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Closed WS, nanoboxes form by topotactic sulfidization of a WO3; / WO;3 x % H,0
intergrowth phase. The box-like morphology can be traced back to a topotactic dehydration
reaction of the precursor followed by an epitactic induction of intermediate hexagonal WO;
which eventually serves as a template that maintains the particle box-like morphology of the
resulting WS, nanoparticles.
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Closed WS, nanoboxes form by topotactic sulfidization of a WO; / WO3 x 5 H,O intergrowth precursor. Automated diffraction tomog-
raphy was used to elucidate a growth mechanism of these unconventional hollow structures. By partial conversion and structural analysis
of the products, each of them representing a snapshot of the reaction at a given point of time, the overall reaction could be broken down
into a cascade of individual steps and each of them identified with a basic mechanism. During the initial step of the sulfidization WO; x
% H,0 transforms into hexagonal WO; whose surface allows for the epitaxial induction of WS,. The initially formed platelets of WS,
exhibit a preferred orientation with respect to the nanorod surface. In the final step individual layers of WS, coalesce to form closed
shells. In essence, a cascade of several topotactic reactions leads to epitactic induction and formation of closed rectangular hollow boxes
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made up from hexagonal layers.

Introduction

Layered metal dichalcogenides (MQ,, with M = Sn, Ti, Nb, Ta,
Mo, W, and Q = S, Se) form a large family of materials which
has been studied for several decades.'™ Individual monolayers of
layered chalcogenides can be isolated by the “Scotch tape meth-
od” or by micromechanical cleavage.! The resulting two-
dimensional MQ, sheets containing a layer of metal atoms sand-
wiched between two layers of chalcogen atoms are analogues of
graphene®® and represent the fundamental building blocks for
other low-dimensional nanostructures such as inorganic fuller-
enes (IF) and nanotubes (NT).” Since their discovery by Tenne
and co-workers, many routes® ' have been devised for the syn-
thesis of these nested structures with various tribological,'’ me-
chanical,'®"” catalytic'® and optoelectronic'® applications. Current
technologies applying layered chalcogenides critically depend on
our ability to synthesize new nanostructured materials of a con-
trolled size and shape, and to search for new observations that
could not be realized with the bulk materials. Inorganic nanotubes
and inorganic fullerene-like materials do not only display new
crystalline order, they also exhibit new phenomena, which cannot
be engendered by their bulk analogues.

Most synthetic approaches to chalcogenide nanoparticles are
based on high temperature (> 700°C) reactions of hydrogen and
hydrogen sulfide or sulfur vapor with metal oxide nanoparticles
or another metal precursor. In an early synthesis of NT-WS,,
short (50 nm) nanorods of W,,Osg (WO, ) were used as starting
compounds.”’ The subsequent growth and sulfidization of these
nanorods at elevated temperatures (840° C) lead to the formation
of WS, nanotubes with a length of several microns. In another
two-step approach'®?® W 304 nanowhiskers were prepared ini-
tially by oxidation of tungsten foil, followed by reductive sulfidi-
zation to NT-WS,. The proposed growth mechanism’ starts from
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the surface of the oxide particles and proceeds inward layer by
layer until the conversion to WS, is complete. The reaction rate is
diffusion limited because of the size of the whiskers (> 50 nm).
The WS, nanotubes obtained by sulfidizing WOs;., whiskers
reflect the morphology of the template, to the extent that the
thickest nanotubes are highly faceted with a prismatic cross sec-
tion.2! WS, nanotubes decorated on their outer surfaces with IF-
WS, nanoparticles (,,nanobuds®) were obtained by sulfidizing
W;50,4 (WO, ) nanowires.

