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ABSTRACT: With the recent strive to develop novel quantum
materials, including two-dimensional nanosheets, alkali-layered = )
intercalated materials have found a new purpose as starting materials %
for such compounds. Enriching the library of alkali materials, we @ @ !
present a solid-state synthesis for preparing NaW,S, (P1, No. 2) and

Rb,WS, (C2/m, No. 12). Solving their crystal structure from their  SG&&
powder X-ray diffraction patterns, we show that both materials are © ©
layered, the former being a slightly distorted version of the latter. We

o ) W e
compare the two structures and find that the main difference is the ’ — m
interlayer spacing in the a-direction. We further show that, like their »'m
cousin, K,WS,, both compounds can be deintercalated with dilute 1T-W

acid to form superconducting 2M-WS,, with structural and property

characterization showing similar behavior, regardless of the starting material. Lastly, we find that both materials can be exfoliated in
the same manner as K,WS, to form superconducting 1T’-WS, monolayers. We describe an easy one-step method for preparing two
new layered materials and, thus, provide more opportunities to access valuable superconducting materials.

B INTRODUCTION alkali metals from their original layered structure has also

introduced novel materials with unique properties from their
. . .

Ikali-LIMs) have led to substantial breakthrouehs in batt parent compound. Such is the case when Na® is partially

(alkali ), have led to substantial breakthroughs in battery deintercalated from NaCoO,, yielding superconducting

technology,"” yet alkali-ion (de)intercalation of these layered ’
materials has proven useful beyond electrochemical applica- Nfaxclf’,gfy H,0 compounds, with T, dependent on the value

tions. A recent resurgence of interest in these materials stems
from their use as precursors for accessing other—possibly
otherwise unobtainable—compounds. Alkali layered materials
can be deintercalated to obtain new metastable compounds,
including superconducting FeS prepared from KxFez_YSZ,3
ferromagnetic 1T-CrTe, from KCrTe,," and antiferromagnetic
1T-CrSe, from KCrSe,,° to name a few. The aforementioned
metastable compounds cannot be prepared with solid-state
reactions since the required high temperatures would result in
the formation of alternative, thermodynamically stable phases.
It should be noted, however, that there are other low-
temperature methods capable of achieving metastable phases.
Such is the case with tetragonal FeS (Mackinawite), which,
owing to its promise for having superconductivity,”® gained
considerable interest in developing synthesis techniques.
Among these, solvothermal synthesis starting with Fe and S°

For over four decades, alkali-layered intercalated materials

Alkali-LIMs can also be used as starting materials for
chemically exfoliating into nanosheets. For example, MnO,
monolayers have been prepared from K,,MnO,,"* KFeS,
nanoribbons from bulk KFeS,,'* h-phase monolayers of
RuO, were exfoliated from K;,sRuO,,"> and IrOOH nano-
sheets were prepared from K;,sNay,sIrO,.'® This method
provides an advantage over other chemical exfoliation
techniques in that it eliminates the need for possibly
contaminating intercalating agents (i.e, n-butyl lithium or
sodium napthalenide). Instead, it utilizes proton exchange to
remove the intercalated ions, while osmotic swelling between
the layers weakens the interlayer bonding; subsequent
mechanical force is used to aid delamination.'” Examples of
this include Ti;O, nanosheets formed from Na,Ti;O,,'* CoO,

and solution synthesis with Fe and Na,S’ effectively produced Received: August 6, 2024
tetrahedral FeS, but the resulting compounds did not Revised:  October 8, 2024
demonstrate superconductivity. Lai et al. prepared the first Accepted:  October 23, 2024

superconducting polycrystalline FeS,'® but it was through the Published: November 5, 2024

treatment of K,Fe, ,S, to remove K" that single crystals of
superconducting FeS could be prepared.” Deintercalation of
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from NaCoO,," and titanate nanosheets from Cs-titanate.”
This type of exfoliation will usually employ bulky intercalants
(ie., tetrabutylammonium hydroxide (TBAOH)), which may
likewise leave a residue on the surface of the formed
nanosheets. Instead, using redox chemistry, typically reserved
for van der Waals layered materials, the alkali metal can be
removed via an oxidative process while H, bubbles, formed
during the process, force the layers apart.”' ~>*

Recent work found that by treating one such alkali-LIM,
K, WS,, with dilute acid, either superconducting bulk 2M-WS,
crystals or superconducting 1T’-WS, monolayers can be
prepared, depending on the specific acid concentration and
concurrent mechanical force.”* >° The former currently has
one of the highest superconducting temperatures (T, = 8.8 K)
of any homogeneous transition metal dichalcogenide at
ambient pressure.””*® The latter can be made into an ink,
enabling it to be easily distributed onto devices of different
textures. Furthermore, unlike typical deintercalation reactions,
K* is fully removed from K,WS, without proton exchange.
Instead, the compound is oxidized, and H, gas formed during
the process weakens the interlayer bonding, while ultra-
sonication fully separates the layers; H, gas formation
eliminates the need for bulky intercalates typically required
for osmotic swelling.

