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In the development of next-generation electronics and energy
devices, intercalation compounds of transition metal dichalcogen-
ides (TMDCs) are gaining attention for their unique properties that
result from synergistic interactions between guest species and host
materials. Nowadays, intercalation compounds of MoS, and WS,
are commonly prepared by a two-step process: (1) exfoliation to
form single-layer and/or few-layer nanosheets and (2) restacking
the nanosheets with the guest species by vigorously mixing the
exfoliated suspension with the solution of guest species. While a
wide variety of intercalation compounds have been synthesized
using this approach, the intercalation process is often time-
consuming, and the product slurry limits material quality and
impedes characterization and applications. Herein, we report a
versatile method for preparing intercalated TMDCs in a thin-film
morphology. Using this approach, we successfully prepared a range
of existing intercalation compounds of MoS, and WS; (e.g., ferro-
cene and amine intercalated MoS, and WS,). Additionally, by lever-
aging the versatility of this intercalation method, we intercalated
phenazine and benzoquinone into MoS, and WS; for the first time.

Introduction

Intercalation compounds of transition metal dichalcogenides
(TMDCs) offer a wide variety of physicochemical properties
through the combination of guest species and intrinsic traits
of the host TMDCs."'~* The building blocks of TMDCs are layers
represented as TX, where T is the transition metal atom and
X is a chalcogen atom. These layers are loosely bound to each
other via van der Waals interactions. This unique layered
structure enables intercalation with a great variety of guest
species into the van der Waals gap between these layers.*®
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New concepts

We demonstrate for the first time a versatile new approach for preparing
thin-film intercalation compounds of transition metal dichalcogenides
(TMDCs). Because of their transformative potential in a wide variety of
catalytic, electronic, sensing, and energy storage applications,
intercalation compounds of TMDCs have been explored, often in the
form of a slurry. This limits the quality and processability of the
materials. These synthetic procedures also lack generality and often
need to be modified and re-optimized for different classes of
compounds. Here we present an easy route to intercalate molecules
into TMDCs in a thin-film morphology. We use vacuum filtration to
accelerate the intercalation of guest species into MoS, and WS, films
restacked from exfoliated nanosheets. This work demonstrates the
intercalation of electron-proton transfer mediators into the MoS, and
WS, for the first time. Our approach also accommodates a great variety of
intercalants from organometallics to alkylamines. This method is easily
generalizable to other layered materials in a thin-film morphology, paving
the way for their expanded investigation and application in next-
generation technologies.

Among all the TMDCs, intercalation compounds of group VI
TMDCs (e.g., MoS, and WS;,) have attracted attention because
of their great potential in applications of energy storage,
electronics, and catalysis.®® The expansion of the interlayer
distance due to intercalation has been applied to reduce the
energy barrier for alkali ion batteries.” Ye et al. have also
demonstrated superconductivity of intercalated MoS,.'® More-
over, intercalation compounds of MoS, and WS, have shown
enhanced activity for the hydrogen evolution reaction by mod-
ifying the electronic structure of the catalysts."""*>

Group VI TMDCs are, however, one of the most challenging
host materials among the TMDCs for intercalation. Intercala-
tion generally involves a charge transfer process from the guest
species (electron donors) to the layered hosts (electron accep-
tors). Because of their low electron affinity, MoS, and WS, are
much weaker electron acceptors.'® Only strong electron donors
(e.g., n-butyllithium) can be intercalated into MoS, and WS,
directly; in contrast, much weaker electron donors can be
intercalated into group IV and V TMDCs. For example, direct

This journal is © The Royal Society of Chemistry 2022
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intercalation of ammonia into TiS,** and intercalation of
pyridine into Ta$, are facile."

