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Abstract

We have developed a new process for the synthesis of a layered niobium sulfide that involves heating K4Nb6O17 � 3H2O with a H2S/N2

gas mixture. It was confirmed that heating the starting layered oxide at 750 1C for 10 h under the gas flow yielded a highly crystalline,

single-phase K0.34(H2O)0.7NbS2. The layered sulfide slabs had a large plate-like shape. Potassium ions in the interlayer of

K0.34(H2O)0.7NbS2 could be exchanged with protons by stirring in 2M H2SO4. It was found that the proton in the proton-exchanged

form can be easily exchanged with other cations. The proton-exchanged form was exfoliated into NbS2 nanosheets by ultrasonication in

water. According to the atomic force microscopy (AFM) images, NbS2 nanosheets had a thickness of around 4 Å, which roughly

corresponded to the thickness of a single NbS2 host layer. NbS2 nanosheets could be restacked with the intercalation of Eu3+ or

tetrabutylammonium ions by an electrostatic self-assembly deposition (ESD) technique.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

2H–NbS2 has a hexagonally packed layer composed of
edge-sharing trigonal units with sulfur in the corners
around a niobium atom. Each host layer exhibits weak van
der Waals bonds in the interlayer [1]. Previous researches
on 2H–NbS2 involved intercalation of various organic
molecules [2–4] and some inorganic species [5–10].

In general, a cation-intercalated layered niobium sulfide
is prepared by the following multi-step process. First,
2H–NbS2 is synthesized by heating a mixture of the powder
of the respective elements repeatedly in quartz ampules at
low pressure [1,2,4–7,9,11–13]. Next, for the intercalation
of cations, the obtained powder is reheated in the presence
of an alkali halide [6,7,13] or treated by an electrochemical
process [4,10] or stirred in an aqueous solution of the
e front matter r 2007 Elsevier Inc. All rights reserved.
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corresponding cation [2]. Thus, preparation of the desired
compound requires a complicated process and heating for
a long time.
In this study, we have developed a new process for the

synthesis of layered niobium sulfides. In this process, the
layered niobium oxide intercalated with an alkali cation is
heated under a H2S/N2 gas mixture. The alkali ion
intercalated form of the layered niobium sulfide can be
synthesized much more easily and rapidly than by the
process described above. Thus, the desired layered sulfide is
synthesized only through a single process. This is a
promising technique for synthesizing new types of layered
niobium sulfides with several combinations of various guest
species.
It is very important to exfoliate a layered niobium sulfide

exchanged with proton into single NbS2 layers called
nanosheets. The nanosheets produced by the exfoliation of
a layered material are promising materials for the
preparation of new functional materials, which can be
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fabricated by restacking the nanosheets with various
cations. So far, we have prepared various restacked layered
oxides by the electrostatic self-assembly deposition (ESD)
technique, which can intercalate trivalent cations and large
metal complexes [14–17]. In this report, restacked layered
niobium sulfides were tried to prepare using NbS2
nanosheets and cationic species by ESD technique.

The present study demonstrates that K0.34(H2O)0.7NbS2
can be directly synthesized by the sulfuration of
K4Nb6O17 � 3H2O through heating in a H2S/N2 gas
mixture, where the intercalated K+ plays an important
role in maintaining the layered structure even at high
temperature. We have observed mono-nanosheets with an
atomic force microscopy (AFM). Moreover, NbS2 na-
nosheets could be restacked into new layered sulfides with
intercalated cationic species by the ESD technique.

2. Experimental section

K4Nb6O17 was synthesized by a conventional solid-state
reaction. Nb2O5 and K2CO3 were mixed at a molar ratio of
2.1:3 and heated at 1100 1C for 10 h in a Pt crucible [18].
The powder was washed with distilled water (Milli-Q
reagent water system) under ultrasonication for 60min to
remove the excess amount of a potassium reagent. The
obtained powder was heat-treated in a mixture of H2S/N2