Finding new alkali-LIMs is incredibly important for
advancing the field of materials science, both through direct
applications and as a stepping-stone for increasing the library
of available metastable compounds. Since the advent of the
LiCoO, cathode in 1980, developing new layered materials
capable of reaching higher capacity, higher energy density, and
longer cycle life has been an ongoing concern. Recently, cost
and safety concerns have put significant focus on replacing Li"
with other intercalated ions. Such research is not as simple as
merely replacing the alkali intercalant and assuming similar
performance, since size differences may change the structure,
stability, and (de)intercalation kinetics. A study conducted by
Kaufman et al. found that Li* was too small to occupy the
trigonal prismatic sites of a P3 layered structure of AMX, (A =
alkali metal, M = transition metal, X = chalcogenide) since the
X anions of neighboring layers would be too close to each
other; Na" and K' were, however, large enough to keep the
layers sufficiently far apart.”” LiTiS, adopts the O1 layered
structure, whereas Na,TiS, prefers the O3 layered structure
when concentrations of Na are high and the P3 layered
structure when y < 0.72. Differences also persist in the
electrochemical deintercalation process, where both NaCoO,
and KCoO, were found to undergo multiple structural changes
corresponding to the loss of alkali ions. Meanwhile, Yohannen
et al. demonstrated the structural changes for AInM'S, (A =
alkali, M’ = Ge, Sn) compounds.30 For example, the AInSnS,
family takes on different structures depending on the identity
of A. When A = Na or K, it exhibits a hexagonal layered
structure, whereas LilnSnS, takes on a cubic spinel structure.”
Conversely, when A = Rb or Cs, AInSnS, can take on either a
cubic structure (thermodynamically favorable) or an ortho-
rhombic layered structure (kinetically favorable).”" Therefore,
despite being compositionally similar, substituting different
alkali metals in AInSnS, yields different structures, lending
themselves to different applications.

In this paper, we describe two new AWS,-type compounds:
NaW,S, and Rb,WS,. We developed a one-step solid-state
synthesis for preparing Na,WS, (P1, No. 2) and Rb,WS, (C2/
m, No. 12) from their respective elements. The Rb,WS, that

we synthesized here differs from the previously reported
Rby3,WS, (P2,/m, No. 11).*> Furthermore, our sample
preparation follows a straightforward, one-step method that
involves heating the constituent elements in a furnace, unlike
the previously reported synthesis, which required first
preparing Rb,S, by reacting Rb and S in liquid NH;* a
relatively hazardous process. Therefore, we feel that, to the
best of our knowledge, we have developed a simple method for
making two novel materials; we do, however, acknowledge that
caution must be taken when working with any alkali metal, as
they are highly reactive. The structures of both NaW,S, and
Rb,WS, were solved with TOPAS V7 (Bruker AXS) from their
respective powder X-ray diffraction (PXRD) patterns. Our
structure findings were further supported by high-resolution
scanning/transmission electron microscopy (HRSTEM) im-
ages and selected area electron diffraction (SAED). We show
that, as with K,WS,,”° the alkali ion can be deintercalated from
both compounds to form superconducting 2M-WS,, which we
confirm with magnetic susceptibility and heat capacity to have
bulk superconductivity. Likewise, both compounds can be
chemically exfoliated, like K,WS,,>* to form monolayer 1T'-
WS,. We confirm the structure with Raman spectroscopy and
the thickness with atomic force microscopy (AFM). The work
we present here introduces compounds to the library of alkali-
LIMs, which could potentially increase the accessibility of
important metastable compounds, while simultaneously
demonstrating a simple synthesis method that could be used
to further prepare new alkali-LIMs.