To expand the variety of guest species in group VI TMDCs,
several strategies have been explored. Electrochemical interca-
lation has enabled a great variety of intercalation compounds of
MoS, with positively charged intercalants from small alkali
cations"®™® to alkylammonium cations.'>*° Instead of accept-
ing electrons from electron donors, this approach injects
electrons into the conduction band of MoS, by applying a
reducing potential. The Coulombic interaction between the
negatively charged MoS, layers and the cations further drives
the intercalation process.”* The disadvantage of this approach
is the limitation of guest species to cations. Alternatively,
restacking the exfoliated MoS, and WS, layers in a solution
with guest species is another method to prepare intercalation
compounds of MoS, and WS,. Guest species such as
cations,”>** polymers,**** and clusters*® have been success-
fully intercalated into MoS, and WS, using this method. This
strategy has also been applied to intercalating organometallic
compounds (e.g., metallocenes) and organic molecules that are
not electron donors (e.g., naphthalene) into MoS,.>”*® The
intercalation occurs after vigorously mixing an aqueous sus-
pension of single layer MoS, and (usually) an immiscible
organic solvent that contains the guest species.

While there are many different categories of guest species
that have been intercalated into MoS, and WS,, the experi-
mental procedure needs to be designed separately in each case
and some of the syntheses require several days.">° Moreover,
the products are often generated in the form of a slurry, which
may limit the processability and quality of the intercalated
materials. For example, sonication is commonly required to
form a suspension for deposition of a high-quality film for
electrochemical characterization. However, these intercalation
compounds may de-intercalate during sonication®**' which
complicates the characterization of the intercalation
compounds.

Herein, we developed a versatile method for intercalating
different categories of guest species into restacked MoS, and
WS, thin films. Pioneering work by Talyzin et al. has shown that
solvents can intercalate into restacked graphene oxide
membranes.*” Similarly, Ries et al. have demonstrated that
the functionalization of the MoS, can be achieved in the form
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of restacked MoS, via vacuum filtration.** These studies sug-
gest that small molecules can easily diffuse into the space in
between the sheets of layered materials. Inspired by their work,
we used vacuum filtration to accelerate the diffusion of guest
species to encapsulate them in the van der Waalss gap. We
applied this approach to three different categories of guest
species including organometallic compounds, n-alkylamines,
and electron-proton transfer mediators in both MoS, and WS,.
Our approach enables the facile synthesis of a great variety of
intercalation compounds of MoS, and WS, in a thin-film
morphology, which opens new doors to developing electroca-
talysts and energy storage materials.

Results and discussion

Fig. 1a shows an optical image of a restacked MoS, film
obtained by vacuum filtration. The thickness of the film can
be controlled by the volume of exfoliated MoS, suspension used
in the filtration.>® From our scanning electron microscopy
characterization, the thickness of a representative MoS, film
is ~1 pm (Fig. 1b). As shown by previous studies,’ the phase of
chemically exfoliated MoS, is predominantly 1T phase (~70%)
agreeing with our Raman and UV-Vis spectroscopic analysis
(Fig. S1 and S2, ESIt). Fig. 1c shows that this thin film can be
transferred to other surfaces such as conductive substrates
(e.g., gold) for further applications.** The WS, films prepared
via vacuum filtration (Fig. S3 and S4, ESIt) demonstrate similar
features, including having controllable thickness and being
easily transferrable.

The first class of guest species we explored were metallo-
cenes, which have been intercalated into TMDCs previously
owing to their interesting spin and electronic properties for
superconductivity and catalysis."'" We intercalated ferrocene
(Cp,Fe), 1,1’-dimethylferrocene ((MeCp),Fe), and decamethyl-
ferrocene ((MesCp),Fe) into MoS, and WS,. X-ray diffraction
(XRD) clearly demonstrates the expected lattice expansion aris-
ing from intercalation (Fig. 2). The XRD results show that the
distance between layers in our restacked MoS, and WS, are
~6.2 A which agree with the bulk materials.>***” In the XRD
patterns of intercalation compounds the peaks corresponding
to the restacked MoS, and WS, disappear, indicating no