for 10 h. The flow rate of H2S was about 3.2ml/min, and
that of N2 was 50ml/min. During the heating process, the
powder was always exposed to the gas mixture, which
flowed continuously. The heating temperature ranged from
550 to 750 1C. After sulfuration, all powders were washed
with distilled water to remove any impurities. The stability
of the layered potassium niobium sulfide in air was
confirmed by thermogravimetric differential thermal ana-
lysis (TG/DTA) and XRD pattern. The decomposition of
the layered structure of the layered sulfide occurred at
510 1C and we have observed no change in the layered
structure even after heat treatment at 400 1C for 5 h.
Therefore, the layered potassium niobium sulfide will be
relatively stable in air. However, the samples were always
preserved in vacuumed desiccators to minimize the contact
with air. In order to study the ion exchange and
intercalation properties, the final product was treated in
2M H2SO4 for 48 h under stirring to exchange the
potassium ion in the interlayer. The yield of the proton
exchange process, calculated based on the molar ratio, was
confirmed to be almost 100%. Aqueous 0.01M Eu3+

((CH3COO)3Eu) and 0.02M TBA+ (tetrabutylammonium
hydroxide (TBA+OH�)) solutions were used to replace the
protons of (H3O

+)xNbS2 in the interlayer. The protonated
powder was exfoliated under ultrasonication for 60min in
distilled water in an ice bath. Subsequent centrifugation
under 3000 rpm for 30min yielded colloidal suspensions
containing exfoliated nanosheets. Various cations were
intercalated into the interlayer of NbS2 nanosheets using
the ESD technique. The ESD technique was performed by
simply adding an aqueous solution of the cationic species
into 50ml of a colloidal solution containing NbS2
nanosheets with a negative charge, as described below.
The aqueous 0.01M Eu3+ and 0.02M TBA+ solutions
used contained the counter ion. Mixing of the cation and
NbS2 nanosheet solutions resulted in a precipitate of the
layered niobium sulfide intercalated with the cations. The
precipitate was rinsed with distilled water to remove excess
non-intercalated cations and other undesired ions. The
crystal structures and the orientations were analyzed by
XRD (using CuKa radiation, Rigaku RINT-2500VHF).
Before all measurements, the sulfurated samples were
washed with distilled water to remove the potassium
compounds adsorbed on the surface of the sulfurated
powder. Thermal analyses of the powders were performed
by TG/DTA (Seiko Instruments, TG/DTA6300). A
quantitative analysis of metal ions was made by an
inductively coupled plasma atomic emission spectrometer
(ICP-AES, Seiko Instruments, SPS7800). The sulfurated
sample was dissolved in HF and HNO3 to determine
the K/Nb ratio. Fourier-transformed infrared spectra
(FT-IR Perkin-Elmer) were obtained with the KBr
technique. The morphology of layered materials was
determined by scanning electron microscopy (SEM, JEOL,
JSM-6060LV). The oxidation state of the powder was
estimated by X-ray photoelectron spectroscopy (XPS, VG
Scientific Sprobe) and Nb K-edge XANES spectra. The
binding energy of elements was referenced to C 1s at
285.0 eV for XPS measurements. The reference sample used
for the XANES measurements was NbS2 (99%, High
Purity Chemicals). Zeta potential measurement was carried
out by an ELS-8000KW (Otsuka Electronics). The
morphology and thickness of NbS2 nanosheets were
characterized by AFM (Molecular Imaging).

3. Result and discussion

Fig. 1 shows the XRD patterns of the starting material
and the materials produced by heat treatment in a H2S/N2

gas mixture at various temperatures between 550 and
750 1C. The crystal structure of the starting material was
confirmed to be K4Nb6O17 �H2O (P22121) [19] on the basis
of its XRD pattern (see Fig. 1(a)). The color of all samples
changed from white to black upon heat treatment. The
XRD pattern shows that the dehydrated form of
K4Nb6O17 remained intact until 650 1C. Upon heat
treatment at 750 1C, however, the K4Nb6O17 phase
disappeared and only the diffraction pattern of the layered
material Kx(H2O)yNbS2 (P6̄2c) [6,10] was observed. That
is, most of the oxygen bonded to Nb in the host layer
was substituted with sulfur during the heat treatment in
H2S/N2. The water in the formula was intercalated into the
interlayer during the washing process following the heat
treatment.
In general, the amount of intercalated guest species for

any given layered material is constant. It is reported,
however, that niobium sulfide can intercalate a varying
amount of K+ in the interlayer, and that the layered crystal
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Fig. 1. XRD patterns of (a) K4Nb6O17 � 3H2O as a starting material and

of samples sulfurated at (b) 550 1C, (c) 650 1C, (d) 750 1C. The open circles

and triangles indicate the K0.34(H2O)0.7NbS2 and K4Nb6O17 anhydride

peaks, respectively.