B EXPERIMENTAL SECTION

Preparation of Na,WS,. Polycrystalline Na,WS, was prepared via
a solid-state reaction. Stoichiometric ratios of Na (Sigma-Aldrich,
99.9%), W (Alfa Aesar, > 99.9%), and S (Alfa Aesar, 99.5%) were
placed in an alumina crucible and sealed under vacuum in a silica glass
tube. The tube was then heated in a box furnace at a rate of 25 °C/h
to 850 °C, where it dwelled for 72 h. It was then cooled at 3 °C/h to
550° before being shut off and allowed to cool to room temperature.
The resulting black powder was stored in an argon glovebox to
prevent hydration. Since the occupancy of Na was 1, making x = 0.5,
we will refer to this compound as NaW,S, for the rest of this paper.

Preparation of Rb,WS,. Polycrystalline Rb,WS, was also
prepared via a solid-state reaction. A 1:1:1 ratio of Rb (Sigma-
Aldrich, 99.6%), W (Alfa Aesar, > 99.9%), and S (Alfa Aesar, 99.5%)
were placed in a graphite crucible and sealed under vacuum in a silica
glass tube. The tube was then heated in a box furnace at a rate of 25
°C/h to 850 °C, where it dwelled for 48 h. It was then cooled at 3
°C/h to 550° before being shut off and allowed to cool to room
temperature. The resulting Rb,WS, crystals were sorted from
powdered impurities and stored in an argon glovebox to prevent
hydration.

Attempted Synthesis of Li,WS,. Attempted synthesis of Li, WS,
was prepared by combining stoichiometric ratios of Li (Sigma-
Aldrich, 99%), W (Alfa Aesar, > 99.9%), and S (Alfa Aesar, 99.5%)
and following the same handling and heating profile as used for
NaW,S,. An additional synthesis was carried out using stoichiometric
ratios of Li,S (Alfa Aesar, 99.9%), W (Alfa Aesar, > 99.9%), and S
(Alfa Aesar, 99.5%) and also following the same handling and heating
profile as used for NaW,S,. Both samples were stored in an Ar-filled
glovebox to prevent hydration. Both syntheses yielded 2H-WS, and
did not appear to incorporate any of the Li, so they were repeated
using twice the molar ratio of Li; these syntheses likewise yielded 2H-
WS,.

Preparation of K,WS,, 2M-WS,, and 1T'-WS,. The KWS,
crystals were prepared via the method proposed by Song et al.>
Likewise, 2M-WS, was prepared using the method b(y Song et al,, with
either NaW,S, or Rb,WS, used in place of K, WS,.* We used 0.02 M

https://doi.org/10.1021/acs.inorgchem.4c03350
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Figure 1. (a) Structure of NaW,S, (P1) showing a single unit cell of alternating layers of octahedrally coordinated [WS,]®~ and Na*. (b) An

enlarged view of [WS]

8~ highlights the different W—S bond lengths. Differing bond lengths are emphasized with different colors. (c) A view down

the (100) plane shows a single layer of [WS,]™ and (d) its distorted zigzag W ions. (e) A view down the (010) plane shows the distinct layers of
[WS,]~ and Na*. (f—j) The same structural information is shown for the K,WS, compound and (k—o0) Rb,WS,. An inset of k shows the flower-like
morphology that Rb,WS, forms in. Refer to Table 1 for a comparison of the lattice parameters for each structure.
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Figure 2. Rietveld refinement showing the calculated pattern in red, overlaying the acquired pattern in black and the difference in gray for (a)

NaW,S, and (b) Rb,WS,.

nitric acid to prepare the 2M-WS, since that had provided the best
samples from K,WS,.*° 1T’-WS, monolayers were made by
exfoliating NaW,S, or Rb,WS, in sulfuric acid, following the
procedure by Song et al.”®

Materials Characterization. The bulk powder was analyzed with
powder X-ray diffraction (PXRD) using a STOE STADI P X-ray
diffractometer (Mo Kal radiation, Ge monochromator, Single-
Mythen detector, Debye—Scherrer geometry). The Crystal structure
was solved using TOPAS V7 (Bruker AXS). 333 Images and
composition were taken using scanning emission spectroscopy
(SEM) and energy dispersive X-ray diffraction (EDX), respectively,
using a Quanta 200 FEG Environmental-SEM. Atomic resolution

