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ABSTRACT: The intercalation-induced phase transition of MoS, from the A hBNhr:SiZes

semiconducting 2H to the semimetallic 1T’ phase has been studied in detail e=e=a=as rtr:nsmon

for nearly a decade; however, the effects of a heterointerface between MoS, O barrier

and other two-dimensional (2D) crystals on the phase transition have largely IAA =

been overlooked. Here, ab initio calculations show that intercalating Li at a 4 W "’ @ e

MoS,—hexagonal boron nitride (hBN) interface stabilizes the 1T phase over - o

the 2H phase of MoS, by ~100 mJ m 2, suggesting that encapsulating MoS, = o®-o®-cm-om

with #BN may lower the electrochemical energy needed for the intercalation-  hBN-MoS,-hBN 1T VoS -hBN
Heterostrlcture Ty

induced phase transition. However, in situ Raman spectroscopy of hBN—
MoS,—hBN heterostructures during the electrochemical intercalation of Li*
shows that the phase transition occurs at the same applied voltage for the
heterostructure as for bare MoS,. We hypothesize that the predicted thermodynamic stabilization of the 1T'—MoS,—kBN interface
is counteracted by an energy barrier to the phase transition imposed by the steric hindrance of the heterointerface. The phase
transition occurs at lower applied voltages upon heating the heterostructure, which supports our hypothesis. Our study highlights
that interfacial effects of 2D heterostructures can go beyond modulating electrical properties and can modify electrochemical and
phase transition behaviors.

Lithium Intercalation of MoS,

KEYWORDS: intercalation-induced phase transition, in situ Raman spectroscopy, MoS,—hexagonal boron nitride (hBN) interface,

heterointerface

B INTRODUCTION

Van der Waals heterostructures composed of different two-
dimensional (2D) materials"”* can exhibit novel electronic and
optical properties” > in which the effect of heterointerfaces is
important. Heterointerfaces may also play a central role in
determining electrochemical properties and phase transitions
of 2D materials. For MoS,, intercalation of alkali metal ions
such as Li" into the van der Waals gaps between the layers can
induce a phase transition from the semiconducting trigonal
prismatic 2H phase to the semimetallic octahedral 1T
phase,é_8 followed by an additional phase transition to the
distorted 1T’ phase, through electron doping by the
intercalants.””"* The intercalation-induced phase transition
has been proven important for energy applications,"”™"” and
the thermodynamics of the electrochemical intercalation of Li*
in MoS, has been well characterized.'®™' Despite the
extensive investigation and many applications of the
intercalation-induced phase transition, the effect of a
heterointerface on this process has largely been overlooked.
Herein, we investigate heterointerface effects on the
intercalation-induced phase transition of MoS, by interfacing
MoS, with hexagonal boron nitride (hBN). First, ab initio
calculations indicate that the 1T—MoS,—hBN interface is
thermodynamically more stable than the 2H—MoS,—hBN
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interface when Li is inserted at the interface, suggesting that
interfacing MoS, with #BN could lower the thermodynamic
energy barrier for the phase transition. Second, we performed
electrochemical lithium intercalation on hBN—MoS,—hBN
heterostructures using electrochemical microreactors”*~>® and
studied the intercalation-induced phase change via Raman
spectroscopy, in situ. In contrast to the ab initio results, we
observe that the phase transition for hBN—MoS,—hBN
heterostructures occurs at the same applied electrochemical
voltage as bare MoS,, irrespective of the Li" intercalation
pathways. Thus, we hypothesize that the phase transition in Li-
intercalated hlBN—MoS,—hBN heterostructures is influenced
by steric hindrance imposed by the heterointerface, which
would counteract the predicted stabilization of the 1T—MoS,—
hBN interface over the 2H—MoS,—hBN interface. In situ
heating during the electrochemical intercalation showed that
the heterostructure requires a higher thermal energy than bare
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Figure 1. DFT Calculations of the 2H to 1T phase transition. (a) Total energy per monolayer of 1 unit cell of bulk MoS, as a function of the added
implicit charge for the 2H phase (pink) and the 1T phase (cyan). Insets, the trigonal prismatic coordination of sulfur atoms (yellow) around
molybdenum (purple) in 2H—MoS, and their octahedral coordination in 1T-MoS,. (b) Supercell of the heterointerface with 6 layers of strained
hBN, 1 layer of relaxed MoS,, and 1 Li atom. (c) Change in the charge density when Li is added to the heterointerface. Purple atoms are Mo,
yellow are S, green are B, blue are N, and the white atom is Li. Red represents the isosurface corresponding to 80% of the maximum charge density.
(d) Bader charge analysis of the charge donated by the Li atom to all its nearest neighbor S atoms (first nearest—S,, 2nd nearest—S,, and 3rd
nearest—S;) and its nearest N atoms (N, and N,) with (orange) and without (blue) hBN encapsulation. The locations of Sy, S, S5, N}, and N, can

be found in Supporting Information Figure S2.