Fig. 2. XRD patterns of ion-exchanged and intercalated samples of

layered niobium sulfide: (a) proton-exchanged sample, (H3O
+)xNbS2, (b)

EX-Eu3+/NbS2 and (c) EX-TBA+/NbS2.
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structure changes depending on the amount of K+ in the
interlayer [10]. In the case of Kx(H2O)yNbS2, diffraction
peaks appear at (0 0 8) and (0 0 1 0) for x40.24. The K/Nb
ratio of the niobium sulfide was analyzed through an ICP
measurement. According to this detailed analysis, the
atomic ratio was K/NbE0.34. That is, the amount of
potassium decreased from K/Nb ¼ 0.67 (in the starting
material) to 0.34 upon sulfuration. In addition, the
TG/DTA analysis showed a mass decreasing in the range
from room temperature to 200 1C due to the release of
intercalated water. Since the total decreasing ratio was
about 9.74%, the y value in Kx(H2O)yNbS2 was estimated
to be about 0.7. From above results, the chemical formula
was determined to be K0.34(H2O)0.7NbS2.

We have also examined the preparation of a layered
niobium sulfide using the proton-exchanged form of
K4Nb6O17 � 3H2O as a starting material, in which most of
the K+ were replaced by H3O

+. The proton-exchanged
form was sulfurated by 10 h heat treatment at 750 1C. This
reaction did not produce any highly crystalline NbS2
layered single phase. It is known that alkali ions in the
interlayers of a layered structure contribute to the thermal
stability of the structure, and that the proton-exchanged
form decomposes easily at low temperature [20]. In the
present case, as a result of the lack of K+ in the interlayer
due to the proton exchange, the layered structure decom-
posed easily. Thus, K+ in the interlayer plays an important
role in maintaining the layered structure in this new
sulfuration process. In all samples synthesized hereafter,
K4Nb6O17 � 3H2O was heated with H2S/N2 gas at 750 1C.
We have also studied the ion-exchange and intercalation
properties of the present proton-exchanged niobium sulfide
((H3O

+)xNbS2). Fig. 2(a) shows the XRD pattern of the
proton-exchanged form ((H3O

+)xNbS2) prepared from
K0.34(H2O)0.7NbS2. The d value of (H3O

+)xNbS2 was
estimated to be 6.0 Å from the diffraction peak at 14.71.
The thickness of the non-intercalated NbS2 host layer is
calculated to be 3.1 Å from its crystal structure [2]. Thus,
the distance of the interlayer space was estimated to be
2.9 Å, which is close to the size of H3O

+. Fig. 2(b) and (c)
show the XRD diffraction patterns of the cation-
exchanged samples, which were prepared by stirring
(H3O

+)xNbS2 in the Eu3+ or TBA solutions for 10 h.
The presence of Eu3+ in the exchanged samples was
confirmed by ICP measurement. On the other hand, the
presence of TBA was confirmed by FT-IR measurement,
because the C–H stretching bands depend on TBA which
were observed at 2865 and 2958 cm�1. The Eu/Nb ratio of
the Eu3+-exchanged sample (EX-Eu3+/NbS2) was 0.17. It
is also confirmed that K0.34(H2O)0.7NbS2 of K+ can be
exchanged the Eu3+ with the almost same Eu/Nb ratio.
These results indicate that cation exchange is very easy for
the prepared layered niobium sulfide. It is considered that
the difference between the theoretical ratio (Eu/Nb ¼ 0.11,
calculated based on the charge balance) and experimental
one might be caused by the surface-adsorbed Eu3+ cation.
The amount of Eu3+ might contain not only the
intercalated Eu3+ but also adsorbed one on the NbS2
surface. In addition, Eu3+ can be intercalated with NbS2
nanosheets by an ESD, as described below. According
to the XRD patterns, the interlayer distance (10.7 Å) of
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Fig. 3. SEM images of (a) the K0.34(H2O)0.7NbS2 sample obtained by

sulfuration at 750 1C and (b) its proton-exchanged sample, (H3O
+)xNbS2.