21956

images and electron diffraction were taken with a Titan Cubed
Themis 300 double Cs-corrected Scanning/Transmission Electron
Microscope (HRSTEM). Fast Fourier Transform (FFT) patterns
were calculated from HRSTEM images using Image]. A Magnetic
Property Measurement System (MPMS3) from Quantum Design was
used to obtain magnetic susceptibility on the resulting 2M-WS,; a
Physical Property Measurement System (PPMS Dynacool) from
Quantum Design was used to obtain heat capacity data on the 2M-
WS,. A Bruker Dimension ICON3 Atomic Force Microscope (AFM)
was used to measure the height of 1T’-WS, nanosheets. STEM and
SAED images of 1T'-WS, nanosheets were obtained using a Talos
F200X Scanning/Transmission Electron Microscope (S/TEM) and

https://doi.org/10.1021/acs.inorgchem.4c03350
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the structures of the sheets were confirmed with Raman spectroscopy
using a Horiba Raman Spectrometer. An Agilent 5800 Inductively
Coupled Plasma-Optical Emission Spectrometer (ICP-OES) was used
to obtain exact atomic ratios.

B RESULTS AND DISCUSSION

NaW,S, and Rb,WS, were prepared with solid-state methods,
by combining their constituent elements and heating in a
furnace (details in the Experimental Section). The NaW,S,
formed as a silver powder, whereas the Rb,WS, appeared as
black crystals with a flower-like morphology, which can be
viewed in Figure 1k. The Rb,WS, synthesis did not exclusively
produce the desired product, however, the silvery crystals
could be easily distinguished and separated from the powder
impurities. The structures of NaW,S, and Rb,WS, are shown
in Figure 1, where they can be compared with that of K.WS,.
Additional solid-state syntheses were conducted in order to
prepare Li, WS,, though each synthesis resulted in 2H-WS,.
All characterization and experimentation were performed
using the pure Rb,WS, crystals. The structure solutions were
performed on PXRD patterns for both NaW,S, and Rb,WS,
(Figure 2) and refined with TOPAS V7 (Bruker AXS);**
more information about the refinement can be found in the
Supporting Information, SI. NaW,S, was found to have a P1
(No. 2) crystal structure. This is a slight distortion of the
K WS, structure,” with similar b (3.300 A) and ¢ (5.704 A)
lattice parameters but an a (7.491 A) parameter about half the
size (Table 1). Unlike the K- and Rb-based structures, NaW,S,

Table 1. Lattice Parameters of NaW,S,, K.Ws,, and Rb,WS,

NaW,$, KWS, Rb,WS,

side length (A) length (&) length (A)

a 7.4914(3) 16.15 16.6792(8)

b 3.3001(1) 3.259 32710(1)

c 5.7037(2) 5.685 5.6988(3)
vertice angle (deg) angle (deg) angle (deg)

a 89.634(3) 90 90

B 105.704(2) 98.63 97.437(4)

y 102.634(3) 90 90

refined with full occupancy of the Na ions, hence the doubled
unit formula. Meanwhile, Rb,WS, crystallizes with a C2/m
(No. 12) space group, which is the same as that of K,WS,. As
with its K counterpart, the Rb sites are partially occupied, with
x ~ 0.3. Rb,WS, has similar b (3.271 A) and ¢ (5.699 A) lattice
parameters but an increased a (16.679 A) parameter, with
respect to K, WS, (Table 1). This is expected, since Rb is larger
than K, and thus, increases the interlayer spacing. A look at the
interlayer spacing between layers of [WS,]™ shows a positive

correlation with alkali metal size: Na (7.491 A), K (8.074 A),
Rb (8.340 A) (Table 2 and Table 3). Each of the three A WS,

Table 3. Bond Lengths within NaW,S, and Rb, WS,

NaW,S, KWS, Rb,WS,

bond distance (A) distance (A) distance (A)

W-S1 2.553(9) 2.530 2.515(12)
W-S2 2.392(12) 2.399 2.449(9)
W-S3 2.393(10) 2.399 2.449(9)
W-54 2.453(9) 2.460 2.456(8)
W-S5 2.534(10) 2.460 2.456(8)

