Communication

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Li Intercalation into 1D TiS,(en) Chains
Tianyang Li,* Yi-Hsin Liu,* Basant Chitara, and Joshua E. Goldberger*

Department of Chemistry and Biochemistry, The Ohio State University, Columbus, Ohio 43210, United States

© Supporting Information

ABSTRACT: The intercalation of metal cations in 2D
layered materials allows for the discovery of unique
electronic, magnetic and correlated properties. We
demonstrate that reversible Li intercalation is also
achievable in the hybrid organic/inorganic dimensionally
reduced 1D van der Waals solid TiS,(ethylenediamine).
Upon intercalation, electrons are injected into the lattice as
Ti* is reduced to Ti** leading to an order of magnitude
decrease in electrical resistivity. This reversible intercala-
tion process opens up new opportunities to fine-tune the
physical properties in this emerging family of dimension-
ally reduced materials.

he intercalation of polymers, small molecules, and metals
inside the van der Waals gap of 2D solids is one of the
most powerful approaches for tuning the electronic, magnetic,
and correlated properties to realize interesting physical
phenomena and applications." For example, it has been well
established that metals can be intercalated inside layered
transition metal dichalcogenides (LMDCs) to create super-
conductors,”'* thermoelectric materials,’ charge density waves,”*
and Li ion battery electrodes.’ Li intercalation in these LMDCs
reduces the chalcogenide host, with the electrons filling the
metal d-orbital based conduction band, with the resulting Li"
resides on the octahedral hole sites in the van der Waals
ap.éa’ld’6b The feasibility of Li intercalation in the narrow band
gap semiconductor, TiS,, made it one of the first Li battery
cathode material candidates.”

There is an emerging body of work suggesting that the
polyhedral connectivity of atoms for any crystalline framework
can be ligand-terminated along specific axes to produce stable,
crystalline dimensionally reduced van der Waals solids that have
single to few atom thicknesses.® These dimensionally reduced
derivatives have fundamentally different properties, compared
to the original lattice, such as conversion from indirect to direct
band gaps,® efficient white light emission,” and unique
magnetic behavior.'® Being able to intercalate metal cations
and donate electrons inside a dimensionally reduced hybrid
lattice could similarly enable the rational manipulation of their
electronic and magnetic properties. Still, the intercalation and
deintercalation of metal cations inside a dimensionally reduced
hybrid organic/inorganic lattice has yet to be demonstrated.
Herein, we show that 1 equivalent of Li can be intercalated
inside TiS,(en) (en ethylendiamine), a dimensionally
reduced 1D transition metal dichalcogenide derivative, which
reduces the Ti*" framework to Ti**, and leads to a significantly
enhanced electrical conductivity.
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We have recently created TiS,(en), the dimensionally
reduced one-dimensional (1D) derivative of a layered metal
dichalcogenide lattice.*® TiS, normally crystallizes into the
CdCl, structure type, consisting of layers of edge sharing TiS4
octahedra. The TiS,(en) lattice is derived by removing four of
the six neighboring octahedra in a single layer, resulting in 1D
zigzag edge sharing chains. The two nonedge-sharing S atoms
on each Ti—S octahedron are substituted with a bidentate en
ligand. The chains are twisted into a threefold helicity, and held
together via van der Waals forces (Figure la). The crystal
structures were determined using Rietveld refinements of 2 K
neutron diffraction data which will be described further. The
0.3 eV indirect band gap'' of TiS, is converted into a 1.7 eV
direct band gap in TiS,(en).