Here, we report a mechanistic study for a new type of large nest-
ed WS, nanoparticles that exhibit the form of rectangular hollow
boxes rather than the classic spherical morphology. These cu-
boids possess a hollow core surrounded by walls made up of
stacked layers that meet at 90° angles. This is incompatible with
the hexagonal symmetry of the constituent chalcogenide layers.
By taking “snap shots” of the reaction we could show the for-
mation of these unusual WS, nanoboxes to proceed by topotactic
sulfidization of a WO; / WO; x %5 H,O intergrowth phase at
850°C. The formation of these unconventional intermediate
structures was traced step by step using X-ray powder diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM), nanobeam electron diffraction (NED) and automated
diffraction tomography (ADT)**** from the oxide precursor via
the reaction intermediate to the final chalcogenide product. Its
box-like morphology is shown to start with a topotactic dehydra-
tion reaction of the precursor, a WO; x %5 H,O 26 “crust” on WO
particles,””® followed by epitactic induction of a hexagonal WO
intermediate,” which subsequently serves as a template for the
formation of the hollow WS, nanoboxes of the product phase.
The systematic preparation of such hollow rectangular nanostruc-
tures is a synthetic challenge. Structural defects can lead to the
formation of 90° vertexes in nested fullerenes,”'*° and rectangu-
lar tips have been observed in niobium-doped tungsten sulfide
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closed-ended nanotubes®" due to structural defects induced by the
dopant or in so-called “thick” nanotubes or nanocubes.

Experimental section

Synthesis of the WOj; nanorods. In a glovebox, 0.2 ml of tung-
sten (V) ethoxide (W(OEt)s, ABCR, 95%) was taken into a sy-
ringe and transferred outside the box and immediately dissolved
in ~ 12.5 ml of benzyl alcohol (BzOH, Sigma, 99.8%). The clear
solution was transferred into a Teflon lined 50 ml stainless steel
autoclave and heated at 200°C for 25 h. After this time, the auto-
clave was cooled back to the room temperature normally. After
cooling to the room temperature, the greenish yellow precipitate
was collected by centrifugation at 9000 rpm for 10 min, washed
twice with ethanol and dried at 60°C.

Synthesis of the WS, nanoboxes. The nanorods obtained from
the first step were taken in a corundum boat and kept inside a
quartz tube which was flushed with Ar for 30 min prior to the
heating to remove any oxygen. The corundum boat was kept at
the middle of a tube furnace and heated up to 850°C at the rate of
5°C/min under constant argon flow. Just before approaching
850°C, the Ar was switched to H,S gas with a flow rate of 40
sccm and kept at this temperature for 30 min. During the sulfidi-
zation, the H,S flow was carefully controlled using a flowmeter.
After 30 min, the furnace was cooled to ambient temperature at
the rate of 5°C/min under Ar flow. The black powder obtained
after cooling was collected and was used for the further character-
ization.

X-ray diffraction. X-ray diffraction patterns (XRD) were rec-
orded using a Siemens D5000 diffractometer equipped with a
Braun M50 position sensitive detector in transmission mode
using Ge (200) monochromatized CuKo radiation. Samples were
prepared between two layers of Scotch Magic Tape. Crystalline
phases were identified according to the PDF-2 database using
Bruker AXS EVA 10.0 software.

Transmission electron microscopy. Low resolution transmis-
sion electron microscopy was performed on a Phillips EM-420
equipped with a slow scan CCD detector (1k x 1k) and a LaBg
electron gun operated with an acceleration voltage of 120 kV.
Transmission electron microscopy (TEM) images were processed
with the Gnu Image Manipulation Program GIMP Version 2.6.8
or with Image J Version 1.43u.

High resolution transmission electron microscopy (HRTEM)
images, nanobeam electron diffraction (NED) patterns and energy
dispersive X-ray (EDX) spectra were taken with a FEI TECNAI
F30 ST electron microscope (field-emission gun, 300 kV extrac-
tion voltages) equipped with a STEM high angular annular dark
field detector and an energy-dispersive X-ray (EDX) spectrome-
ter with a Si/Li detector and an ultrathin window for elemental
analysis. HRTEM and electron diffraction were recorded by a
GATAN CCD camera (14-bit 794MSC, 1024 x 1024 pixels).
TEM grids were prepared by dispersion of the sample in ethanol
and drop casting on 300 mesh carbon coated copper grids.
Automated diffraction tomography (ADT) data acquisition was
performed with the same microscope using a FISCHIONE to-
mography holder and the ADT acquisition module described in
ref. 30-32. The ADT3D software package was used for three-
dimensional diffraction volume reconstruction and visualization.