W-S6 2.419(10) 2.406 2.468(13)
W1-W2 2.722(4) 2.758 2.761(3)
WI1-W2 2.797(4) 2.758 2.761(3)
interlayer spacing 7.4914(3) 8.074 8.3396(4)

compounds consists of layers of distorted octahedrally
coordinated [WS,]®” separated by layers of alkali ions,
illustrated in Figure lej,0. Within the [WS¢]®™ layers, the
corresponding W—S bond lengths remain consistent regardless
of the identity of A (Figure 1b,gl and Table 3). It is interesting
to note, however, that while S2 and S3, as well as S4 and S5,
exhibit equal distances from their central W in the K and Rb
compounds (Figure 1gl and Table 3), all 6 of the W—S bond
lengths for the Na compound are unique (Figure 1b and Table
3). We see further evidence of structural differences in the W
zigzag chains along the b-axis; whereas the W—W distances are
equal (W1-W2 = W2—W3) in K,WS, and Rb,WS,, as shown
in Figures lh-i, m-n), the W zigzag chains in NaW,S, are
distorted (W1-W2 = 2.72 A, W2—W3 = 2.80 A) (Figure
1c,d). The W1—W2 distance in NaW,$, is similar to the W—W
bond length in W metal (2.74 A), which may suggest W—W
bonding, though further study would be needed to confirm the
nature of this bonding.” Despite these differences, the W—W
distances forming the chains of all three compounds are within
0.08 A of each other, which highlights their similarities (Table
3).

To support the PXRD findings, high-resolution scanning
transmission electron microscopy (HRSTEM) was conducted
on a cross-section of NaW,S, and Rb,WS,. As shown in Figure
3a, only the W ijons are visible in the NaW,S, cross-section.
The distances between W ions intralayerally (d;) and
interlayerally (d,) measured from the HRSTEM image
match well with the corresponding distances measured based
on the PXRD structure solution (Figure 3d). Likewise, the Fast
Fourier Transform (FFT) pattern of the HRSTEM image
matches well with that simulated from the structure file, as
shown in Figure 3b,c. In Figure 3e, both the W atoms and Rb
atoms are visible in the Rb,WS, cross-section. The distances

Table 2. Position Coordinates and Thermal Parameters for NaW,S, and Rb, WS,

atom X y
Na 0 0.5
w —0.4896(3) 0.7478(8)
S —0.743(1) 0.638(4)
S —0.685(1) 0.172(4)
Rb 0.5 0
w 0.2461(2) 1
S 0.3582(7) 1
S 0.3262(7) 0.5

z occ. Wyck By,

0 1 lc 4.0 (5)
—0.6898(2) 1 2i 0.75(5)
—0.493(2) 1 2i 1.10(19)
—0.980(1) 1 2i 0.90(19)

1 0.58(1) 2a 4.0(5)

0.6933(3) 1 4c 0.37(6)

0.450(2) 1 4c 1.1(3)

0.946(2) 1 4c 0.2(2)
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Figure 3. (a) HRSTEM of NaW,$, looking down the (010) plane, showing distinct layers in the c-direction. A zoomed-in image of the HRSTEM
is shown as an inset. (b) The FFT pattern of the HRSTEM compares well with (c) the expected electron diffraction. (d) The crystal structure from
VESTA, viewed down at the (010) plane. (e¢) HRSTEM of Rb,WS, looking down the (010) plane, showing distinct layers in the c-direction, as well
as the Rb ions between the layers, which can be viewed more clearly in the zoomed-in inset. (f) The corresponding SAED compares well with (g)
the expected electron diffraction. (h) The crystal structure from VESTA, viewed down at the (010) plane.

Table 4. d-Spacings of NaW,S, and Rb,WS,

NaW,S, Rb,WS,
hkl actual (A7') simulated (A™") hkl actual (A7") simulated (A™")
101 0.255 0.260 201 0.219 0.227
100 0.138 0.142 200 0.117 0.121
101 0.194 0.198 201 0.195 0.201
distance actual (A) simulated (A) distance actual (A) simulated (A)
d, 5.842 5.7037(2) d, 5.550 5.6988(3)
d, 7.594 7.4914(3) d, 8.548 8.3396(4)

between W atoms intralayerally (d;) and interlayerally (d,)
measured from the HRSTEM image match well with the
corresponding distances from the structural solution (Figure
3h). Additionally, the Rb—Rb bond distances in the HRSTEM
match those in the calculated structure. Likewise, the selected
area electron diffraction (SAED) obtained from HRSTEM
matches well with that simulated from the structure file, as
shown in Figure 3f,g. Table 4 shows a comparison of the
calculated and actual d-spacings and atomic distances for
NaW,S, and Rb,WS,.