Fig. 1 (a) Optical image of a representative restacked MoS, film on a nitrocellulose membrane. (b) SEM cross sectional image of a representative
restacked MoS; film. (c) Optical image of an electrode prepared by transferring a restacked MoS; film onto a gold substrate. The edges of the electrode

were sealed using silver paint.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 XRD of metallocene intercalated (a) MoS, and (b) WS,. Green: decamethylferrocene-intercalated; red: 1,1'-dimethylferrocene-intercalated; blue:

ferrocene-intercalated; dark gray: restacked.

residual restacked MoS, and WS,. We found that the distances
between host sheets in the Cp,Fe intercalated MoS, and WS,
are both 11.8 A consistent with previous literature.?>*” The
expansion (~5.6 A) is close to the van der Waals diameter of a
cyclopentadienyl (Cp) ring, suggesting that the ring is perpendi-
cular to the host layers.*® Similar expansion (~5.6 A) was
observed in the (MeCp),Fe intercalated MoS, and WS,. We
hypothesize that the Cp ring is still perpendicular to the host
sheets, but the methyl group in MeCp is pointing away from the
host sheets. In contrast, the distance between the host sheets is
~13.4 A in (Me;Cp),Fe intercalated MoS, and WS,. The expan-
sion (~7.2 A) is close to the size of Me;Cp, consistent with the
ring laying perpendicular to the host sheets. Among the
restacked and intercalated films, we only observed diffraction
peaks from the {001} plane, indicating a preferred orientation
along the z-axis in the thin film samples. The distances between
the host sheets in the intercalation compounds are summar-
ized in Table S1 (ESIt).

We quantified the compositions of the metallocene inter-
calated MoS, and WS, using inductively coupled plasma optical
emission spectroscopy (ICP-OES, Table 1). We found that the
S/Mo ratios are ~2 consistent with the stoichiometry of the
bulk MoS,. The Fe/Mo ratios are 0.118, 0.093 and 0.135 in
Cp.Fe, (MeCp),Fe, and (MesCp),Fe intercalated MoS,, respec-
tively. The Fe ratio in our compounds is higher than the
ferrocene intercalated MoS, restacked at the interface of two
immiscible solutions (Fe/Mo ~ 0.05).”” However, our ICP-OES
results show that the S/W ratios in the WS, intercalation
compounds are only ~1.8. To understand this discrepancy,
we examined the S/W ratio in the bulk WS, and found it is also

Tablel Composition of the metallocene intercalated MoS, and WS, from
ICP-OES analysis

Sample Mo/W S Fe

Cp,Fe-MoS, 1 1.99 0.118
(MeCp),Fe-MoS, 1 2.02 0.093
(Me;sCp),Fe-MoS, 1 2.00 0.135
Cp,Fe-WS, 1 1.83 0.058
(MeCp),Fe-WS, 1 1.82 0.072
(Me;Cp),Fe-WS, 1 1.79 0.092
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~1.8. We hypothesized that the ratio of S/W is lower than the
theoretical stoichiometry because of the loss of S during the
intense digestion of WS, which involves HF and HNO;. A
previous study®® suggested the formation of volatile S com-
pounds during sample digestion, resulting in an underestima-
tion of S concentration deduced by ICP-OES analysis. We
assumed no formation of volatile Fe and W compounds during
the digestion and found that the Fe/W ratios are 0.058, 0.072,
and 0.092 in three different intercalated WS, samples.

Our results show that the ratio of (MesCp),Fe in the inter-
calation compounds is the highest of the metallocene inter-
calants; however, no clear trend was observed in the ratio of
Cp,Fe and (MeCp),Fe. It has been suggested that a more
reducing guest species tends to form a more stable intercala-
tion compound.® Since the (MesCp),Fe is the most reducing
guest species ((MesCp),Fe > (MeCp),Fe > Cp,Fe),*" we expect
that (MesCp),Fe would form the most stable intercalation
compound and therefore be present in the highest ratio.
Besides their reducing power, the size of the molecule also
affects the ratio of the guest species in the intercalation
compounds by determining the maximum packing density.
Due to the orientation of the guest species in the intercalation
compounds, the maximum packing density of Cp,Fe is higher
than (MeCp),Fe. Taken together, the ratio of Cp,Fe and
(MeCp),Fe may be a delicate balance influenced by reducing
power and the size of intercalant.