MoS, to induce the phase transition at the same applied
electrochemical voltage, supporting the hypothesis that the
heterointerface imposes a barrier to intercalation. Lastly, we
demonstrate that the basal planes of commercial hBN are
ionically conductive for Li*.

B RESULTS

Ab Initio Calculations of the MoS,—hBN Interface
with Li* Intercalation. We performed density functional
theory (DFT) calculations to investigate the energetics of the
2H to 1T phase transition of MoS, in the presence and
absence of an hBN interface (see Methods). We note that the
high symmetry 1T structure was used instead of the distorted
1T’ structure to reduce computational cost and because 1T is
an intermediate state in the 2H to 1T’ phase transition. In the
absence of hBN, the 2H to 1T phase transition in MoS, is
thermodynamically driven, with the 1T phase becoming more
favorable (lower in energy) than the 2H phase when bulk
MoS, is doped above —1.3 electrons per monolayer formula
unit (fu.) (Figure la), consistent with previous calcula-
tions.””*® In the presence of an hBN interface, in which
monolayer MoS, is encapsulated by 6 layers of hBN (Figure
1b), the binding energy of the hBN—MoS, interface is
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increased for 1T—MoS, over 2H—MoS, by ~100 m] m™
when a Li atom is intercalated in the van der Waals gap
between MoS, and hBN (Table 1 and see Methods for the
heterostructure supercell and details of relaxation). We also
considered the effect of MoS, thickness on the binding energy.
Upon the introduction of a Li atom in the van der Waals gap,
the binding energies of the monolayer MoS, and the bilayer
MoS, interfaced with hBN in the heterostructures are still

Table 1. Binding Energy of the 2H—MoS,—hBN and 1T—
MoS,—hBN Heterointerfaces With and Without Li”

Ejjpg (mJ/m?)
—139 (—139)
—142 (-142)

heterointerface
2H—MoS,—hBN
1T—MoS,~hBN

Ejpars (mJ/m?)
—378 (=397)
—496 (—499)

“The values in parentheses are the binding energies for a bilayer
MoS,—hBN for comparison with the monolayer MoS,—hBN
heterostructure. The addition of Li increases the binding energy of
the 1T—MoS,—hBN heterointerface by 354 (357) mJ/m? and the
binding energy of the 2H—MoS,—hBN interface by 239 (258) mJ/
m? Overall, the introduction of Li increases the binding energy of the
1T—MoS,—hBN heterointerface relative to the 2H—MoS,—hBN
heterointerface by 118 (102) mJ/m? whereas the binding energies are
almost the same without Li.

https://dx.doi.org/10.1021/acsami.0c21495
ACS Appl. Mater. Interfaces 2021, 13, 10603—10611
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Figure 2. Li* intercalation of hBN—MoS,—hBN heterostructures. (a) Optical micrograph of an hlBN—MoS,—hBN heterostructure with Cr/Au
contacts to MoS,, scale bar 10 um. The MoS, flake (blue outline) is sandwiched between the top and bottom hBN flakes, denoted t-4BN (red
outline) and b-hBN (dashed-black outline), respectively. (b) Schematic of an electrochemical microreactor for intercalating BBN—MoS,—hBN. (c)
In situ optical micrographs of the heterostructure in (a) at open circuit (OCV) and 1.0 V vs Li/Li", scale bars 10 ym. (d) In situ optical micrographs
of bare MoS, at OCV and 1.0 V vs Li/Li*, scale bars 10 ym. (e) In situ Raman spectra of the devices shown in (c—d), with black and red indicating
the 2H and 1T’ phases, respectively. Insets, the trigonal prismatic coordination of sulfur atoms (yellow) around molybdenum (purple) in 2H—MoS,

and their octahedral coordination in 1T'—MoS,.

within 19 and 3 mJ/m? for the 2H and 1T phases, respectively
(Table 1 and Supporting Information Figure S1). Therefore,
we conclude that at the DFT level, MoS, thickness has a
negligible effect on the binding energy of the interface whether
Li is intercalated or not. The significant decrease in the
interfacial energy for 1T—MoS,—hBN over 2H—MoS,—hBN
with Li intercalated at the interface suggests that the nucleation
barrier for the intercalation-induced phase transition would be
lower for hBN—MoS,—hBN heterostructures than for bare
MoS,.

