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ABSTRACT: The ability to tune the carrier transport properties of
semiconducting two-dimensional materials is critical toward their
eventual integration into nanoelectronic devices. Intercalation of
transition-metal atoms and complexes into the interlayer galleries of
two-dimensional transition-metal dichalcogenides (TMDs) can have a
significant impact on the electronic structure and transport properties
of the host material. However, because of the redox lability of
transition metals, the intercalation process is frequently accompanied
by undesired side reactions, including secondary nucleation, reduction,
and degradation. In this work, we perform a systematic study on the
intercalation of transition-metal cations into lithiated WS, (Li,WS,) in
order to elucidate synthetic and structural design rules for achieving
selective intercalation over secondary nucleation. We show that the
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intercalation process, driven by charge transfer and electrostatic interactions, can be controlled by tuning the charge density and
reducibility of the transition-metal precursor complex. For less reducible precursors, a higher charge density enables a stronger
interaction between the cation and the anionic WS, sheet, resulting in intercalation of solvated ions with no secondary nucleation of
metal oxide nanoparticles. For more reducible cations, reduction and desolvation of the precursor complex occur first followed by
zerovalent intercalation of the desolvated atom. Kelvin probe force microscopy measurements show that intercalated metal ions raise
the Fermi level of WS, by up to 90 meV compared to the Li,WS, precursor, resulting in improvements in both the conductivity and

carrier activation energy.
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B INTRODUCTION

more diverse slate of molecular intercalants.”~>* This method

Semiconducting two-dimensional materials are promising
candidates for incorporation into next-generation nanoelec-
tronic devices, but systematically tuning their carrier density
and mobility remains a significant challenge compared to
conventional semiconductors such as silicon."™ A critical
strategy toward tuning the electronic,” ® optical,””"" and
magnetic' '’ properties of these materials is through
intercalation of guest atoms into the interlayer galleries of
the two-dimensional sheets."*™'° In most cases, the inter-
calation process is driven by charge transfer from the
intercalant atom®™** or an external reducing potential*** to
the conduction band of the host material. Group VI (Mo, W)
transition-metal dichalcogenides (TMDs) show great promise
for nanoelectronic applications,”® but their high energy
conduction band limits intercalants to those that are stable
under stron%Iy reducing conditions or are themselves highly
reducing.”’2 28

As an alternative to direct charge-transfer intercalation, guest
species can also be introduced in a stepwise fashion, where
charge transfer is initiated using an alkali metal reductant and
subsequent exfoliation-restacking enables incorporation of a
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generally results in disordered intercalant species that do not
interact strongly with the TMD basal planes and exert a weak
electronic influence. Recently, our group showed that V*/3*
molecular complexes can be intercalated into WS, using a
modified two-step process: charge-transfer intercalation of Li"
using n-butyllithium (n-BuLi) followed immediately by cation-
exchange to the redox-active V" species.”> Unlike alkali ions,
the d-orbitals of intercalated V complexes are able to hybridize
with the WS, conduction band and modulate the work
function and electronic properties of the TMD.

In order to further improve the carrier transport properties
of WS,, we wanted to explore the intercalation of other redox-
active transition-metal (TM) ions besides vanadium that could
exhibit even stronger hybridization to the WS, basal planes. A
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major challenge with the intercalation of redox-active TMs is
their tendency to secondary nucleate and/or reduce in the
presence of the lithiated TMD, as has been previously shown
with the formation of Co(OH),* and noble metal (Pt, Ru, Pd,
Au)?” nanoparticles intercalated in MoS,. As such, our first
goal was to develop a general mechanistic understanding of the
cation-exchange reaction between transition-metal ions and
lithiated WS, in order to achieve selective intercalation. In this
work, we study an array of transition-metal precursors with
varying charge densities, reduction potentials, ionic radii, and
oxidation states and elucidate synthetic rules for achieving
selective intercalation relative to undesired competitive
processes: secondary nucleation and degradation.

B EXPERIMENTAL SECTION

Synthesis of Li,WS,. The lithiation of bulk WS, is based on a
literature procedure.”® To a 25 mL three-neck round-bottom flask
containing solid tungsten disulfide (300 mg, 1.2 mmol, 1.0 equiv) was
added 1.6 M n-butyllithium in hexanes solution (3 mL, 4.8 mmol, 4.0
equiv). The n-butyllithium solution was diluted to 0.53 M with 6 mL
of degassed cyclohexane. The solution was then refluxed at 75 °C
under N, atmosphere for 48 h. After reaction, the solid product was
recovered by centrifugation at 8500 rpm for 1 min and washed with
hexanes three times under N, atmosphere.