Atomic fractions found with energy-dispersive X-ray spec-
troscopy (EDX) obtained from the high-resolution STEM
agree with the PXRD refinements that are shown in Table 2.
The Na content of NaW,S, was found to be half that of W
(Figure S1), which supports our finding of a unit formula of
Na,W,S,. Meanwhile, the Rb content of Rb,WS, was found to
be x ~ 0.34 and x ~ 0.28 from EDX and PXRD, respectively
(Figure S2 and Table 2), similar to that of K,WS,, where x ~
0.33.>° This was further confirmed by EDX performed on a
Scanning Emission Microscopy (SEM) instrument, which
showed similar ratios (Figure S3 and SI Table S2). Contrast
differences on the surface of the Rb,WS, SEM image are likely
from amorphous Rb,S,, which could account for slightly higher
ratios of Rb and S compared to W (Figure S3b). This
secondary phase does not show up in the PXRD, suggesting
that it is amorphous. Furthermore, since it is a surface
contamination and not part of the crystal, it does not show up
in the HRSTEM EDX, which is imaged on a cross-section cut
from the center of the crystal. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) likewise agreed with
the relative ratios and showed slightly higher amounts of Rb
and S as compared with W (SI Table S3). Again, it is
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unsurprising that this excess material would be noticed in the
ICP-OES, which indiscriminately characterizes the entire
product.

To understand whether the new materials reported here are
of use for quantum material synthesis, we tested them as
starting materials for preparing 2M-WS, and 1T’-WS,
monolayers (Figure 4). A schematic in Figure S illustrates
the process of exfoliating NaW,S, via sonication to form 1T-
WS, and deintercalating NaW,S, on a shaker to form 2M-WS,.
While NaW,S, is portrayed in the diagram, the mechanism
remains accurate with either K.WS, or Rb,WS, in its place.
Both 2M-WS, and 1T’-WS, are structurally similar; each layer
consists of edge-sharing [WS¢]®~ with a distorted octahedral
coordination. 2M-WS, refers to the bulk structure, which
consists of two 1T"-WS, layers per unit cell.*>*” As 2M-WS, is
a highly studied material, for its potential to be a topological
superconductor,”® it is important to find reliable synthetic
recipes for crystals of high quality. This is especially relevant
for metastable materials, such as 2M-WS,, as the necessary
low-temperature methods are prone to introduce defects that
cannot be removed by annealing. We previously had improved
the established synthetic recipes of 2M-WS, by avoiding strong
oxidizers that had been thought to be necessary for the
reaction. It remains relevant to test if the choice of alkali
intercalant in the starting materials can additionally positively
affect the outcome of the superconducting synthetic product.
In order to produce 2M-WS,, we used dilute nitric acid to
remove the respective alkali metals. We found that both the Na
and Rb compounds as starting materials successfully produced
2M-WS,. EDX shows these compounds to have about a 1:2
ratio of W to S (Figure S4, SI Table S4). While the Na took 48
h to deintercalate, similar to the K, the Rb only took 24 h; this
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Figure 4. (a) Temperature-dependent magnetic susceptibility () of
2M-WS, synthesized from NaW,$S, (green), Rb,WS, (purple), K,WS,
(light blue), and K,WS, (K,Cr,0,) (dark blue) measured in H = §
Oe in the FC state (closed circles) and ZFC state (open circles). The
K.WS, and K,WS, (K,Cr,0,) data are from ref 26. (b) Temperature
dependent electronic heat capacity data scaled by temperature (Cg/
T) for NaW,S, (green), K,WS, (light blue), Rb WS, (purple), and
KWS, (K,Cr,0,) (dark blue). See text for details. The data for
KWS, (K,Cr,0,) are from ref 26. (c) The superconducting volume
fraction (1 — 7,/7,) for NaW,S, (green), KWS, (light blue),
Rb,WS, (purple), and K,WS, (K,Cr,0,) (dark blue). (Inset) The
superconducting contribution to the specific heat Cy/T — 7, for
NaWw,S, (green), K,WS, (light blue), Rb,WS, (purple), and K,WS,
(K,Cr,0,) (dark blue).

may be due to the higher ion mobility of larger alkali ions.
However, 2M-WS, from Rb, WS, may contain a small impurity
phase, indicated by peaks at ~18.2° ~25.9°, ~ 31.8° and
~36.9°. A Rietveld refinement that included a second, W,
phase (space group Im3m), indicated that this W impurity
accounts for <2%. Additional time in acid, as required to fully
remove Na* from NaW,S, did not remove this second phase.
Meanwhile, the 2M-WS, prepared from the NaW,S, sample
did not contain any impurity phase, according to the PXRD
(Figure SS).