We also considered in-plane strain because of the lattice
mismatch between MoS, and hBN, which may influence the
calculated thermodynamic stability of the 2H— and 1T—
MoS,—hBN interface. To create a commensurate 3 X 3
MoS,—4 X 4 hBN supercell, we applied an in-plane strain of
roughly 4% to hBN, but this strain can be reduced to about 2%
by utilizing a larger 4 X 4 MoS,—5 X S hBN supercell.
However, the calculated binding energies of the two interfaces
did not change in these two strain states (Supporting
Information Table S1), so we conclude that the in-plane
strain on hBN did not have an effect on the increased
thermodynamic stability of the intercalated 1T—MoS,—hBN
interface.

Intercalated Li may donate charge to h/BN at the MoS,—
hBN interface, which may reduce the effective doping of MoS,.
To quantify this doping, we calculated the amount of charge
transfer from an intercalated Li atom to the adjacent MoS, and
hBN layers. Figure lc shows the isosurface of the charge
density with a Li atom in the van der Waals gap of 2H—MoS,—
hBN, which shows that the majority of the charge is donated to
the three S atoms that are the nearest neighbor of the Li. Some
charge is also donated to the N atoms of hBN closest to Li
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(Supporting Information Figure S2). Bader charge analysis*’
shows that the total charge donated to the three S atoms is
—0.97 electrons for a freestanding monolayer of 2H—MoS,
and is reduced to —0.87 electrons in the presence of hBN with
about —0.1 electrons donated to N atoms of #BN (Figure 1d).
Notably, the amount of charge transfer falls off rapidly with
increasing distance from the Li, with >90% of the charge
transfer confined within the ring of the nearest neighbor atoms
(Supporting Information Figure S2). Thus, the intercalated Li
at the MoS,—hBN interface still dopes MoS, strongly and
contributes to the overall electron doping required for the
phase transition of MoS,. We therefore predict that the critical
electron density and, by extension, lithium concentration
required to induce the phase transition would either be similar
or even lowered by interfacing MoS, with hBN, given the
lower binding energy of the 1 T—MoS,—hBN interface.
Electrochemical Intercalation of hBN—MoS,—hBN
Heterostructures. Motivated by the theoretical prediction,
we performed electrochemical lithium intercalation on hBN—
MoS,—hBN heterostructures in which several layer thick MoS,
flakes were sandwiched between exfoliated flakes of hBN (see
Methods section and Figure 2a). The hBN—MoS,—hBN
heterostructure devices were integrated into electrochemical
microreactors”’~>* and intercalation was controlled potentios-
tatically by sweeping the electrochemical potential (Vgc)
between the hBN—MoS,—hBN working electrode and a
lithium reference/counter electrode. Cr/Au metal contacts
directly deposited onto the top surface of MoS, in the
heterostructures served as the working electrode, while lithium
metal pressed onto copper foil served as the reference/counter
electrode (Figure 2b). As Vi is lowered from the open circuit
voltage (OCV), Li* ions diffuse through the electrolyte and

https://dx.doi.org/10.1021/acsami.0c21495
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intercalate into the interlayer gaps of the heterostructure. We
note that while multilayer MoS, flakes are used in experiments
unlike the monolayer MoS, used in calculations, the computa-
tional predictions remain valid as they examine the binding
energy of the MoS,—hBN interface for 1T— and 2H—MoS,,
which we determined to be independent of increasing the
thickness of MoS, up to two layers.