Results and discussion

Characterization of the WO;/ WO; x 5 H,0 precursor. Tung-
sten oxide nanorods were prepared solvothermally by alcoholysis
o of W(OEt)s at 200°C for 25 h (synthetic details are given in the
Supporting Information).*> The resulting yellow-green powder
was investigated by XRD, TEM and HRTEM. According to full
pattern profile analysis, the XRD pattern is a superposition of the
diffraction patterns of the monoclinic phase of WO; (approx.
s 55%, crystallite size 83 nm) and an orthorhombic hydrated tung-
sten trioxide, WOz x %5 H,O (ca. 45%, crystallite size 72 nm)
(Fig. 1a). The results of the refinement are provided in Table S1

(Supporting Information).
20 F° for CuK-radiation
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70 Fig. 1. WO; / WO; x 3 H,0 nanorod obtained from solvothermal synthe-
sis. (a) Rietveld refinement (black line) on X-ray data (red dots) and
difference (red line) for the WO; / WO; x %5 H,O 2-phase model. The
XRD pattern is a superposition of the diffraction patterns of the monoclin-
ic phase of WOs (approx. 55%, crystallite size 83 nm, black ticks bottom
trace) and an orthorhombic hydrated tungsten trioxide, WOs x % H,0
(approx. 45%, crystallite size 72 nm, red ticks bottom trace). (b) TEM
image of a typical as-synthesized rod. (c¢) HRTEM of the marked area in
panel b, showing a bulky crystalline domain (top) next to a more distorted
domain (bottom). The distorted domain is close to the rim of the rod. (d)
FFT of the ordered upper part, consistent with [001] of WOs. (e) FFT of
the rim showing diffuse scattering and reflection splitting along 0k0. (f)
Three-dimensional ADT reconstructed diffraction volume collected on a
rod and projected along b* showing how WO; and WO; x 3 H,O lattices
overlap in this direction. (g) Projection of the same diffraction volume
85 along c* showing the two lattices of WO; (red) and WO; x /3 H,O (blue).
ADT images are realized with ADT3D software.
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TEM images (Fig. 1b and Fig. S2, Supporting Information) show
the typical morphology of the as-synthesized precursor. The
nanorods are ca. 150 nm in width and several hundred nanome-
ters in length, occasionally stacked and ordered along a common
direction. HRTEM revealed that the inner volume of the nanorods
consists of bulky crystalline domains with lattice fringes coherent
with the lattice parameters of WO; (Fig. 1c). In contrast, regions
close to the rims of the rod showed disorder features as undulated
layers, faults and layer closures.

Using the ADT method we collected three-dimensional diffrac-
tion data from single nanorods, in order to achieve a deeper struc-
tural understanding of these nanocomposites. ADT reconstructed
diffraction volumes (Fig. 1f, g) revealed that a typical rod con-
sists in fact of two different intergrown lattices, corresponding to
the crystal structures of WO; (space group P2,/n, a=7.297A,
b=7.539A, ¢=7.688A, =90.91°)* and WO; x ' H,0 (space
group Fmm2, a=7359A, b=12.513A, ¢=7.704A)>® The two
lattices have related cell vectors with approximately the same
orientation and can be distinguished only by the different length
of b*. The main growth direction of the rods is always [100].