Synthesis of TM-Intercalated WS,. Li, WS, (50 mg, 0.20 mmol,
1.0 equiv) was suspended in an NMF solution (S mL) containing
transition-metal halide precursor (0.40 mmol, 2.0 equiv), and the
mixture was stirred at room temperature under N, atmosphere for 1
h. After reaction, the products were isolated from the precursor
solution by centrifugation at 8700 rpm for 5 min. The solid was rinsed
with additional NMF (10 mL) three times or until the supernatant
was completely colorless. Then, THF (S mL) and hexanes (2 mL)
were added to remove residual NMF solvent in the sample, and the
solid was recovered by centrifugation at 8700 rpm for 5 min. This
process was repeated one time to ensure complete removal of NMF
prior to drying under vacuum. Additional information about each
category of transition-metal precursor is provided below.

VCl;, CrCl, CrCl;-6H,0, MnCl,-6H,0, FeCl, FeCl;, CoCl, NiCl,
ZnCly6H,0, GaCl;, InCl;. Significant unreacted transition-metal
precursor remains in the supernatant after the reaction, and the
color of the supernatant during cleaning matches that of the
precursor.

CuCl, CuCl,, Agl. The supernatant after the reaction is dark brown
or black due to the formation of metal nanoparticles.

NbCls, MoCls, AlCI;-6H,0. The supernatant after the reaction is
blue due to the formation of the WClg complex via etching of the WS,
sheets.

Physical Characterization Methods. Transmission electron
microscopy (TEM) images, selected-area electron diffraction patterns
(SAED), and energy-dispersive X-ray spectroscopy (EDS) were
acquired by using an FEI Tecnai T20 TEM equipped with a 200 kV
LaBg filament and an Oxford Instruments X-MAX SDD EDS detector.
High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) and EDS mapping were obtained on
an FEI Talos F200X S/TEM with a 200 kV XFEG field-emission
source and a super X-EDS system. Powder X-ray diffraction (XRD)
measurements were acquired using a Panalytical Empyrean Powder X-
ray Diffractometer. The relative peak areas for the intercalated (001)
peak and unintercalated (002) peak are utilized to determine the
percentage of intercalation in each sample. A Panalytical Epsilon 4 X-
ray fluorescence spectrometer (XRF) was used for quantification of
metal content. X-ray photoelectron spectroscopy (XPS) data were
obtained with a Kratos AXIS Ultra Delay-Line Detector Imaging X-
ray Photoelectron Spectrometer. The survey XPS spectra are provided
in Figure S12.

X-ray absorption spectroscopy (XAS) experiments were carried out
at beamline 10-BM at the Advanced Photon Source (APS) in
Argonne National Laboratory at the V K-edge (5465 eV), Cr K-edge

(5989 eV), Mn K-edge (6539 eV), Fe K-edge (7112 eV), Ga K-edge
(10367 V), and In K-edge (27940 eV) in transmission and
fluorescence mode. All sample preparations were done under a
nitrogen atmosphere. Samples were ground to a fine powder, diluted
with carbon, and pressed to form a self-supported wafer. Spectra were
recorded at room temperature. During each measurement, a metal foil
or metal oxide film was scanned simultaneously through a third ion
chamber for internal energy calibration. XAS data fitting was
performed using the Demeter software package.”” EXAFS coordina-
tion parameters were obtained by a least-squares fit in R-space of the
k*-weighed Fourier transform data from 3 to 8 A™". The reference
metal foil or metal oxide was first fit to its known crystallographic
structures in order to obtain an amplitude reduction factor (S,?) for
the metal K-edge. EXAFS fitting of the first coordination shell was
carried out between 1.0 and 3.0 A in R-space. Fittings were performed
by refining bond distances (R), coordination numbers (CN), energy
shift (E,), and Debye—Waller factor (¢?).