To test the superconducting properties, we measure the
magnetic susceptibility, Figure 4a, of 2M-WS, synthesized
from NaW,S, (green) and Rb,WS, (purple) and compare
them to their counterparts synthesized previously in ref 26
from K,WS, (light blue) and KWS, (K,Cr,0,) (dark blue).
The sharp diamagnetic transition in the field-cooled (FC) state

confirms the superconductivity in all samples. The zero-field
cooled (ZFC) susceptibility can be used to estimate the
screening fraction of the sample; conversely, the FC curve can
be used to estimate the superconducting volume fraction.*®
However, to perform this analysis, demagnetization effects
must be taken into account. Vortex pinning, intrinsic to type-II
superconductors, will further reduce the saturation value of the
FC susceptibility.””*° Because our samples are pressed pellets,
we expect there to be preferred orientation in the samples,
especially the ones from KWS, and Rb,WS,, which are
platelets, in which preferred orientation is severe, though it
could vary from sample to sample, making it impossible to
accurately account for demagnetization effects. Nonetheless,
we note that 2M-WS, made from a strong oxidizer (K,Cr,0,)
exhibits a much reduced FC saturation value, reaching only,
~60%, ~25%, and ~20% of the FC saturation values of 2M-
WS, made from NaW,S,, Rb,WS,, and K,WS,, respectively,
supporting the idea that weak acids may be conducive to make
2M-WS, with higher superconducting volume fractions.

To gain a deeper understanding of the superconducting
properties, we compare the heat capacity, C,, between each
sample. We measured the C, from 2 t0 9.5 Kin H=0 T and H
=5 T (well above the critical field) (see Figure S6). Above the
superconducting transition, C, measured at 0 and § T collapse
onto each other. We, therefore, use the 5 T data as the normal
state heat capacity C,, which can be fitto C, = Cg+ Cy =7, T
+ BT® + nT°, as shown in Figure S6. Here, CJ is the electronic
contribution to the normal state heat capacity, Cy, is the
phonon contribution, y, is the coefficient of the electronic
contribution, and f and 5 are the coeflicients of the phonon
contribution. Using the § T C,, data to subtract out the phonon
contribution, we are then able to infer the superconducting
electronic heat capacity, Cy, at H = 0 T, where C, scaled by
temperature C,/T is plotted for the four samples in Figure 4b.
A clear jump is noticeable at T for all four samples, consistent
with the susceptibility measurements, where T is estimated to
be the halfway point between T(Cy/T = y,) and T(Cy/T =
CyT(max)). The variation in T, between the samples is less
than 0.2 K.

Looking closer, it is apparent that C,/T does not extrapolate
to zero. Instead, the data exhibits saturation behavior,
suggesting the presence of a nonsuperconducting volume
fraction in all samples.”’ We denote the saturated value as 7,.,
which we interpret as a contribution from the non-
superconducting portion of the sample. Then, 7, = 7, — Ve
represents the electronic specific heat coefficient in the normal
state from only the superconducting portion of the samples,
and (1 — y./7,) X 100%, represents the superconducting

iy,
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Figure 5. Schematic of the exfoliation of NaW,$, into 1T'-WS, monolayers (left) and of the deintercalation of Na* from NaW,$, to form 2M-WS,

(right).

21959

https://doi.org/10.1021/acs.inorgchem.4c03350
Inorg. Chem. 2024, 63, 21954—-21962


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03350/suppl_file/ic4c03350_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03350/suppl_file/ic4c03350_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03350/suppl_file/ic4c03350_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03350?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c03350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

volume fraction, which is plotted in the main panel of Figure
4c. Using this estimation of the superconducting volume
fraction, the 2M-WS, samples made from NaW,S, (green),
Rb, WS, (purple,) K,WS, (light blue) using dilute nitric acid all
have similar superconducting volume fractions, between ~82%
to 85%. In contrast, the superconducting volume fraction for
the sample made from K,WS, with a strong oxidizer K,Cr,O,
in dilute sulfuric acid (dark blue) yields a much smaller
superconducting volume fraction ~58%.”