In addition, we demonstrated that our approach is applic-
able to intercalation of n-alkylamines into MoS, and WS,.
Alkylamines, which interact with the host materials through
their N lone pair, have been successfully intercalated into many
layered oxides*>™** and TMDCs.>*%3! Yet ammonium cations
have been commonly observed as the end product in intercala-
tion compounds of MoS, and WS, arising from cation exchange
reactions in the syntheses.>>*> One striking property of these
intercalation compounds is that the lattice expansion can be
tuned by the chain length of the alkylamine. We chose three
different chain lengths of alkylamine - octylamine (OA), dode-
cylamine (DDA), and hexadecylamine (HDA) - to reveal the
chain length dependency in our intercalation compounds.

Fig. 3 shows the XRD data for the alkylamine intercalated
MoS, and WS,. We found that the distance between the TMDC

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 XRD of the n-alkylamine intercalated (a) MoS, and (b) WS,. Green: hexadecylamine-intercalated; red: dodecylamine-intercalated; blue:

octylamine-intercalated; dark gray: restacked.

sheets increases with the chain length of alkylamine, where
OA-MoS, is ~10.1 A, DDA-MoS, is 14.1 to 14.5 A, and HDA-
MoS, is ~32.4 A. We observed a similar trend in WS, inter-
calation compounds, where OA-WS, is ~10.1 A, DDA-WS, is
~14.3 A, and HDA-MoS, is ~32.4 A. Our results concur with
reported n-alkylamine intercalated MoS, and WS, synthesized
through a direct reaction of lithium intercalated TMDCs with
an aqueous solution of alkylamine/ammonia.>> However,
unlike these compounds, which show a diffraction peak at
20 ~ 32°, our compounds only showed diffraction peaks from
the {001} plane indicating, again, a preferred orientation along
the z-axis.

The non-linear increase of the distance between basal
planes is attributed to the orientation of the alkylamine. We
hypothesize that a short chain alkylamine (e.g., OA) prefers
lying down in the van der Waals gap of the TMDCs. As we
showed, the expansion in the OA-MoS, and OA-WS, are
~3.9 A. This value is much shorter than the chain length of
OA but close to the van der Waals diameter of the alkyl chain
(~4 A). This observation suggests that the alkyl chain lies
parallel to the host sheets. A similar phenomenon has been
reported in alkylammonium intercalated MoS," and alkyla-
mine intercalated TaS,” where the lattice expansion in short
chain amine (n < 5) intercalation compounds is ~4 A. Inter-
estingly, we found that the expansion in DDA-MoS, and DDA~
WS, is ~8.1 A, which is close to twice the size of the alkyl chain.
We proposed that two layers of DDA sandwiched between the
host sheets. However, previous studies have suggested that the
alkylamine may form a tilted bilayer structure at an angle from
56° to 68°.">"® If we assume a tilted monolayer of DDA in
between the host sheets, the tilt angle would be 25.8°, much
smaller than in the previously reported structures.

In contrast, the distance between host sheets expands to
>32 A in the HDA intercalated compounds. This expansion is
close to the length of the alkyl chain implying a monolayer of
HDA perpendicular to the host sheets. We attributed this
structural difference to longer alkyl chains having stronger
van der Waals interactions among themselves. This interaction
may assist the assembly of the amine and stabilize the
perpendicular orientation. Considering that the guest species
need to diffuse into the film, we note that our materials could

This journal is © The Royal Society of Chemistry 2022

be one of several possible kinetically stable phases. Mixtures of
intercalation compounds have been found in the alkylamine
intercalation Ta$,.”