Kelvin probe force microscopy (KPFM) measurements were
conducted on an Asylum Cypher AFM instrument at room
temperature. All samples were spun-coat onto a SiO,-passivated Si
wafer and used immediately in the measurement. Platinum silicide
coated probes (NANOSENSORS PtSi-FM) with approximately 30—
120 nm spatial resolution and a calibrated spring constant of 2.8 N/m
were utilized. The measurements were obtained in tapping mode with
a lift height of 40 nm above the surface of the sample. In order to
mitigate the influence of topographic artifacts across a 10 X 10 ym
area due to surface roughness, contact potential difference (CPD)
maps were generated from an area with a surface potential noise level
less than 10 meV. A histogram of the measured CPD values was
generated and then fit to two Gaussians to obtain the average CPD of
the SiO, substrate and the sample.*>*' Using the SiO, substrate as a
reference with known work function of 5.00 eV, the work function of
the three samples can be determined.**}

Raman spectroscopy and spatial mapping were carried out using a
Thermo Scientific DXR3xi Raman Imaging Microscope with a 532
nm laser. In order to quantify the area percentage of the 1T’ and 2H
phase in a given sample, three S0 X SO um areas were mapped for
each sample with a spatial resolution of 1 ym. Each image was
normalized by the peak intensity at 130 cm™ (for the 1T’ phase) or
414 cm™" (for the 2H phase), and the number of pixels containing the
specified peak was quantified.

Electronic Characterization Methods. Electronic measure-
ments were conducted on circular pellets in a four-point van der
Pauw configuration.”** Typically, 50 mg of sample powder was
loaded into a pellet press die with 6 mm diameter and pressed under
3000 pounds (48 GPa) of pressure. The resulting pellets had
thicknesses of 170 + 50 um. Gold contacts were then evaporated onto
the pellet in a four-point van der Pauw geometry. All of the gold
contacts were kept smaller than 1 X 1 mm to keep the measurement
error low (<1%).

Temperature-dependent resistance was measured using a Quantum
Design DynaCool Physical Property Measurement System (PPMS)
from 60 to 300 K. The average sheet resistance (R) for the pellet is
calculated from multiple individual measurements. Sample resistivity
(p) and conductivity (6) were calculated from the pellet thickness and
measured average sheet resistance. Carrier transport activation
energies (E,) were obtained by fitting the temperature-dependent
conductivity measurements to the Arrhenius equation (eq 1) between
300 and 100 K, where & is the conductivity (S/cm), A is a constant, E,
is the activation energy (eV), k is the Boltzmann constant (8.617 X
1075 eV/K), and T is the temperature (K).

o = Ae~E/KT (1)

B RESULTS AND DISCUSSION

The overall synthetic process for generating metal-intercalated
WS, samples is illustrated in Scheme 1. We began by screening
17 transition-metal halide precursors in our previously
reported synthetic method, varying both the metal atom
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Scheme 1. Two-Step Synthetic Method for the Intercalation
of Transition-Metal and Post-Transition-Metal Cations into

n-BuLi - = MX_ = T =
—— Sy ——

hexanes T € € i NMF & &_ <

ws, 75°C.48h Lws, RL1R MAWS,

identity and oxidation state (Figure 1a).” Briefly, bulk 2H-
WS, is stirred with 0.5 M n-BuLi at elevated temperature to
simultaneously drive electron transfer to WS,, Li" intercalation,
and phase transformation from the semiconducting 2H phase
to the semimetallic 1T’ phase as evidenced by the shift in
powder XRD (00n) peak and appearance of superlattice spots
in the SAED pattern (Figures lc, S1). These observations are
in accord with extensive literature reports on the lithation of
WS, using a variety of chemical reductants.””***® The
resulting 1T’-Li,WS, powder is stirred with 2 equiv of the
TM precursor in N-methylformamide (NMF) for 1 h under a
N, atmosphere. For clarity, each TM-intercalated WS, sample
will be labeled by its precursor, because the product may
contain multiple redox states and morphologies.

Powder XRD (Figure 1c) and TEM with SAED (Figure 1d)
were used as initial screening tools to determine whether
intercalation occurred successfully and if any other morphol-
ogies were present in the system. Representative examples of
different product heterostructures are shown in Figure 1, and
all other sample data are provided in Figures S2—S7. In the
powder XRD, intercalated structures show a characteristic shift
in the (00n) diffraction peak to lower 26 values, representing
an expansion of the interlayer spacing (d). The (00n) peaks for
bulk WS, (20 = 14.3°,d = 6.2 A) and Li,WS, (20 = 13.9°,d =
6.4 A) are shown for comparison. The relative area of the
intercalated and unintercalated (00n) peaks is used to quantify
the percentage of intercalation in each sample.