Intercalation dynamics of hBN—MoS,—hBN heterostruc-
tures were compared to those of bare MoS, by sequentially
lowering Vi from OCV (~2.5 V vs Li/Li") to 0.2 V versus Li/
Li" at a decrement of 0.2 V. At each potential, Vi was held
constant for several minutes to acquire Raman spectra in situ,
after which the samples were allowed to recover to OCV
before lowering Vi to the next potential. In situ optical
microscopy of a heterostructure during intercalation revealed
that MoS, turned dark at 1.0 V versus Li/Li* (Figure 2c), and
bare MoS, also darkened at 1.0 V versus Li/Li* (Figure 2d).
The color change may indicate a phase transition to the 1T’
phase,”’ and in situ Raman spectroscopy confirmed the 2H—
1T’ phase transition of MoS, in the heterostructure at 1.0 V
versus Li/Li* and also in bare MoS, at 1.0 V versus Li/Li"
(Figure 2e). The phase transition from 2H— to 1T’—MoS, is
clearly observed via the suppression of the characteristic E,,
and A;; Raman modes of 2H—MoS, and the concurrent
growth of the J; and J, modes of 1T'—MoS,.”>*' We note that,
due to the low intensity of ABN Raman modes (Supporting
Information Figure S3), we were unable to determine what
effect lithium has on the structure of hBN. Supporting
Information Figure S4 shows the full intercalation range of
the heterostructure, including the transition to an amorphous
state in which the MoS, layered structure is destroyed because
of the conversion reaction from MoS, to Mo and Li,S induced
by high concentrations of intercalated lithium.*”** This occurs
at 0.4 V versus Li/Li*, the same as in the bare MoS, case
(Supporting Information Figure SS). We also characterized
MoS, with cyclic voltammetry to confirm the phase transition
and amorphization (Supporting Information Figure S6).
Therefore, our key finding is that while encapsulating MoS,
with hBN should theoretically significantly increase the
thermodynamic stability of 1T'—MoS,, it has no observable
effect on the electrochemical voltage required to induce the
2H-1T' phase transition of lithium-intercalated 'BBN—MoS,—
hBN.

Lithium Diffusion Pathways in hBN—MoS,—hBN
Heterostructures. One possible explanation for the lack of
an observable difference between bare MoS, and hBN—MoS,—
hBN heterostructures is an increased Li* diffusion pathway in
the heterostructure. Li* ions must diffuse over longer distances
to access the MoS, flake in the heterostructure because the
hBN flakes completely encase MoS, (Figure 2a), such that Li*
ions in the electrolyte do not have direct access to the edges of
the MoS, flake. To investigate this, we fabricated a hBN—
MoS,—hBN heterostructure and reactively ion-etched its
perimeter, directly exposing the edges of MoS, to the liquid
electrolyte while still covering the top and bottom surfaces of
MoS, with hBN (Figure 3a). Consistent with the results in
Figure 2, the 2H—1T"' phase transition occurs at an applied
Vic of 1.0 V wversus Li/Li" for the edge-exposed hetero-
structure, as shown by in situ Raman spectroscopy and optical
microscopy (Figure 3b and Supporting Information Figure
S7). Further intercalation yielded amorphous MoS, at 0.4 V
versus Li/Li* just as in the heterostructure without exposed
edges. Therefore, despite Li* ions having direct access to the

b
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Figure 3. Different Li* diffusion pathways during the intercalation of
hBN—MoS,—hBN heterostructures. (a) Optical micrographs of
hBN—MoS,—hBN before (left) and after (right) etching to expose
the edges directly to liquid electrolyte, scale bar 10 ym. The blue-
dashed line (right) indicates the original extent of MoS,. (b) In situ
Raman spectra of the device in (a) while Vi vs Li/Li* is lowered.
Inset, optical micrograph of the device at 1.0 V vs Li/Li", scale bar 10
um. (c) Optical micrographs of hBBN—MoS,—hBN before (left) and
after (right) covering the edges with gold, scale bar 10 ym. (d) In situ
Raman spectra of the device in (c) while V¢ vs Li/Li* is lowered.
Inset, optical micrograph of the device at 0.8 V vs Li/Li" with a black
arrow indicating the darkened region, scale bar 10 pm.

edges of MoS,, the edge-exposed hBN—MoS,—hBN hetero-
structure still required a Vg of 1.0 V versus Li/Li* to induce
the 2H—1T’ phase transition. Thus, longer Li" diffusion
pathways cannot explain the lack of observable difference in
Ve required for the phase transition in the heterostructure and
bare MoS,.