We used CHN combustion elemental analysis to quantify
the stoichiometry of OA, DDA, and HDA in both MoS, and WS,
intercalation compounds (Table 2). We observed that the
stoichiometry of HDA is higher than that of OA and DDA in
both MoS, and WS, likely because of the orientation of the
alkylamines. Compared with the parallel orientation, the
perpendicular orientation occupies less projected area on
the sheets leading to a higher packing density. We note that
the mass percentage of carbon from CHN analysis is higher
(~2 to 3%) than the calculated values from the proposed
formula in MoS, intercalation compounds, which we attributed
to residual carbon compounds adsorbed on the MoS,. The
physical adsorption of solvent has been commonly found on
high-surface-area materials.*”*®* We examined the composition
of restacked MoS, and WS, without alkylamine and found that
the carbon mass percentage is 2.3% in MoS, and only ~ 0.25%
in WS,.

Finally, our approach enables synthesis of intercalation
compounds beyond those that have been synthesized pre-
viously. We demonstrated that electron-proton transfer med-
iators (e.g., phenazine and p-benzoquinone) can be intercalated

Table 2 Composition of n-alkylamine intercalated MoS, and WS, from
CHN combustion elemental analysis. Calculated mass percentages are
shown in brackets

Mass percentage

Sample C H N Approximate formula

OA-MoS, 9.918 1.719 1.074 OAg 136MOS,
(7.356) (1.466)  (1.072)

DDA-MoS,  14.414 2.086 1.093 DDAy 145MO0S,,
(11.178)  (2.111)  (1.086)

HDA-MoS,  29.020 4.781 1.869 HDA 310MO0S,
(25.855)  (4.746)  (1.884)

OA-WS, 7.463 1.404 0.989 0Ag 205WS,
(7.113) (1.418)  (1.037)

DDA-WS, 9.705 1.651 0.975 DDAy 104WS,
(9.848) (1.859)  (0.957)

HDA-WS, 17.155 2.849 1.254 HDA 55sWS,
(17.194)  (3.156)  (1.253)
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Fig. 4 XRD of electron-proton transfer mediator intercalated (a) MoS, and (b) WS,. Red: p-benzoquinone-intercalated; blue: phenazine-intercalated;

dark gray: restacked.

into MoS, and WS,. Fig. 4 shows the XRD of p-benzoquinone
and phenazine intercalated MoS, and WS,. The expansion from
the intercalation is ~3.4 A close to the van der Waals diameter
of a carbon atom (3.4 A). This observation suggests that the
aromatic rings of the intercalants lie parallel to the host sheets.
We used the size of p-benzoquinone (8.3 x 6.6 A%) and phena-
zine (11.3 x 7.2 A%) to estimate their monolayer maximum
packing density. In intercalation compounds of MoS,, the
maximum ratio of p-benzoquinone is ~0.213 whereas the
maximum ratio of phenazine is ~0.121. They both show
slightly higher packing density in the intercalation compounds
of WS, (~0.223 for p-benzoquinone and ~0.127 for phenazine)
due to the larger lattice constant of WS,.

We quantified the percentage of phenazine in the intercala-
tion compounds using CHN combustion elemental analysis
(Table 3). We found that the ratio of phenazine in the inter-
calation compounds is around 7 to 8%. Interestingly, the mass
percentage of carbon is a few percent higher than the calculated
value from the proposed formula, similar to what we observed
in the alkylamine intercalated MoS,. We hypothesized that
toluene molecules may adsorb and/or intercalate into the
MoS, and WS,. To confirm whether toluene can intercalate
into MoS, and WS,, we removed the phenazine and only added
toluene in the process of vacuum filtration. The XRD of toluene
treated MoS, and WS, (Fig. S5, ESIt) shows no shift in the
diffraction peak position indicating no intercalation of toluene.
While co-intercalation of toluene and phenazine could occur,
we expect that the lattice expansion from co-intercalation
would be larger. After including toluene (presumed to be
adsorbed to the material surface) in the proposed formula,
the ratio of phenazine remains ~7 to 8% (Table S2, ESIY).