Based on this initial screening, we observed three distinct
heterostructures: TM-intercalated WS,, secondary nucleated

nanoparticles supported on or around WS,, and etching of the
WS,. The two factors that appear to exert the greatest influence
on product morphology are the precursor charge density,
calculated by dividing the cationic charge by the ionic radius,
and the metal ion standard reduction potential (E,.4) (Figure
1b).*"* We find that metal precursors with higher charge
density, i.e., more positive charge and smaller size, selectively
intercalate into the layered structure because of the strong
electrostatic interaction between the cationic intercalant and
anionic WS, sheets. Specifically, metal ion intercalation occurs
preferentially over secondary nucleation when the precursor
charge density is between +3 and +5. CrCl;—WS, is one such
example that shows exclusively the shifted (00n) peak at 6.2°
corresponding to an expanded interlayer spacing, no evidence
of secondary nucleation in the TEM image, and retention of
1T’ single-crystallinity in the SAED. In contrast, precursors
with charge density <+3 tend to secondary nucleate due to
their weaker electrostatic interaction with the anionic WS,,
resulting in metal oxide aggregates for less reducible ions and
metallic nanoparticles for more reducible ions. ZnCl,—WS,
and CuCI—-WS, represent the oxidized and reduced regimes,
respectively, with both clearly showing small nanoparticles
along the edges of the WS, microsheets. In both cases, the
intercalated (00n) peak is observed in XRD, but intercalation is
incomplete, as the bulk WS, peak at 14.3° remains. If the
precursor charge density exceeds +5, significant etching and
decomposition of the WS, sheets is observed due to the high
Lewis acidity of the metal ion.* As a representative example,
AICL;—WS, shows no intercalation peak in the powder XRD,
pronounced degradation of the micrometer-sized WS, sheets
based on the TEM image, and loss of crystallinity in the SAED
pattern (Figure lc,d). Notably, Li* deintercalation is observed
during this process, with the lithiated XRD peak shifting back
to the unintercalated WS, peak position. A control experiment
in which Li,WS, is stirred in NMF alone without any added
cations shows that the presence of solvent is sufficient to drive
Li* deintercalation (Figure S18).

@ (6) 7 _ (©) ———————
intercalation || M°NPs ~ MO _NPs  etching | e Mo5* (001) (002)
& 6 A;ls Nb® ¢ Intercalated ) WS,
|V|+n — precursor charge = % 54 T :)
c [ ] . | g3+ ,
Al &, v O A crelws, |
3] +3 33 FE] +3 8'; 3] Crzt  In3. H
V |Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga| & a "" ¥ m - CuCl-Ws
2 |+2 fs2 w2 fr2 |2 e O 5 Mn2 Zn% Cu = e |
+5 +5 +3 1 Cu1+. i!
Nb [ Mo +,:kg In 1 ; Ag'w] 2 ZnCI-WS, |
-2 = 0 1 8 ;
(d) E.. (V vs. SHE) = ACI-WS, |
il jﬁ.ﬂ 2 A
l;:f’;‘:br Tl
Liws,
ws,
4 6 8 10 12 14 16
26(°)

Figure 1. (a) Summary of all transition-metal ions studied in the intercalation reaction and the resulting TM-WS, morphologies. (b) Plot of charge
density vs standard reduction potential for all TM precursors with shaded regions representing the dominant morphology. (c) Powder XRD
patterns, (d) TEM images, and SAED patterns (inset) of representative TM-WS, samples with different heterostructures.
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Figure 2. (a) Powder XRD patterns of selected TM-WS, samples with shaded regions highlighting the (001) peaks for solvated and desolvated
intercalants. (b,c) TM-WS, interlayer spacing plotted vs the (b) standard reduction potential and (c) ionic radius of the TM precursor.

Comparing the powder XRD patterns of the 17 TM-WS,
samples, we observe that all transition-metal precursors
intercalate to some degree except for those that etch the
WS, (Figures 2a, S2—S7, Table S1). Two distinct d-spacing
regimes are observed in the TM-intercalated WS, structures,
which depend upon the standard reduction potential of the
metal precursor (Figure 2b). Less reducible transition-metal
halides (E,.q < —0.1 V vs SHE) generate very large d-spacings
upon intercalation (14—16 A), which has been shown
previously to stem from the incorporation of large, solvated
cation complexes.’’ Most samples in this regime are fully
intercalated, where the XRD peak at 14.3° corresponding to
pristine bulk WS, is no longer observed. Only a few samples
that display heterogeneous product morphologies (Zn**, Co™,
Ni**, and In*") retain the unintercalated WS, feature. In
contrast, the more reducible transition-metal halides (E,.4 >
—0.1 V vs SHE) exhibit d-spacings of 6—7 A, similar to that of
intercalated Li" and representing only a small expansion
relative to bulk WS,. This d-spacing regime is similar to
materials synthesized through zerovalent intercalation,”>"~>*
which suggests that more reducible metal ions intercalate as
reduced and desolvated species. All of these samples show
some quantity of unintercalated WS,, which is most significant
when secondary nucleation dominates, as in Cu and Ag.