TiS,(en) was prepared by the 220 °C solvothermal reaction
of TiCl,, elemental S, and en, and subsequently purified and
crystallized in 2-propanol. Pure TiS,(en) forms a unit cell with
R3¢ symmetry (room temperature: a = 18.596(1) A, ¢
9.0158(1) A). The narrow full width half-maximum (fwhm)
(0.0014(3) rad for the (110) reflection) in the powder X-ray
diffraction (XRD) pattern is indicative of its large (>500 nm)
crystalline domain size. For intercalation, the TiS,(en) product
was dispersed in hexane (dried using molecular sieves prior to
use) in a glovebox, and stoichiometric equivalents of n-butyl
Lithium (#-BuLi) dissolved in hexane were added to the
mixture. The reaction mixture was sealed, removed from the
glovebox and reacted at 50 °C for 1—2 days, and then the final
product was collected via centrifugation and purified with
hexane. The final product is extremely air and water-sensitive
and all subsequent analyses were performed under inert Ar
atmospheres. After Li intercalation, the R3¢ unit cell was still
observed in the XRD pattern; however, there was a noticeable
shift in most of the observed reflections to lower 26 values
(Figure 1b,c). The unit cell parameters, determined via a Lebail
analysis, showed a large expansion (~0.6 A) in the a and b
direction and a slight contraction (~0.07 A) in ¢ direction after
reaction with 1 full equiv of n-BuLi. The expansion or
contraction in the unit cell parameters is proportional to the
number of equivalents of Li in the lattice (Figure 1d).
Additionally, after Li incorporation the fwhm of the diffraction
peaks increases (0.0030(3) rad for the (110) reflection). The
strong correlation between fwhm broadening and 26 is
indicative of lattice strain as deduced via Williamson-Hall plot
(Figure SI-1). Furthermore, the strain increases with increasing
Li intercalation stoichiometry. The Li:Ti ratios were further
verified with Inductively Coupled Plasma-Optical Emission
Spectroscopy measurements.
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Figure 1. (a) Crystal structures of TiS,(en) (left) and LiTiS,(en)
(right) projected down the c axis from neutron diffraction refinements.
Ti octahedra are shaded in red. (b, c) X-ray diffraction patterns of
TiS,(en) (black), Lig¢TiS,(en) (red), and LiTiS,(en). (d) Changes of
unit cell parameter (a, black; ¢, red) with respect to Li/Ti ratio. (e)
Crystal structures showing two adjacent 1D chains along ¢ axis with
intercalated Li atoms positions determined from neutron diffraction
refinements. Atom colors: Ti, red; S, yellow; N, green; C, black. H
atoms have been omitted for clarity.

To elucidate the structure and the Li atom positions, we used
separate synchrotron and neutron diffraction measurements.
Rietveld refinement of the synchrotron data shows that upon
intercalation the interchain spacing increases from 6.151 to
6.380 A, suggesting Li intercalation between the chains (Figure
SI-2). The reduction in the ¢ parameter occurs due to the
increased tilting of Ti octahedra. Furthermore, upon Li
intercalation the Ti—S and Ti—N bond distances increase by
~0.11 and ~0.03 A, respectively (Table SI-1). The bond
valence sum of Ti in TiS,(en) and LiTiS,(en) is 3.93 and
3.10,'% respectively, further confirming the reduction of the Ti.
To determine the positions of the Li atoms, we did Rietveld
refinement from time-of-flight neutron diffraction measure-
ments (Figure SI-3). Li refines to the van der Waals gap
between neighboring chains, and is coordinated by three S
atoms (Figure le). The Li—S distances are 2.227(6) and
2.231(1) A. The bond valence sum of Li in LiTiS,(en) is 1.31,
which suggests that Li has a +1 oxidation state.

The Li* ions can be further deintercalated while preserving
the structure by oxidizing the lattice. As-prepared LiTiS,(en)
was dispersed in a THF solvent with stoichiometric equivalents

2987

of I, to oxidize the lattice. The product was then repeated
washed in THF to remove the Lil. The XRD data for samples
before and after intercalation and after deintercalation is shown
in Figure 2a. The structure and lattice parameters of the sample
after deintercalation are the same as the original TiS,(en),
confirming the reversibility of intercalation.
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Figure 2. (a) Shift of peaks in the X-ray diffraction patterns. (b)

Changes of binding energy of Ti during reversible Li intercalation. (c)

Changes of Li peaks during reversible Li intercalation. Black, TiS,(en);
green, Li intercalated TiS,(en); blue, deintercalated TiS,(en).

