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Since graphene was successfully exfoliated, intercalation has been reviewed from bulk materials to two-
dimensional counterparts. Here 1T phase Cu—TaS, was successfully prepared via intercalating Cu into 2D
layered TaS, based on a solution method, which cannot damage the crystal structure of the target
material and can realize uniform intercalation with a large amount of dopants. The electrical conductivity
of 2D TaS; intercalated by Cu has an obvious increase compared with 2D TaS,. Considering the peculiar
metal—insulator transitions (MITs) of TaS, our work may provide new opportunities for future
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Introduction

Over the past decade, two-dimensional (2D) materials have
experienced rapid development due to their novel properties'
and applications.*® Recently, various methods to modify 2D
material  properties, including vertical/lateral hetero-
junctions,”™ external field tuning,’>'* strain engineering'**®
etc., have attracted enormous attention. Among them, the
method of intercalating dissimilar materials into a 2D material
interlayer with van der Waals (vdW) gaps has been paid more
attention due to its simplicity and flexibility."” Acerce et al. re-
ported that through intercalating ions (H', Li' and Na'),
trigonal phase MoS, (1T-MoS,) was an attractive electrode
material when used for a high-performance supercapacitor.*®
Voiry et al. demonstrated intercalation into chemically exfoli-
ated WS, nanosheets, which significantly improves the elec-
trocatalytic activity in the hydrogen evolution reaction (HER).*
In addition, the well-known liquid-based exfoliation method for
2D materials is another successful application of intercalation.

1T-TaS, (tantalum disulfide) is a layered transition metal
dichalcogenides (TMDs), in which each layer is composed of Ta
atoms surrounded by S atoms in an octahedral arrangement.
Since 1T-TaS, possesses delicate balance between electron-
electron and electron-phonon interactions,** it exhibits
a series of charge-density-wave (CDW) transitions (from
metallic phase to different CDW phases) with a decrease in
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superconductor and CDW-based memory devices.

temperature, including an incommensurate CDW (ICCDW)
phase (transition temperature at 550 K), nearly commensurate
CDW (NCCDW) phase (transition temperature at 350 K), and
commensurate CDW (CCDW) phase (transition temperature at
180 K).**> The rich phase states provide a platform to manipulate
physical properties to meet requirements of modern electronic
technology. In fact, the many intercalations for bulk TaS, from
organic molecules to inorganic cations/anions have been
explored based on iodine vapor transport method and chemical
vapor transport (CVT) means.>*>® However, there is no report on
intercalating dissimilar materials into 2D Tas, flakes so far.

In this work, we studied intercalating copper into layered
TaS, vdW gaps by employing the solution-based method with
the advantage of low cost and easy to implement in comparison
with other methods.””** With the help of high-resolution
transmission electron microscopy (TEM), energy dispersive
spectrometry (EDS) mapping and electron energy loss spectrum
(EELS) techniques, we characterized the basic features of
intercalated samples, such as lattice constants, crystal structure
and elemental composition. The experimental results and
analyses indicate that the solution-based method does not
change the oxidation state and crystal phase of host materials.
What is more, the temperature-dependent CDW transition is
preserved. A study on the electrical transport indicates that Cu-
intercalated TaS, has an obvious decrease in electrical
resistance.

Experimental
Synthesis of Cu-TaS,

1T-TaS, flakes were prepared by mechanically exfoliating from
1T-TaS, crystal with Scotch tape, and then transferred to quartz
substrates. Quartz as the substrate is because it would not
induce electroless deposition in intercalation reaction. The
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source material of 10 mM tetrakis(acetonitrile) copper(i) hexa-
fluorophosphate (Sigma-Aldrich) in acetone was added into
a three-necked round bottomed flask with a condenser. The
sample was immersed into the solution, and then heated the
solution to 45 °C. The sample undergoes a disproportionation
redox reaction, and then the layered TaS, intercalated copper
was cleaned by hot ethanol.