Further analysis in each regime shows a correlation between
the observed d-spacing and the ionic radius of the precursor
metal species. In both solvated and desolvated regimes,
intercalated ions follow the expected trend where larger ionic
radii lead to larger d-spacing upon intercalation (Figure 2c).
Because the size of hydrated complexes follows that of the bare
ions as long as they exhibit similar coordination geometries,*’
these data suggest that the metal oxidation state and pseudo-
octahedral coordination environment of the solvated complex

16849

remain relatively constant after intercalation. In the desolvated
intercalant regime, we anticipate that all metal ions are reduced
to some degree, so the trend in size holds.

The quantity of transition metal incorporated into the
sample, expressed as an atomic ratio of TM to W, is also highly
dependent on the product heterostructure. Etched samples
(AL, Nb, Mo) show negligible amounts of the TM based on
EDS and XRF elemental analysis (Figure S8, Table S1). In the
secondary nucleated region, the atomic ratios of the more
reducible TMs (Cu, Ag, Fe) tend to be quite high (>0.5) due
to the formation of metallic nanoparticles supported on WS,.
Secondary nucleation of metal oxide nanoparticles through
hydrolysis (Zn, Mn) results in lower atomic ratios (0.07—0.17)
of incorporated transition metals, in part because the oxidized
species are more easily washed away at the end of the
synthesis. Metal ions that undergo only intercalation show a
fairly broad range of transition-metal incorporation (0.18 to
0.63) even though the majority of samples show only the
intercalated (00n) peak in the XRD (Table S1).

We conducted additional characterization on all of the
intercalated TM-WS, samples that do not contain secondary
nucleated structures. Within this family of samples, further
distinctions in morphology can be observed. We characterize
examples of TM-WS, materials that show uniform intercalation
of solvated cations (Figure 3a) and desolvated cations (Figure
3b) as well as examples with surface enrichment of the TM
(Figure 3c).

CrCl;—WS, (Figure 3a) is an example of a sample with
relatively uniform intercalation of solvated cations, where the
bulk WS, (00n) peak is completely suppressed and the
intercalated d-spacing is observed at 14.3 A (Figure 2a).
STEM-EDS mapping reveals a uniform Cr:W ratio of 0.25
across the lateral area of the nanosheet. XPS, a surface sensitive
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Figure 3. Characterization of TM-WS, samples representing the (a)
uniform distribution of solvated intercalants, (b) uniform distribution
of desolvated intercalants, and (c) surface enrichment of solvated
intercalants. For each sample, EDS maps, high-resolution XPS of the
TM 2p region, and EXAFS at the TM K-edge are provided.

technique, provides an estimate of the near-surface atomic
ratio of the intercalant. In this case, the surface Cr:W ratio is
0.33, which is fairly similar to the bulk atomic ratio and
indicative of a vertically homogeneous distribution of TM
intercalants. XPS of the Cr 2p region also shows that the
majority of ions remain in the +3 oxidation state, with <10%
reduced to the Cr** state. X-ray absorption spectroscopy
corroborates the solvated structure of Cr’" ions with no
secondary nucleation. X-ray absorption near-edge spectroscopy
(XANES) shows a Cr K-edge energy of 6001 eV, consistent
with that of the Cr** oxidation state. In the X-ray absorption
fine structure (EXAFS), CrCl;—WS, shows only a first
coordination sphere scattering peak at a short radial distance,
as expected for isolated metal complexes with oxygen-based
ligands. The Cr EXAFS fits well to a single Cr—O scattering
path with a radial distance of 1.97 A (Table S2), revealing that
the Cr intercalants remain primarily solvent-coordinated and
have a relatively weak interaction with the host WS, sheets.
VCl;—WS,, which we studied in detail in our previous work,
exhibits a structure similar to that of CrCl;-WS, with uniformly
solvated cations.