Table 3 Compositions of the phenazine intercalated MoS, and WS, from
CHN elemental analysis. Calculated mass percentages are shown in the
brackets

Mass percentage

Sample C H N Approximate formula

Phenazine-MoS, 9.154 0.76 1.326 (C12HgNy)0.083MOS,
(6.834) (0.382) (1.328)

Phenazine-WS,  5.467  0.654  0.745  (C;3HgNy)o.060WS,
(3.819) (0.214) (0.742)

364 | Mater. Horiz., 2022, 9, 360-367

Due to the residual hydrocarbons, we cannot quantify the
ratio of p-benzoquinone in the intercalation compounds. We
estimate its ratio by assuming a constant ratio of residual
toluene (i.e., 0.05) in all intercalation compounds. Our estima-
tion shows that the ratio of the p-benzoquinone is roughly 10%
(Table S3, ESIt). While the structure of the intercalation com-
pounds requires further characterization, our XRD and ele-
mental analysis results confirm the intercalation of
phenazine and p-benzoquinone in the MoS, and WS,.

Overall, our approach is applicable to guest species whether
they are electron-donating (i.e., reducing agents or Lewis
bases). Similarly, Morrison et al. reported the intercalation of
guest species that are not electron-donating using a biphasic
method.”” They observed the formation of intercalation com-
pounds at the interface of two immiscible solvents and they
attributed the driving force for this process to the hydrophobic
nature of the basal plane of MoS,. Unlike their approach, the
intercalation in our method occurs on a wet restacked TMDC
film. Ries et al. have shown that water molecules remain in
between MoS, layers in the restacked film while it is still wet.*?
These water molecules can potentially weaken the van der
Waals interactions between host layers. Additionally, the
expanded interlayer spacing may reduce the energy barrier for
the diffusion of the guest species.” Here, we propose the
mechanism of intercalation as follows: the guest species (and
solvent molecules) replace water molecules in the van der
Waals gap of the host materials due to the hydrophobic surface
of TMDCs and the pressure gradient generated by the vacuum
filtration. After the drying process, the volatile solvent mole-
cules escape from the intercalation compounds due to weaker
van der Waals interactions with the TMDC layers whereas the
guest species remain in between the TMDC layers.

Conclusions

We presented a versatile approach for directly intercalating guest
species into restacked thin films of MoS, and WS,. A key feature of
our intercalated materials is the easily transferrable thin-film mor-
phology. We synthesized known ferrocene and n-alkylamine inter-
calated MoS, and WS, compounds via vacuum filtration. Moreover,
we intercalated two electron-proton transfer —mediators

This journal is © The Royal Society of Chemistry 2022
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(ie., phenazine and benzoquinone) into MoS, and WS, for the first
time. This method should be broadly applicable to intercalating
other exfoliated layered materials (e.g;, graphene oxide and MXenes)
with a broad range of guest species, which will accelerate the study of
intercalation compounds in catalysis, sensing, energy storage, and
beyond.

Experimental methods

Materials

Molybdenum(wv) sulfide powder (<2 pum, 99%), tungsten(wv)
sulfide powder (2 pm, 99%), n-butyllithium solution (1.6 M in
hexane), ferrocene (98%), 1,1’-dimethylferrocene (95%),
bis(pentamethylcyclopentadienyl)iron(u) (97%), and phenazine
(98%) were purchased from Sigma-Aldrich and used as received
without further purification. p-Benzoquinone (99.5%) was pur-
chased from Sigma-Aldrich and purified via sublimation. Octy-
lamine (99%), dodecylamine (98%), and hexadecylamine (98%)
were purchased from Sigma-Aldrich and heated at 100 °C for
10 min under nitrogen prior to use. Pentane was purchased
anhydrous and stored over 3 A molecular sieves prior to use.
Hexane (98.5%, Sigma Aldrich), toluene (99.8%, Fisher
Chemical), and methanol (99.9%, Fisher Chemical) were used
as received without further purification.