Characterizations

X-ray diffraction (XRD) pattern was performed using D/max
2200Pc. TEM images were taken by a JEM-2100 (JEOL, Japan)
operating at an accelerating voltage of 200 kv. EDS was collected
by an Oxford nanoanalysis EDS systems. EELS was measured by
an FEI Tecnai F20 electron microscope. Atomic force micros-
copy (AFM, Veeco, Dimension 3100) was used to determine the
thickness of thin flakes. Metal electrodes (5 nm Cr/50 nm Au)
were made by an electron-beam lithography process. The
transport properties were measured on the same device before
and after intercalation in a Physical Property Measurement
System (PPMS).
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Fig. 1 XRD spectra for 1T-TaS, before and after Cu intercalation.
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Results and discussion

The XRD patterns of the out-plane structure of TaS, before and
after intercalation are shown in Fig. 1. To avoid the effects of the
organic compound during substrates transfer and large varia-
tions in crystallinity between different exfoliated flakes, XRD
was performed on the same sample before and after the reac-
tion. For TaS, before intercalation, all peaks can be indexed by
standard PDF card (JCPDS no. 88-1008) of the host materials
and amorphous peak around 23° comes from the quartz
substrates. For TaS, after intercalation, neither second phase
nor other crystalline impurities are detected, which confirms no
existence of Cu (JCPDS no. 04-0836) precipitate. All peaks of
intercalated sample shift to lower angles, suggesting an
expansion in ¢ lattice. Based on the shifts of (001) peak from
15.011° to 14.836°, we could calculate the c lattice parameter
changing from 5.897 A to 5.966 A.

The details of the in-plane structure and elemental compo-
sition were examined by TEM. Fig. 2 shows the TEM images
with different Cu concentrations controlled by the reaction time
shown in Table 1. The stripe-like phase in Fig. 2(a-d) is due to
a charge density wave and periodic lattice distortions.*® The
morphology in low dimension and high-resolution TEM
(HRTEM) images suggest no aggregate of Cu on the flakes
surface. HRTEM, as shown in Fig. 2(e-h), exhibits the flakes still
maintain a good crystallization with different Cu content. The
EDS was taken to determine the intercalant amount as shown in
Fig. 2(i-m). The atom ratio of Ta and S does not change as the
Cu concentrations increased from zero (purity) to the highest
(13.22% in our results), which illuminates our method is not
a substitution of host atoms. Nickel (Ni) laced grids were used
in TEM measurement to avoid the effect of Cu on the grids
holder.

Moreover, when a higher reactant concentration is reached,
some aggregated Cu nanoparticles appear on the TaS, flakes,
suggesting an unsuccessful intercalation. In the traditional
approach, higher mole ratio creates a higher atoms

Fig. 2 TEM images for materials before and after Cu intercalation with various reaction time: unintercalated, 0.5 h, 2 h, 4 h (a—d), the corre-

sponding HRTEM (e—h), and the EDS spectrums (i—1).
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Table 1 Atomic percentage of copper intercalated and compound
stoichiometry with various reaction time

The reaction time Atomic percent Stoichiometry
0.5h 9.98 Cu, ;,Tas,
2h 11.48 Cug3,Tas,
4h 13.22 Cuy 4sTas,

Fig. 3 The EDS mappings of elements tantalum, sulphur, and copper.

concentration, which is helpful to improve the doping capacity.
However, our results show it is meaningless in improving Cu
content for intercalation. This is because copper atoms have
little solubility in acetone, leading to that high concentration of
atoms and tend to spontaneously assemble to crystal precipi-
tates directly, rather than diffuse to the vdW gaps, while in a low
concentration, the atoms prefer to enter the gaps under the
action of the thermodynamic driving force.