Samples with uniformly desolvated TM intercalants,
exemplified by FeCl;—WS,, show structural properties very
similar to those described above but with a much smaller (001)
d-spacing (Figures 3b, 2a). EDS mapping shows a laterally
homogeneous distribution of Fe in WS, at an atomic ratio of
0.19, which is similar to the surface atomic ratio of 0.16. Fe 2p

XPS shows predominantly Fe®* ions, and the Fe K-edge
XANES energy of 7123 eV matches fairly closely the expected
value for Fe** (Figure S13). EXAFS shows only a first
coordination sphere scattering peak, indicating that Fe atoms
remain isolated in the interlayer galleries in this sample.

GaCl;—WS, (Figure 3c) shows near-surface enrichment of
Ga ions on the WS, microparticles as well as intercalation in
the bulk. The lateral distribution of Ga in the EDS map is quite
uniform at 0.18 relative to W. The XPS, however, shows a
surface Ga:W atomic ratio of 0.97, >5 times higher than the
bulk ratio, indicating a strong surface enrichment of Ga species.
XPS and Ga K-edge XANES (Figure S13) show partial
reduction of Ga** to Ga*, and EXAFS reveals that Ga centers
are fully oxygen-coordinated, consistent with the intercalation
of the solvated complexes. InCl;—WS, and CrCl,—WS, also
show varying degrees of metal surface enrichment (Figure S9).
We postulate that surface enrichment occurs when ion
diffusion within the interlayer galleries of WS, is relatively
slow. Previous work in the literature on alkali ion intercalation
in layered materials has shown that strong electrostatic
interactions between high charge density cations and anionic
hosts frequently result in nonuniform intercalation due to a
high kinetic barrier toward cation diffusion from the edges to
the center of the sheet.” ™' This dynamic is likely also at play
in our near-surface-enriched TM-WS, samples.

We also characterized two TM-WS, samples with secondary
nucleated species. MnCl,—WS, contains both intercalated
Mn*" complexes (Figure S6) and metal oxide nanoparticles
(Figures S10, S11). The Mn K-edge EXAFS (Figure S10) has
two strong scattering peaks corresponding to the first
coordination sphere Mn—O scattering path and the second
coordination sphere Mn—O—Mn scattering path, which are
diagnostic of the presence of MnO, aggregates. FeCl,—WS,
comprises a mixture of intercalated solvated complexes (Figure
S4) and secondary nucleated Fe® species forming a shell
around the edges of the WS, microsheet (Figures S10, S11).
The partial reduction of Fe** to Fe’ is evident in the XANES
K-edge energy, which shifts from 7120 to 7118 eV after
intercalation (Figure $13).> The Fe K-edge EXAFS shows
both the Fe—O scattering path expected for the solvated Fe**
complex and an Fe—Fe scattering path at 2.57 A consistent
with Fe metal (Tables S2, S3).

Based on all of the transition-metal precursors studied
herein, we postulate that the observed differences in product
morphology stem from differences in the relative rates of metal
ion reduction, cation diffusion, and secondary nucleation for
each metal ion (Figure 4). In the case of Fe®*, as well as the
other highly reducible metal ions Cu!*’**, and Ag’, the metal
ion reduces rapidly upon contact with the Li,WS, nanosheets
and undergoes zerovalent intercalation into WS, (bottom
pathway). Subsequent charge transfer between the M° atom
and the conduction band of the 2D material results in partially
oxidized, desolvated intercalants. This type of mechanism has
been shown in NbS, and Ta$, with a wide variety of transition-
metal atoms.”'”'¥** Zerovalent intercalation competes with
secondary nucleation in this scenario, and the relative rates of
those two processes dictate the distribution of intercalated ions
and supported metallic nanoparticles. For ions at the boundary
of both charge density and reducibility relative to the Li,WS,
sheets, namely Fe?*, Co**, and Ni**, reduction of the cations to
M° atoms is slower than both intercalation and secondary
nucleation, leading to a mixture of solvated M*" intercalants
and a MO, shell surrounding the WS, (top pathway).
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Figure 4. Summary of reaction pathways observed in the reaction of
TM precursors with Li,WS,.

Subsequent reduction of the MO, shell by Li,WS, leads to the
formation of a distinct ring of M in these three cases that is
not observed when the ion is reduced first prior to secondary
nucleation, as is the case in the Ag sample (Figure S11).
Finally, nonreducible ions with high charge density selectively
interact with the anionic WS, layers, undergoing only
intercalation as the solvated complex (middle pathway),
though nonuniformity in the surface/bulk distribution is
observed for slower diffusing cations. Together, our study of
TM intercalation into Li,WS, reveals a complex interplay
among intercalation, diffusion, secondary nucleation, and
reduction. Understanding and controlling these relative rates
are critical to achieving uniform intercalation.