Exfoliation of MoS, and WS,

The exfoliation was performed by using the lithium intercala-
tion method that has been reported previously.® Briefly,
320 mg of MoS, was charged into an oven-dried 50 mL Schlenk
flask. After degassing and cycling with nitrogen three times,
5 mL of 1.6 M n-butyllithium solution in hexane was added. The
flask was at room temperature and stirring at 300 rpm for 48 h
under nitrogen. After 48 h, the flask was transferred into a nitrogen
glovebox. Pentane was added to wash the materials at least 3 times.
The Li,MoS, was stored under nitrogen. Similarly, 497 mg of WS,
was added into an oven-dried three-neck round bottom flask. 5 mL
of 1.6 M n-butyllithium solution in hexane was added. The solution
was refluxed at 70 °C with magnetic stirring at 300 rpm for 48 h
under nitrogen. After 48 h, the flask was transferred into a nitrogen
glovebox. Pentane was added to wash the materials at least 3 times.
The Li,WS, was stored under nitrogen.

~67.5 mg of Li,MoS, (~100 mg of Li,WS,) was transferred
into a centrifuge tube in a nitrogen glovebox. Deionized water
(> 18 MQ cm) that had been degassed for at least 15 min was
added into the tube immediately after the tube was transferred
out of the glovebox. The tube was sonicated for 1 h and the
temperature was kept below 30 °C. The mixture was centrifuged
at 2500 rpm to remove the non-exfoliated TMDC sheets and
11000 rpm for 15 minutes three times to remove the lithium
salt byproducts. The exfoliated MoS, and WS, suspensions were
used immediately after preparation.

Synthesis of metallocene intercalated MoS, and WS,

15 mL of exfoliated MoS,/WS, suspension was restacked on a
nitrocellulose membrane (0.025 pm, MF-Millipore™) by vacuum

This journal is © The Royal Society of Chemistry 2022
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filtration. After the suspension was filtered, 3 mL of a saturated
hexane solution containing the metallocene was added into the
filtration funnel while the membrane was still wet. The vacuum
filtration proceeded for 1 hour. The material was washed with
hexane 4 to 5 times to remove residual metallocene.

Synthesis of n-alkylamine intercalated MoS, and WS,

15 mL of exfoliated MoS,/WS, suspension was restacked on a
nylon membrane (0.2 pum, MF-Millipore™) by vacuum filtration.
After the suspension was filtered, 0.2 mmol of n-alkylamine in
6 mL of methanol was added into the filtration funnel while the
membrane was still wet. The filtration was carried out under
static vacuum. Before the solution in the flask completely dried
out, the material was washed with methanol 4 to 5 times to
remove residual alkylamine. The filtration time was not con-
trolled but typically this process takes less than 30 min.

Synthesis of phenazine and p-benzoquinone intercalated MoS,
and WS,

15 mL of exfoliated MoS,/WS, suspension was restacked on a
nitrocellulose membrane (0.025 pm, MF-Millipore™) by vacuum
filtration. After the suspension was filtered, 3 mL of saturated
phenazine toluene solution (1.5 mmol of p-benzoquinone in
3 mL of toluene) was added into the filtration funnel while the
membrane was still wet. The vacuum filtration proceeded for
1 hour. The material was washed with toluene 4 to 5 times to
remove residual guest species.

Sample characterization

Xray diffraction data were obtained from a Bruker D8 Discover
instrument with the IpS 2-D XRD system. Raman spectra were
recorded on a Renishaw Raman Confocal and a 514 nm laser was
used. Scanning electron microscopy images were obtained from an
Apreo variable-pressure SEM. A PerkinElmer Optima 8300 induc-
tively coupled plasma-optical emission spectrophotometer was used
for elemental analysis. Solutions of MoS, samples were prepared by
dissolving the materials in aqua regia whereas WS, intercalated
samples were digested using a mixture of HF, HNO;, and H,O
(volume ratio 1:1:1). Microanalysis was conducted by the CENTC
Elemental Analysis Facility at the University of Rochester. Micro-
analysis samples were weighed with a PerkinElmer Model AD6000
Autobalance and their compositions were determined with a Perki-
nElmer 2400 Series II Analyzer.
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