To further investigate the effects of lithium diffusion
pathways, we fabricated a hBN—MoS,—hBN heterostructure,
in which the heterostructure edge is covered with a thick layer
of gold to block edge intercalation (Figure 3c).”® While there
exists an interface between the gold and bottom BN flake,
thermally evaporated gold has been shown to degrade the
surface of 2D materials,”* so we do not expect this interface to
allow lithium diffusion. Therefore, with this architecture, Li*
ions could only reach MoS, through the basal planes of the top
hBN flake. In situ Raman spectra showed the onset of the 2H—
1T’ phase transition at an applied Vi of 1.0 V versus Li/Li" as
shown by a mixture of both the A, and E,; peaks of 2H—MoS,
and the J; and J, peaks of 1T'—MoS, (Figure 3d and
Supporting Information Figure S8). The complete transition to
1T'—MoS, occurred at 0.8 V wversus Li/Li*, marked by the
disappearance of the A;, and E,, peaks. In addition, in situ
Raman spectra showed that the intensity of the J, and J, peaks
drops significantly after 30 min at a Vg of 0.2 V versus Li/Li",
indicating that the onset of the conversion reaction occurs at a
lower Vi than 0.4 V versus Li/Li* observed in the previous
two heterostructures (Figure 3a,b and Supporting Information
Figures S$4 and S7). Thus, our results from the edge-covered
heterostructure suggest that, while hABN is electrically
insulating, it is ionically conductive, allowing Li* ions to
diffuse through its basal planes. We attribute the ionic
conductivity of the hBN basal plane to intrinsic defects
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Figure 4. 2H to 1T’ phase transition in bare MoS, and h'BN—MoS,—hBN as a function of temperature. (a) In situ optical micrographs of bare
MoS, taken at 1.1 V vs Li/Li* at 60 and 100 °C, scale bars 20 ym. The darkened region visible after 8 min at 60 °C indicates the 1T’ phase. (b)
Raman spectra taken from the bare MoS, flake in (a) at 1.1 V vs Li/Li* at room temperature (20 °C) and during heating. The onset of the 2H—1T’
phase transition is observed at 60 °C, with a full transition to 1T'—MoS, after S min at 100 °C. (c) Optical micrograph of the pristine h'BN—
MoS,—hBN device, scale bar 10 ym. (d) In situ optical micrographs of the heterostructure in (c) taken at 1.1 V vs Li/Li* at 100 °C, scale bars 10
um. The darkened region visible at 15 min indicates the 1T’ phase. (e) Raman spectra from the heterostructure in (c—d) taken at 1.1 V vs Li/Li* at
room temperature (20 °C) and during heating. The onset of the 2H—1T’ phase transition is observed after S min at 100 °C, with a full transition to

1T'—MoS, after 10 min.

present in the commercially purchased hBN crystals (Support-
ing Information Figure S3d), as pristine 2D hBN crystals have
been shown to be impermeable even to protons™ but can
become ionically conductive through intrinsic***® or engi-
neered defects.””*® The phase transitions in the edge-covered
heterostructure were slightly delayed compared to the other
two heterostructures, which is consistent with a previous report
that suggests an increased energy barrier to lithium diffusion
through the basal plane of bare MoS, as compared to through
the interlayer gaps.” Irrespective of the Li* diffusion pathways,
all three 'BBN—MoS,—hBN heterostructures undergo the 2H—
1T’ phase transition at 1.0 V versus Li/Li*, the same Vi to
induce the phase transition in bare MoS,. We thus show clearly
that the presence of a hBN—MoS, heterointerface does not
allow for the 2H—1T’ transition at a lower applied Vi than
bare MoS, in contrast to the prediction from DFT calculations.

Steric Hindrance to the Phase Transition by hBN.
Because our calculations indicate that the 1T—MoS,—hBN
interface is thermodynamically more stable than the 2H-—
MoS,—hBN interface with Li intercalation, the lack of an
observable difference in the 2H—1T" phase transition between
bare MoS, and hBN—MoS,—hBN suggests that there may be
an additional energy barrier that influences the phase transition
for the heterostructure. We conclude that steric hindrance
from hBN at the heterointerface introduces an additional
energy barrier to the nucleation of 1T'—MoS, at the interface,
counteracting the thermodynamic stabilization of the 1T'—
MoS,—hBN interface. This is supported by the results from the
edge-covered heterostructure (Figure 3c), where the nuclea-
tion of the 1T’ phase must be initiated at the top hBBN—MoS,
interface because the Li* concentration is the highest at the top
hBN-MoS, interface as Li* entered through the basal planes of
the top hBN flake. The phase transition still occurred at 1.0 V
versus Li/Li*, suggesting an interface-induced barrier to the
nucleation of the 1T’ phase. We hypothesize that this energy
barrier in hBN—MoS,—hBN heterostructures is driven by
sluggish kinetics because of the heterointerface. The phase
transition requires atomic rearrangements of the sulfur atoms