This result is supported by the analysis of the fast Fourier trans-
forms (FFT) of HRTEM images collected along [001] (Fig. 1d-¢).
The FFT’s from areas with enhanced disorder show a progressive
weakening of reflections (0k/) with &+/ = 2N+1 (consistent with
the F-centred Bravais lattice of WO; x ¥4 H,0) and diffuse scatter-
ing appears along b*, i.e orthogonal to the main growth direction.
The disordered areas correspond therefore to the hydrated areas
(WO; x %5 H,0) and are always localized closer to the rim of the
nanorod.

10 nm a

Fig. 2. HRTEM image and FFTs of a nanorod oriented along [010], FFTs
from the areas (b) area 1 — (100) facet, (c) area 2 — inner part, (d) area 3 —
(001) facet.

Fig. 2a shows a second rod, oriented along [010]. In the center,
where WOj is exclusively present, the extinction rule for (%£0/) is
h+] = 2N, consistent with space group P2;/n (Fig. 2c). The same
feature was observed close to the 001 facet, which apparently is
not affected by the hydration (Fig. 2d). In contrast, close to the
100 facet the extinction rule for (%0/) is h,/ = 2N, consistent with
space group Fmm2, i.e. WO; x %5 H,O (Fig. 2b). This means that
the transformation from WO; to WO; x ¥ H,O is structurally
controlled and proceeds faster through the 100 and 010 facets and
slower on the 001 facets. This can be explained considering WO;
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as a layered structure with oxygen bridges stacked along [001],
water intercalates rapidly into the layers, replacing some oxygen
atoms and expanding the b axis. In comparison, the hydration
orthogonal to the layer proceeds slowly.

Characterization of the WS, nanoboxes. Previously, we had
elaborated the complete oxide to sulfide conversion method to
synthesize very long (several hundred pym) WS, nanotubes by
sulfidization of WO, nanorods.”” Here, in the presence of the
WO; / WO3 x ¥ Hy)O intergrowth phases, the sulfidization with
H,S leads to a full conversion of the oxide precursor into hollow
WS, nanoboxes. In contrast, the sulfidization of pure WO; nano-
rods yields exclusively WS, nanotubes.”” As shown in Fig. 3a,
the X-ray powder diffraction pattern obtained after sulfidization
matches with that of a mixture of the 2H-WS, and the 3R-WS,
phases. The details concerning the refinement are provided in
Table S2 (Supporting Information). A slight lattice expansion of
0.3% and 1.7% along the [001] stacking direction was observed
for 3R-WS,; and 2H-WS,, respectively.

The sulfidization of the tungsten oxide nanorods resulted in the
formation of nanoboxes with approximately the same dimensions
as for the oxide precursor. Two nanoboxes are displayed in Fig.
3b-c. The WS, nanoboxes are remarkable because (i) their apexes
systematically form 90° angles as shown in Fig. 3d, but also
because (ii) they are significantly larger than closed-tipped nano-
tubes. An EDX analysis confirmed the presence of W and S. The
inner portion of the nanoboxes delivered a weaker signal, which
indicated an empty or less dense core (Fig. 3e). Additionally, a
weak oxygen signal was detectable from the inner part.

NED patterns showed the external walls of the nanoboxes to
contain only layered WS, with typical interlayer distances of 0.63
nm. 3D diffraction information was obtained by ADT from an
area with an atypically thick wall. These data showed that the so-
synthesized WS, crystallize in a hexagonal lattice (Fig. 3f-g).
Despite a strong diffuse scattering along c¢*, the main periodicity
revealed that 3R-WS, is the predominant polytype.*?

In contrast, the inner part of the boxes produced a ring-like dif-
fraction pattern that could be indexed with /40 reflections of WS,
(Fig. 3h). Upon tilting the sample the circular rings changed to
ellipses (Fig. 3i). Therefore top and bottom “deck” of the boxes
contain layers of WS, stacked with a diffuse turbostratic disorder,
i.e. all layers are stacked along [001] with random a and b orien-
tations. The internal volume of the box did not yield diffraction
intensities; we can therefore assume that it is empty or amor-
phous. The weak oxygen EDX signal indicated the presence of
minor oxide contaminations inside the nanoboxes.