To compare the superconducting portions of the 2M-WS,
samples synthesized from the different methods, we plot C,/T
— Vs in the inset of Figure 4c. Notably, within the scatter of
the data, all samples have similar y,, indicating an intrinsic y of
2M-WS,. Furthermore, the data below T. all collapse onto a
single curve, indicating the gap structure is the same between
all samples. Finally, the specific heat jump AC,/(Ty,) is
greater than 1.43 and less than 3.7, consistent with BCS
theory.”” We note that a value of AC,/(Ty,) = 1.08 was
previously reported for 2M-WS, made from K WS, using
K,Cr,0,.”° The discrepancy comes from 7, being used in the
previous calculation, which has contributions from the
nonsuperconducting portion of the sample, greatly reducing
AC,/(Ty). Meanwhile, we isolated y, the normal state
electronic contribution, from only the superconducting volume
fraction. With both methods, we draw the same conclusion,
namely, 2M-WS, made from KWS, using K,Cr,O; makes
samples with large nonsuperconducting volume fractions.

We find that, overall, the superconducting behavior of 2M-
WS, prepared from each of the AWS, (A = Na, K, Rb)
compounds is similar when using dilute nitric acid as the
method of preparation. Furthermore, all three compounds
were of higher quality than the one prepared with the strong
oxidizer. We posit, then, that the method of alkali
deintercalation is more consequential to the resulting product
than the identity of the initial alkali-ion. We acknowledge that
the jump in the specific heat of 2M-WS, prepared from the Rb-
compound is not as sharp as that from the Na-compound. The
broad transition of the former could result from the small W
impurity or anisotropic behavior. As previously mentioned, the
Rb,WS, and, thus, the resulting 2M-WS,, formed as large
plate-like crystals. However, the superconducting volume
fraction, estimated from the heat capacity, is consistent
between the two samples. Therefore, while the inclusion of
this W impurity and the geometry of the crystals may affect the
appearance of the data, they do not diminish the quality of the
product.

Finally, we tested NaW,S, and Rb,WS, as starting materials
for preparing 1T’-WS, monolayers. Using dilute sulfuric acid
and an ultrasonication bath, we found that monolayers could
be easily prepared from both NaW,S, and RbWS,. Atomic
Force Microscope (AFM) images in Figure 6 show the
monolayers to be about 1 nm. Raman spectra (Figure S7a)
confirm the phase to be 1T, which is supported by SAED.
STEM images of representative nanosheets can be seen in
Figure S7b,c, which shows the typical lateral size of those
prepared from NaW,S, to be smaller (~2—4 ym) than those
prepared from Rb,WS, (~4—6 um), possibly a consequence of
the former being a powder versus platelets. Thus, by
introducing NaW,S, and Rb,WS,, we open the possibility for
tunable sizes of monolayer 1T'-WS,.
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Figure 6. AFM of 1T’-WS, made by exfoliating (a) NaW,S, and (b)
Rb,WS, in sulfuric acid.

Bl CONCLUSIONS

We demonstrated a one-step solid-state synthesis for preparing
two novel compounds: NaW,S, and Rb,WS,. Unfortunately,
attempts to synthesize Li,WS, with solid-state methods, were
unsuccessful. Using PXRD, we found these structures to have
the space groups P1 and C2/m, respectively. We note that the
structure of NaW,S, is a distorted version of that of Rb,WS,,
as evidenced by the former’s six unique W—S bond lengths in
each [WS]*~ and unequal W—W zigzag distances, as opposed
to only four unique W—S bond lengths and equal W—W zigzag
distances in the latter structure. Despite these differences, the
two structures share similar lattice parameters and bond
lengths with each other and with the previously prepared
K, WS,. One noticeable difference is the increased interlayer
spacing along the a-direction with each increasing size of alkali
metal. We support these structural findings with HRSTEM
images and electron diffraction patterns. Meanwhile, we
confirm the atomic ratios with EDX from the SEM and
STEM, and additional measurements with ICP-OES. We
suspect that a slightly high ratio of alkali metal and sulfur may
come from amorphous A,S, in both compounds, which would
explain why it is not seen in the PXRD. We next tested both
compounds as starting materials for preparing 2M-WS, and
found that, within error, both products showed similar
superconducting behaviors. A comparison of 2M-WS, made
from A,WS, (A = Na, K, Rb) using dilute nitric acid, and from
K WS, using K,Cr,0, suggests that the method of preparing
2M-WS, is far more consequential than the identity of A, on
the resulting crystal’s quality. Therefore, through this paper, we
introduce two new layered compounds that can be substituted
for K,WS, in producing 2M-WS,, thus, increasing the
accessibility of the latter. Furthermore, as with the K.WS,,
both NaW,S, and Rb,WS, can be successfully exfoliated into
IT’-WS, monolayers, increasing the attainability of super-
conducting 1T’-WS, ink.
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