from a trigonal prismatic to an octahedral coordination
surrounding the molybdenum atoms. This rearrangement is
likely impeded by steric hindrance induced by the presence of
the BN layer in close proximity to the sulfur atoms, thus
creating an activation energy barrier for the nucleation of the
1T’ phase.

To test our hypothesis that there is an activation energy
barrier for the 2H—1T’ phase transition introduced by the
hBN—MoS, interface, we investigated the phase transition of
bare MoS, and hBN—MoS,—hBN heterostructures as a
function of both Vi and temperature (Figure 4). Increasing
the temperature provides an additional thermal energy to
overcome the activation energy barrier and should allow for
the intercalation-induced phase transition to occur at a higher
Vi than the observed 1.0 V versus Li/Li* at room temperature.
Initially at room temperature, in situ Raman spectroscopy
showed that lowering Vi to 1.1 V versus Li/Li* did not induce
the phase change in bare MoS, (Figure 4b), which is consistent
with our previous data. After relaxing the device back to OCV,
the microreactor was heated to 60 °C, and then Vi was
lowered to 1.1 V wversus Li/Li*. At 60 °C, the flake began to
undergo the phase transition as indicated by the presence of
both 2H and 1T’ Raman peaks and optical discoloration of the
flake (Figure 4a,b). Further heating to 100 °C induced the
complete transition to the 1T’ phase (Figure 4b). We
confirmed that the phase transition was not induced purely
by the increased thermal energy by showing that an unbiased
flake remained in the 2H phase after heating at 100 °C for 25
min in the presence of the electrolyte and lithium metal
(Supporting Information Figure S9).

A hBN—MoS,—hBN heterostructure (Figure 4c) was then
heated during electrochemical intercalation. At 1.1 V versus Li/
Li*, in situ optical micrographs and Raman spectra indicated
that MoS, remained in the 2H phase at room temperature and
upon heating to 60 °C (Figure 4d,e). Further heating to 100
°C was required to induce a mixed 2H/1T’ phase after S min
and a full phase transition after 10 min as shown by optical
images and Raman spectroscopy (Figure 4d,e). Because the
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heterostructure required an additional 40 °C of applied
thermal energy than bare MoS, to induce the phase transition,
these results support our hypothesis that hBN imposes an
energy barrier to the phase transition. We also show that
thermal energy reduces the applied electrochemical voltage
required to induce the phase transition by 0.1 V. Because the
ionic conductivity of the liquid electrolyte at room temperature
is already very high (107 S cm™) and does not show a
significant increase upon heating,” we do not expect the
application of thermal energy to significantly increase the
intercalation of lithium. Thus, the heating experiments support
the hypothesis that the MoS,—hBN heterointerface introduces
an activation energy barrier to the 2H—1T’ phase transition
because of steric hindrance.

B CONCLUSIONS

In summary, we studied the role of the heterointerface in the
phase stability and transition of a ABN—MoS,—hBN
heterostructure. We show that intercalation-induced phase
changes can be manipulated via multimodal control over
applied electrochemical voltage, temperature, and hetero-
interfaces. While we show that the hBN—MoS, interface did
not show any observable differences in the electrochemical
energy required to induce the MoS, 2H—1T" phase transition,
interfacing MoS, with other 2D materials may change the
kinetics of the phase transition or modify the relative
thermodynamic stabilities of 2H— and 1T'—MoS,. This has
broad implications for van der Waals heterostructured devices,
in which heterointerfaces could modulate the kinetics of phase
changes of 2D materials. Given the wide range of phases
achievable in 2D materials,"’ our approach suggests oppor-
tunities to build devices with targeted electrochemical
switching of material properties for a wide variety of
applications.