Fig. 3(a) is our STEM-EDS mapping area with three regions
including thick region (A region), a thin region (B region) and
background (C region). Mapping results of Ta, S and Cu are
shown in Fig. 3(b-d), respectively. Uniform distribution of Ta, S
and Cu in A and B regions indicates that three elements have

S Ta
\
I Intercalation e @ @ ¢ ¢

AR AL

Fig. 4 Schematic structure of 1T-TaS; and Cu-TaS,.
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Fig. 5 (a) EELS fine structure of copper intercalated into the TaS,

nanoflakes. EELS spectrum of Cu® (b) and Cu* (c) from ref. 31.

a uniform intercalation. Region A is brighter in intensity than
region B. This is because more layers in region A reflected by
Fig. 3(b and c) and thus provide more gaps to intercalate Cu
shown in Fig. 3(d). According to XRD patterns, HRTEM images
and STEM-EDS mapping, it can be confirmed that the Cu have
been intercalated into the van der Waals gap of TaS,, as illus-
trated by schematic diagram (Fig. 4).

EELS is a powerful tool for identification of the oxidation
states of a transition metal by analyzing the near-edge fine
structure. The L ionization edges of transition metal always
display sharp peaks at near-edge region, which are formed by
the transition of an electron from 2p state to unoccupied 3d
level. The L2 and L3 indicate the transitions from 2p*? to 3d*?
and 2p*? to 3d*23d"/?, respectively. The intensities come from
the unoccupied states in 3d bands.**** The L3 and L2 exhibit
sharp and intense peak for Cu®’, whereas Cu® shows broad
edges because of full-filled 3d band. The spectrum for Cu-TaS,
has a nearly sharp L3 edge which is similar to Cu®", but the L2
edge is almost obscured which is closer to copper metal as
shown in Fig. 5(a). The L3-to-L2 peak intensity ratio from areas
is 3.5 and 1.7 for Cu*' from CuO and Cu° from Cu metal,
respectively.®® The areas intensity ratio in our spectrum is about
2.48. According to the analysis above, we speculate that the Cu
existing state is a mix of Cu”" and Cu®. Here the shift in Cu L-
edge EELS is due to the drift of zero calibration in loss peak.

The thickness-dependent CDW phase transition has been
studied extensively** for 2D TaS, without intercalation. When
the thickness is down to 24 nm or less, the transition from
NCCDW to CCDW state is vanished.* In order to get a full
picture of electrical conductivity with intercalation, the thick-
ness of our device is about 30 nm, shown in the down-left AFM
profile of Fig. 6. As shown in Fig. 6, the resistance of the
intercalated sample is lower than its pristine state. This is
attributed to the increase of charge transfer induced by Cu
intercalation, which would lead to an increase in Fermi energy
level within host materials. The phase transition behaviors are
all preserved, and the transition temperatures are slightly shifts,
which should be induced by Cu intercalation. Owing to that the
superconducting transition temperature can vary with Cu
content in bulk 2H phase Cu,TaS, (0 = x =< 0.12),>* implying
that Cu-intercalated 2D TaS, may have a similar property and
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Fig. 6 Resistance as a function of temperature for pristine and inter-
calated samples. The arrows represent the cooling and warming scan
directions. (Top right) The optical microscope image of the nano-thick
crystal device. (Down left) The AFM profile of the device.

may provide a new insight in the relationship between CDW
phase and superconducting phase.

Conclusions

In summary, an efficient method to intercalate copper into 2D
layered 1T-TaS, has been demonstrated. The present method
has a higher doping content than the traditional ion intercala-
tion or CVT because of no electrostatic force between atoms.
XRD and TEM analyses show that the crystal structure of
nanoflake before and after intercalating Cu into TaS, has not
change, benefiting device construction such as heterojunction.
The intercalated samples have exhibited a good electrical
conductivity even at a thin thickness because of the high carrier
density provided by copper. We believe this work might provide
a new degree of freedom to explore the unexpected properties in
2D phase transiting materials.
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