In addition to the diverse structures observed at the
transition-metal center, the crystal structure of WS, is also
strongly influenced by TM intercalation. Raman spectroscopy
provides the clearest distinction between the trigonal prismatic
2H phase (E2g and A, peaks at 350 and 414 cm™') observed in
bulk WS, and the distorted octahedral 1T’ phase (J; and J,
peaks at 130 and 250 cm™") formed upon lithiation and TM

intercalation (Figure Sa). Interestingly, we find that the relative
intensities of the J, and J, peaks vary significantly across the
TM-WS, samples. The J, vibrational mode contains significant
out-of-plane motion®***** and is only observed in the samples
with relatively uniform intercalant distribution through the
thickness of the WS, microsheet (FeCly—, VCl,—, CrCly—
WS,). Heterogeneity in the intercalant distribution and
interlayer coupling likely leads to broadening of the J, feature
and eventual disappearance of the peak in the most disordered
samples.

To quantify the area percentage of 1T vs 2H phase, Raman
mapping data are collected and color-coded based on the
presence of the J; (1T") and A, (2H) peaks. Shown in Figure
Sb, the green pixels contain only 1T’ peaks, the red pixels
contain only 2H, and the yellow pixels contain a mixture of the
two phases. Previously, we showed that uniform intercalation
of V ions stabilized the 1T phase of WS, during the solution-
phase cation-exchange reaction due to their interaction with
the basal planes of WS,.*’ Stirring the Li,WS, material with
solvent alone led to a loss of Li* and reversion to the 2H phase.
This trend holds across the TMs studied herein. FeCl;—WS,,
CrCl;—WS,, and GaCl;—WS, represent samples with high,
medium, and low area percentages of the 1T’ phase (Figure
Sb, Table S1). The quantity of the 1T’ phase retained after
intercalation is directly correlated to the uniformity of the TM
intercalant through the thickness of the WS, microsheet. A
simple metric for intercalant uniformity is the ratio of the bulk
to surface TM concentration as measured by EDS and XPS,
respectively. TM-WS, samples with bulk/surface ratios near or
greater than 1 (FeCl;—, VC;—WS,) are highly uniform in
distribution and show >80% 1T’ retention based on Raman
mapping (Figure Sc). As the sample becomes more surface-
enriched and less uniformly distributed (bulk/surface ratio
<0.5), the percentage of 1T’ phase drops correspondingly
(Figure S1S5). Since the W 4f XPS binding energy is also
diagnostic of the WS, phase, we can quantify the near-surface
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Figure S. (a) Raman spectra of intercalated TM-WS, samples. (b) Raman maps of FeCl;—, CrCl;—, and GaCl;—WS,. (c) Correlating the %1T’
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1T’ concentration by XPS (Figures Sd, S16). As anticipated,
the bulk/surface ratios of the TM and 1T’ concentrations
correlate closely with one another, supporting the fact that the
presence of interlayer TM ions in the bulk stabilizes the 1T’
phase during the solution-phase reaction (Figure Sc).

Finally, we studied the electronic properties of the uniformly
intercalated TM-WS, samples: FeCl;—WS,, CrCl;—WS,, and
VCI;—WS,. Figure 6a shows height and work function maps of
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Figure 6. (a) Kelvin probe force microscopy (KPFM) measurements
showing the height and work function maps of FeCl;—WS,, CrCl;—
WS,, and VCl;—WS,. (b) Histograms of the measured work function
values extracted from the spatial map. (c) Temperature-dependent
conductivity plotted as In ¢ vs 1/kT.