B METHODS

Ab Initio Calculations. The DFT calculations were carried out
using the Quantum Espresso*' package using a plane-wave basis set.
Norm-conversing pseudopotentials*> were used to describe the
valence electrons which included the semi-core 4s and 4p electrons
of Mo, and the exchange—correlation was treated at the local density
approximation® (LDA) level, which is in excellent agreement with
the experimental structure of bulk 2H and 1T—MoS,. The kinetic
energy cutoff for the expansion of plane waves was 2040 eV for all
calculations.

We accounted for the effect of doping on the structure of the 2H
and 1T—MoS, by relaxing bulk 2H and 1T—MoS, at various levels of
implicit doping. The unit cell was allowed to relax until the energy was
converged to within 0.02 meV/atom and the forces on atoms were
smaller than 2.5 X 10~ eV/A. A Monkhorst and Pack** shifted k-
mesh of 42 X 42 X 8 was used for the calculations. The lattice
parameters found in this relaxation were carried over to the
calculations on the larger supercell with the heterointerface.

To model the heterointerface, we constructed supercells with one
monolayer of 3 X 3 (2H— or 1T—) MoS, encapsulated in 6 layers of 4
X 4 hBN (Figure 1b). We note that while the experiment is performed
on few-layer MoS,, the calculations are performed on monolayer
MoS, to reduce computational cost. Increasing the number of MoS,
layers to two does not change our reported results (Table 1 and
Supporting Information Figure S1). In the supercell, the lattice
parameters of 2H and 1T were constrained to the relaxed parameters
of bulk MoS, (as described above). The stand-alone hBN was relaxed
in the out-of-plane ¢ direction while strained in the a—b plane
(—4.78% for 1H and —4.32% for 1T) to create a commensurate
heterostructure. Then, the equilibrium distance between MoS, and

hBN was determined by minimizing the total energy as the distance
between the MoS, and hBN was rigidly adjusted. To determine the
binding energy of the MoS,—hBN heterointerface, we then calculated
the total energy of the supercell with the heterointerface (Ejr), as
well as supercells with freestanding monolayer MoS, (Ej,s,) and a 6-
layer slab of hBN (Egy, where * shows that the "BN was strained as
described above) with 25 A of vacuum. The binding energy is defined
as

Ehetero - (EMOSZ + E;N)
2*%A (1)

Eping =

where A is the cross-sectional area of the heterointerface. We also
tested a larger (less strained) supercell with a 4 X 4 (2H— or 1T—)
MoS, and S X S hBN heterostructure consisting of 348 atoms.
Because the reduced in-plane strain had little effect on the binding
energies of the MoS,—hBN interface (Supporting Information Table
S1), we used the 3 X 3 MoS,—4 X 4 hBN supercell for the remaining
calculations because it is computationally less expensive.

For the Li-doped heterostructures, a Li atom was placed over the
Mo site, which is one of the most favored intercalation sites,” and its
separation from the Mo atom was systematically varied to locate the
equilibrium position. With a Li atom included, the heterointerface
binding energy is accordingly defined as

Ehetero - (EM052 + El;kN + ELi)
2*A 2)

(Ebind,Li) =

where Ej; is the energy of an isolated Li atom in vacuum.

Heterostructure Assembly and Device Fabrication. MoS,
(SPI Supplies) and hBN (HQ Graphene) flakes were mechanically
exfoliated from bulk crystals onto SiO,/Si substrates using the scotch-
tape method. The substrates were sonicated in acetone and isopropyl
alcohol and treated with O, plasma prior to exfoliation. Flakes of the
desired size and thickness were transferred to dry thermal oxide SiO,/
Si substrates using a KOH-assisted technique, and MoS, and hBN
flakes were stacked on each other to form hBN—MoS,—hBN
heterostructures as follows. A hemispherical droplet of epoxy
(Scotch-Weld, Series DP100Plus) about 0.5 mm in diameter was
cured on a glass slide. Then, a 13 wt % solution of polypropylene
carbonate (PPC, Sigma-Aldrich) in anisole was spun-coated onto the
epoxy at 3000 rpm for 2 min and cured at 90 °C for 2 min. Using an
optical microscope and a micromanipulator that holds the glass slide,
the epoxy/PPC droplet was positioned above a flake of interest and
carefully lowered to contact the flake. About 30 yL of a 2 M aqueous
solution of potassium hydroxide (KOH, Sigma-Aldrich) was added to
the substrate to etch the top few A of SiO,, releasing the flake from
the substrate onto the epoxy/PPC droplet (the portion of the glass
slide in contact with the KOH was covered with a thin layer of epoxy
to prevent etching of the glass). The glass slide with the epoxy/PPC/
flake was then rinsed with deionized water to remove any KOH
residue. Each flake was released from the glass slide by melting the
PPC at 95—100 °C for S min, while contacting a target substrate. The
PPC was subsequently dissolved in chloroform overnight.