X-ray photoelectron spectroscopy (XPS) was used to
determine if Ti*" is reduced to Ti’* upon intercalation. In
TiS,(en) Ti, S, C, and N peaks were observed, but upon
intercalation, only the Ti peak energies were significantly
changed. Figure 2b shows the changes in Ti peaks upon
intercalation and deintercalation. TiS,(en) has Ti 2p;/, and
2ps), peaks occurring at 464 0 and 458.2 eV, which is indicative
of a Ti* oxidation state.'> Additionally, there is a small
shoulder at 456.0 eV indicative of reduced Ti states. We suspect
that this is due to some surface S atomic desorption in the
ultrahigh vacuum environment. Ar jon etching could not
produce a clean stoichiometric surface and instead all of the
peaks in the XPS spectrum were broadened after etching. Upon
Li intercalation, the Ti peaks shift by ~0.7 eV, which is
indicative of a change in oxidation state to Ti**. 143e
Furthermore, the Ti 3s peak that originally occurs at 61.5 eV
is shifted to 60.0 eV upon Li intercalation," along with the
appearance of a Li 1s peak at 54.5 eV'® (Figure 2c). This 1s
relatively close to the reported binding energy of Li* in Li,S."”
After treatment with L,/THF, the Ti peaks shift back to the
energies observed in TiS,(en), and the Li 1s peak almost
completely disappears. The Li residual in the structure is
estimated to be 7.4% after comparing the Li XPS peak areas
before and after deintercalation. This confirms that the Ti*" ion
is indeed reduced to Ti** upon Li intercalation.

TiS,(en) is a 1.7 eV direct band gap semiconductor. Upon Li
intercalation, one would expect the conduction band to start
filling, resulting in a significantly enhanced carrier concentration
and lower resistivity values. To probe changes in electrical
conductivity upon lithium intercalation, we prepared two-probe
current—voltage (IV) measurements of ~5 um thick films of
TiS,(en) on glass substrates (Figure 3a). Top-contact metal
electrodes consisting of 650 nm of Ti and 20 nm of Au and
separated by 10 ym lengths were defined by electron beam
evaporation through a shadow mask (Figure 3b). The average
two-probe resistivity of at least 10 TiS,(en) was measured to be
~2.6 X 107 Q-cm (Figure 3c). Then the device was placed in
excess n-BuLi hexane solution for 1 day, rinsed with hexane and
the conductivity was remeasured using the same contact pads,
in order to minimize deviations due to variations in film
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Figure 3. (a) Simplified illustration of the thin film device (not drawn
to scale). (b) Optical microscope image of one TiS,(en) thin film
device; insert: scanning electron microscope image of two contacts on
the thin film. (c) IV curves of TiS,(en) and LiTiS,(en) in dark and Ar
atmosphere. (d) IV curves of LiTiS,(en) at different temperatures;
insert: resistivity vs temperature plot.

thickness and particle—particle contacts. Upon Li intercalation,
the resistivity decreased by greater than 1 order of magnitude to
2.1 X 10° Q-cm (Figure 3c). A 12- to 15-fold decrease in
resistivity was observed for four different regions on the same
film. This decrease in resistivity upon Li intercalation is most
likely due to the enhanced carrier concentration upon doping.
The resistivity of LiTiS,(en) still increases upon cooling,
indicative of semiconducting behavior (Figure 3d). It is
important to point out that the resistivity values measured
from this 2-probe approach represent an upper bound of the
material’s resistivity, since they neglect the influence of contact
resistances that are evident from the non-ohmicity of the IV
curves.

In summary, we have successfully shown that it is possible to
reversibly intercalate up to 1 full equivalent of lithium inside
this dimensionally reduced hybrid organic/inorganic 1D lattice
of TiS,(en). Upon Li intercalation, the Ti*" is reduced to Ti**,
and the conductivity of TiS,(en) increases by at least an order
of magnitude. The ability to tune the electron count of hybrid
organic/inorganic dimensionally reduced systems provides a
pathway for the emergence of new physical phenomena, and
could potentially impact existing technologies such as charge
storage applications. For example, one could now explore how
molecular-scale dimensionality affects the voltage, kinetics, and
capacity of Li ion storage, comparing TiS, and TiS,(en) as
model electrode materials. More generally, we foresee the
ability to intercalate different kinds of atoms into dimensionally
reduced materials to be a powerful strategy to yield
fundamentally new behavior.
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Structural details and synchrotron and neutron diffraction
patterns and refinement results. This material is available free of
charge via the Internet at http://pubs.acs.org.
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