the three samples measured by Kelvin probe force microscopy
(KPFM). FeCl;—WS, has the smallest average work function
of 4.97 eV, while CrCl;—WS, has the highest work function of
5.02 eV, all of which are lower than the precursor Li,WS, at
5.06 eV (Figure 6b).”> The 90 meV drop in work function
between FeCl;—WS, and Li,WS, reflects a comparable upward
shift in the Fermi level, which we hypothesize arises from
hybridization of TM intercalant d-orbitals with the bands of
WS,. The increase in Fermi energy leads to FeCl;—WS, having
the highest room-temperature conductivity (110 S/cm) and
the lowest carrier activation energy (18 meV) among the bulk
and intercalated WS, samples studied herein (Figure 6¢). In
contrast, CrCl;—WS, shows a conductivity of 1.9 S/cm and
activation energy of 143 meV, which is fairly similar to the
electronic behavior of Li,WS,. Our previous measurements of
bulk WS,, Li, WS,, and VCl;—WS, are included for comparison
in Figure 6¢. VCl;—WS, falls between the Fe and Cr samples
with room-temperature conductivity of 12 S/cm and an E, of
20 meV. The electronic characterization supports the fact that
stronger binding of the TM intercalants to the WS, sheets
results in greater modulation of their electronic properties.
As controls, we also obtained electronic measurements for
FeCl,—WS, and CrCl,—WS, that contained a surface shell of
Fe® or surface enrichment of Cr complexes (Figure $17). The

FeCl,—WS, sample, in particular, shows much lower room-
temperature conductivity (3.2 S/cm) and higher carrier
activation energy (65 meV) than FeCl;—WS,, confirming
that the presence of metallic impurities at the grain boundaries
is not responsible for the improvement of electronic properties.
CrCl,—WS, also shows lower conductivity (0.58 S/cm)
relative to that of the more uniformly intercalated CrCl;—
WS, (Figure S17). Of the TM-intercalated WS, materials that
we studied, FeCl;—WS, is the only one that shows uniform
intercalation of desolvated cations, which leads to the largest
shift in Fermi level and greatest improvement in electronic
transport properties compared to the weaker-bound solvated
Cr and V cations.

To better understand the electronic properties of the
FeCl;—WS, sample, we performed density functional theory
(DFT) calculations on 1T’-WS, bulk materials with and
without intercalated Fe atoms. Computational details are
provided in the Supporting Information. Both tetrahedral (T;)
and octahedral (Oy) binding geometries were considered for
intercalated Fe atoms at a 0.25 atomic ratio with respect to W
(Figure S21). Oy, coordination for Fe atoms in the interlayer
space is more stable than Ty by 0.25 eV and results in a
narrower interlayer spacing of 6.22 A, which corresponds well
with the experimental d-spacing in FeCl,;—WS, (Table S1).
Based on the greater stability and close match to experimental
XRD data, we postulate that intercalated Fe atoms in our
system are primarily Oy, in geometry with some conformational
heterogeneity and disorder. The calculated band structure and
projected density of states are shown for unintercalated 1T'-
WS, and the Oy, Fe;,sWS, in Figure 7 and the T4 Fey,sWS, in
Figure S22. In both binding geometries, intercalated Fe atoms
serve primarily as electron donors to WS,, as seen from the
contribution of Fe d-orbitals to states at and below the Fermi
level. The Fe contribution leads to an overall upward shift in
the Fermi level of the system. To more quantitatively obtain
the Fermi energy of these systems, a model of the 1T'-WS,
surface was constructed, and the energy required to remove an
electron at the surface to the vacuum level was explicitly
calculated (Figures $23—S25). These data reveal an upward
shift in Fermi energy of 70 meV for Oy, and S0 meV for Ty
Fey,sWS, compared with 1T'-WS,, consistent with both the
band structure calculation and the experimental KPFM
measurements.

B CONCLUSION

In conclusion, we have demonstrated that the charge density
and reduction potential are key factors influencing the
intercalation of TM complexes in WS, through cation
diffusion. By limiting the charge density of TM complexes to
a range between 3 and 5, TMs can be selectively intercalated
into WS, with minimal secondary nucleation and degradation.
Three distinct morphologies of TM-intercalated WS, are
characterized, comprising different levels of intercalation, 1T"'-
phase retention, and surface segregation. FeCl;—WS, shows
the strongest interaction between Fe?>" intercalants and the
WS, sheets, exhibiting the narrowest interlayer spacing and the
highest degree of 1T’ phase retention. As a result, the
conductivity of the sample increases by 3 orders of magnitude
relative to pristine WS,. This systematic study of a wide array
of TM-intercalated WS, structures not only enriches the
compositional diversity of layered TMDs but also provides
general design principles for achieving selective intercalation in
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Figure 7. Structural models, calculated band structure, and projected density of states for (a) 1T'-WS, and (b) 1T’-Fe,,WS, with Fe atoms in an

octahedral (O},) coordination environment.

layered TMDs for eventual application in flexible, nanoscale

electronics.
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