For electrochemical lithium intercalation, electrodes were pat-
terned with electron beam lithography (Vistec Raith EBPG 5000+)
and then 10 nm Cr/100 nm Au was deposited using thermal
evaporation (Mbraun EcoVap). For the heterostructure device with
exposed edges, polymethyl methacrylate (PMMA) and hydrogen
silsesquioxane (HSQ) were used as a mask for dry etching. First, a
layer of PMMA A3 was spun-coated on the heterostructure at 4000
rpm for 2 min and cured at 180 °C for 2 min. HSQ was subsequently
spun-coated at 3000 rpm with no baking. Electron beam lithography
was used to pattern the PMMA/HSQ mask, which was developed in a
MF-312 developer (Rohm and Haas Electronic Materials) for 4 min.
After developing, the device was rinsed in multiple DI-water baths in
order to remove the developer. The finished mask protected the
heterostructure, leaving only the edges exposed for reactive ion
etching (Oxford Plasmalab 100). PMMA not covered by HSQ was
first removed with O, plasma (20 sccm) under S0 W RF power for 15
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s, exposing the edges. A mixture of O, (4 sccm) and CHF; (40 sccm)
gases under 60 W RF power*® for 2 min was used to etch the edges of
the heterostructure. After etching, the PMMA/HSQ mask was
removed with acetone.

Electrochemical Cell Fabrication. The electrochemical inter-
calation was performed directly on the heterostructure and bare MoS,
devices. All devices fabricated on SiO,/Si were attached to a glass
slide, and the gold contacts of the devices were wire bonded to copper
tape for connection to electrical instrumentation. All subsequent steps
were conducted in an argon glovebox.

For all in situ Raman experiments, intercalation was conducted with
a liquid electrolyte using an enclosed cell that holds the device and
electrolyte and is sealed with an optical-grade glass top cover.””*"*
Three sides of the glass top cover were first sealed by epoxy, leaving
one side open. After the epoxy was cured, a small piece (~3 X 3 mm)
of lithium metal (0.38 mm-thick ribbon, Sigma-Aldrich) was pressed
onto copper foil using a mechanical plier to ensure good contact. The
lithium/copper foil was then inserted into the open side of the glass
top cover. The liquid electrolyte, a battery-grade solution of 1 M
lithium hexafluorophosphate in 50/50 v/v ethylene carbonate/diethyl
carbonate (LiPF4 in EC/DEC, Sigma-Aldrich), was added to the cell
to submerge the device and lithium metal. The open side was then
covered with epoxy and allowed to cure, forming an air-tight seal.

In Situ Raman Characterization During Intercalation.
Intercalation cells were connected to a Biological SP300 potentio-
stat/galvanostat for the electrochemical intercalation of Li*. The Cr/
Au contacts to the device served as the working electrode, while the
lithium/copper served as the reference/counter electrode. Before
intercalation, a Raman spectrum was taken at OCV (typical OCV
values were 2.4—2.7 V vs Li/Li"). Lithium was intercalated into the
heterostructures potentiostatically by dropping Vgc versus Li/Li* at a
scan rate of 10 mV s™'. Upon reaching the desired Vi, the cell was
held at that potential while Raman spectra were collected. For
multiple intercalation cycles, cells were allowed to recover to OCV
before the next intercalation. Cyclic voltammetry scans were
conducted using a Biological SP300 potentiostat/galvanostat at a
scan rate of 0.8 mVs™. In situ heating experiments were conducted by
placing the glass slide supporting the intercalation devices onto a hot-
plate during intercalation.

All Raman spectra were taken with a HORIBA LabRAM HR
Evolution Spectrometer using a 633 nm HeNe laser with an 1800
lines/mm diffraction grating. Before intercalation, all samples were
characterized at a laser power of ~3 mW to avoid damage, but after
cell fabrication, a laser power of ~7.5 mW was used to increase the
signal-to-noise ratio because of scattering by the electrolyte. In situ
Raman spectra were collected with fifteen S s exposures.
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