. The
layered bulk material (i.e. BN, NbSe,, WSe,, Sb,Se; and Bi,Te;) was
prepared as cathode by adding acetylene black and poly(vinylidene
fluoride) (PVDF) binder dispersed in N-methylpyrrolidone (NMP)
solutions. The mass ratio of the layered bulk material, acetylene
black, and PVDF in the mixed slurry was 80:10:10. The resulting
slurry was then uniformly coated on a copper foil and vacuum-dried
at 100°C overnight. The test cells for different layered materials were
assembled in an Ar-filled glove box. The electrochemical intercala-
tion (galvanostatic discharge) of the layered materials in the test cells
was conducted in a Neware battery test system at a current density of
0.025 mA. After the discharge process, the lithium-intercalated
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Figure 4. Temperature-dependent Seebeck coefficient (a), electrical conductivity (b), and powder factor (c) for NbSe, nanosheets and the bulk

material.
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sample was washed with acetone to remove the residual electrolyte
(LiPFy), followed by exfoliation and sonication in N,-saturated Milli-
Q water in a closed vial. During the experiment, the profuse evolution
of gas was observed and an opaque suspension of the layered
materials formed. After the suspension was centrifuged and washed
six times with water, the solid product was collected for further
characterizations.

Preparation and characterization of thermoelectric devices: After
a glass slide was cleaned with ethanol, NbSe, nanosheets dispersed in
ethanol was sprayed onto the glass substrate which was preheated at
80°C. The thickness of the NbSe, nanosheet film was 0.5-0.6 um,
measured by the Alpha-Step 1Q surface profiler. The resistivity and
Seebeck coefficient were measured from 50 to 225°C using a com-
mercially available ZEM 3 Seebeck meter in helium atmosphere. The
reference sample of bulk NbSe, was prepared by the following
experiments. First, the commercial NbSe, powders (Sigma Aldrich)
was kept at 10 MPa to form a 15 mm-diameter pellet. Then the pellet
was cut to several small rectangular bars with dimensions of 14 x 2 x
2 mm®, which were used as reference samples.

Characterizations: A drop of a solution containing the produced
2D nanosheets was placed on a holey carbon-coated copper grid and
a Si/SiO, substrate and then naturally dried in air prior to character-
ization with transmission electron microscopy (TEM, JEM 2100F),
scanning electron microscopy (SEM, JSM-7600F) coupled with
energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS, Axis Ultra), and atomic force microscopy (AFM,
Dimension 3100 Veeco, CA, USA), respectively. The UV/Vis
absorptions of the samples were examined using a UV spectropho-
tometer (UV-1800, Shimadzu, Japan).
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