Fig. 4. XPS spectra for Nb 3d, S 2p and K 2p of (a) the K0.34(H2O)0.7NbS2 sam

(H3O
+)xNbS2. The oxidation states of Nb, +4�d, +4 and +5, are denoted
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EX-Eu3+/NbS2 is much larger than that of ESD-Eu3+/
NbS2 (6.0 Å). This is based on higher content of
intercalated water molecules for the former sample than
the latter sample. According to the TG/DTA analysis of
both samples, mass decreasing was observed from room
temperature to 280 1C due to release intercalated water
molecules. Since the total decreasing ratio was about
27.77%, the value of z in Eu(H2O)zNbS2 (EX-Eu3+/NbS2)
was estimated to be about 2.4. On the other hand, z-value
for ESD-Eu3+/NbS2 was calculated to be about 1.4 from
the mass decrease.
Fig. 3 shows the SEM images of K0.34(H2O)0.7NbS2

before and after proton exchange. K0.34(H2O)0.7NbS2
was plate-like with an average size of 50 mm, while
(H3O

+)xNbS2 was a foil-like thin sheet.
The oxidation states of Nb and S in K0.34(H2O)0.7NbS2

and the proton-exchanged form, (H3O
+)xNbS2, were

estimated by XPS analysis, as shown in Fig. 4. Both
sulfurated samples had several oxidation states of Nb,
whose spectrum can be resolved into three components
with the oxidation states of +5, +4, +4�d. The oxidation
state of Nb(+5) is determined from the binding energies of
Nb 3d3/2 at 210.5 eV and Nb 3d5/2 at 207.7 eV, which are
governed by the oxidation of the powder surface. The
presence of Nb(+4) is confirmed from the peaks of Nb
3d3/2 at 206.8 eV and Nb 3d5/2 at 204.1 eV [21]. Finally, the
peaks of Nb 3d3/2 at 206.0 eV and Nb 3d5/2 at 203.3 eV
indicate the presence of the oxidation state of Nb(+4�d).
The presence of the oxidation state of Nb(+4�d) is
maintained by the intercalation of cationic species bringing
about charge balance. Since on the XPS spectra of S 2p, the
main peaks of S 2p3/2 are observed around 161 eV, the
oxidation state of S is a ‘‘�2’’ in both samples [22], and
the spectra were scarcely changed by proton exchange. On
the other hand, no K 2p peaks were observed for the
proton-exchanged sample. According to the quantitative
ple obtained by sulfuration at 750 1C and (b) its proton-exchanged sample,

by open circles, open triangles and crosses, respectively.
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Fig. 5. AFM image of NbS2 nanosheet exfoliated from the proton-

exchanged sample, (H3O
+)xNbS2.

Fig. 6. XRD patterns of restacked samples of (a) ESD-Eu3+/NbS2 and

(b) ESD-TBA+/NbS2.
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analysis by XPS, the Nb/S atomic ratio scarcely changed
during the proton exchange reaction. That is, the proton
exchange reaction was successfully carried out without
compositional change in the host NbS2.

In order to estimate the oxidation state of Nb in the
bulk, we examined Nb–K edge XANES measurement.
The both absorption edge of K0.34(H2O)0.7NbS2 and
(H3O

+)xNbS2 exhibits a lower shift compared with the
NbS2 reference sample. The result indicates that inter-
calated cations (K+, H3O

+) caused the reduction of Nb
(the oxidation state of Nb is +4�d). This result agrees with
the XPS results mentioned above.

NbS2 host layers were exfoliated by ultrasonication of
the aqueous suspension of (H3O

+)xNbS2. Fig. 5 shows the
AFM image of the NbS2 nanosheet observed on a mica
substrate. The sheet thickness was about 4 Å, which is
slightly larger than the calculated value for an NbS2 host
mono-layer (3.1 Å) [2]. Since pure water is used as solvent
during exfoliation, water molecules may be adsorbed
between or on NbS2 nanosheet and the mica substrate,
which would cause the observed deviation from the
calculated value. Consequently, NbS2 host layers are
successfully exfoliated into single layers (nanosheets). It is
already reported that NbS2 was exfoliated to single layers
treated by ultrasonication in water. However, according to
TEM measurement, the thickness of exfoliated platelets
was estimated to be 12 Å which is much thicker than the
thickness of NbS2 single host layer (3.1 Å). Probably,
the NbS2 platelets consist of a few nanosheets obtain in
Ref. [11]. Anyhow, we clearly confirmed that NbS2 mono-
nanosheet was prepared by the present process.
According to the zeta potential measurement of the
suspension, the NbS2 nanosheets were negatively charged
(�25.7mV at pH 7). Thus, we tried to restack NbS2
nanosheets with cationic species by using the ESD
technique. Fig. 6 shows the XRD patterns of ESD-Eu3+/
NbS2 and ESD-TBA+/NbS2. The ESD-Eu3+/NbS2 sam-
ple showed diffraction peaks at 9.71 and 19.51, which are
the first and second basal reflections of the restacked
layered sulfide, respectively. The d value of the first
reflection is calculated to be 9.1 Å, and thus the interlayer
distance is found to be 6.0 Å because the thickness of the
NbS2 mono-layer is 3.1 Å. The interlayer distance corre-
sponds to the size of hydrated Eu3+ intercalated in a
layered titanate by the ESD technique [14]. The Eu/Nb
ratio was 0.15 according to ICP analysis, indicating that
the chemical formula of the restacked layered sulfide is
Eu0.15(H2O)1.4NbS2. In addition, the layered sulfide inter-
calated with TBA molecules showing three diffraction
peaks at 6.11, 12.31 and 18.71 can be easily prepared by the
restacking route. The interlayer distance was calculated to
be 11.3 Å from the above diffraction peaks. This value
reflected that both water and TBA molecules were
intercalated. Thus, we have succeeded in preparing layered
niobium sulfides intercalated with various cationic species
by the ESD technique.
Fig. 7(a)–(d) show a flow chart, which summarizes a

series of processes producing NbS2 nanosheets from the
starting niobium layered oxide material as described above.
The procedure we proposed will lead to prepare a new
layered niobium sulfide as quickly as possible.

4. Conclusion

We have developed a new process for the synthesis
of a layered niobium sulfide intercalated with various
cations. The process involves the heat treatment of
K4Nb6O17 � 3H2O with a H2S/N2 gas mixture. Using this
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Fig. 7. A flow chart of the new process for the synthesis of new layered niobium sulfides, nanosheets and restacked layered sulfide: (a) K4Nb6O17 � 3H2O,

(b) K0.34(H2O)0.7NbS2, (c) (H3O
+)xNbS2, (d) NbS2 nanosheets, (e) and (f) new layered niobium sulfides intercalated with various cations. Open and closed

circles denote H3O
+ or water molecules and K+, respectively. Diagonal and double circles represent various cations.
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process, we can prepare a single-phase, highly crystalline
layered niobium sulfide material intercalated with K+

cations simply by heating. Thus, it is a much simpler and a
shorter process compared with conventional techniques. In
this new sulfuration process, K+ in the interlayer of the
starting layered oxide plays an important role in main-
taining the layered structure. The powder obtained was
identified to be K0.34(H2O)0.7NbS2 by XRD, ICP and TG/
DTA measurements. According to the SEM images and
XRD patterns, the proton-exchanged form, (H3O

+)xNbS2,
which was obtained by stirring in 2M H2SO4, retained the
lamellar structure. Protons in the (H3O

+)xNbS2 sample
were easily exchanged with several cations. NbS2 na-
nosheets were prepared by ultrasonicating in an aqueous
suspension of (H3O

+)xNbS2. The AFM image clearly
indicated that the layered niobium sulfide was exfoliated
into NbS2 mono-nanosheet. We also succeeded in prepar-
ing a restacked layered niobium sulfide composed of Eu3+/
NbS2 and TBA+/NbS2 by the ESD technique.
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