In order to understand the formation mechanism of the WS,
nanoboxes, we reduced the duration of the sulfidization; the
intermediate products were collected after 10 and 20 min.
HRTEM studies of the intermediates revealed that the faces of the
boxes were present but contained fewer layers and were not
continuous along the perimeter of the boxes (Fig. 4a). NED and
EDX were comparable with those of the final product. No dif-
fraction spots from phases other than WS, were detected. EDX
spectra showed the presence of O, S and W; the W and S signals
increased in correspondence of well-developed chalcogenide
layers (Fig. 4b). Complete nanoboxes have formed after 30 min.
Prolonged sulfidization did not change the morphology or phase

purity of the nanoboxes.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3. (a) Rietveld refinement (black line) on X-ray data (red dots) and
difference (red line) for the product obtained after sulfidization of the
oxide nanorods (black). The XRD pattern is a superposition of the diffrac-
tion patterns of 2H-WS, (approx. 41%, crystallite size 10 nm, black ticks
bottom trace) and 3R-WS; (approx. 59%, crystallite size 10 nm, red ticks
bottom trace). (b,c) TEM images of typical nanoboxes; (d) HRTEM
showing the right angle at the edge of a box; (e) EDX profile across the
box shown in the STEM image in the inset; (f) three-dimensional ADT
reconstructed diffraction volume collected on a wall and projected along
c*; (g) the same diffraction volume showing the diffuse scattering along
c* and the rhombohedral arrangement of the prominent reflections. (h)
NED from a box collected at 0° tilt. The rings correspond to the hk0
reflection of WS, and originate from the bottom of the box, while the line
of reflections originates from a wall, corresponding to an interlayer
distance of 0.63 nm (typical for WS, layers). (i) NED from the internal
volume of a box after a tilt of 20°, where the diffraction rings correspond-
ing to the /1k0 reflections turn into ellipses due to the oblique cut.
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Fig. 4. Reaction intermediate of the sulfidization process. (a) HRTEM
image showing a thin WS, layer forming around a box. The arrow indi-
cates the trace of the EDX profile shown in panel b. (b) EDX profile
showing the increasing of the S and W signal intensities in correspond-
ence of well-developed chalcogenide layers (marked by small red ar-
rows).

Growth mechanism. The proposed growth scenario is illustrated
in Fig. 5. Sulfidization of monoclinic WOj; leads to the formation
of WS, without crystallographic relation between the oxide pre-
cursor and the WS, product. This is observed frequently in octa-
hedral,”** and onion type fullerenes.”® The intermediate step
involves a “weathering” of the monoclinic WO; surface in a
topotactic reaction to WO; x 5 H,O. The subsequent topotactic
dehydration of WO; x % H,0O to hexagonal WO5> leads to the
formation of nanorods whose surface allows for the epitaxial
induction of WS,. Initially formed platelets of WS, exhibit a
preferred orientation with respect to the nanorod surface; yet they
do not wrap the nanorods completely which allows for an ongo-
ing conversion of the high density WO; cores (0.075 atoms/A®)
into WS, (density 0.055 atoms/A*). However, the formation of
WO; x 5 H,O and, hence, the subsequent epitaxial induction is
faster on 100 and 010 facets and slower on 001 facets of the
precursor. The former lead to the formation of well-developed
chalcogenide walls on the four box sides, while the latter, corre-
sponding to box floor and roof, give origin to thinner chalco-
genide layers affected by rotational disorder. After full conver-
sion, the individual WS, platelets coalesce to closed shells in
order to reduce the overall number of dangling bonds. At the tips
of the former WOj; rods this leads to the formation of 90° kinks
(arrows in Fig. 3d) which finally leads to the formation of hollow
rectangular WS, boxes.

WO3x%4H,0) WS,@W0,x%H,0) WS,@WO0, WS,)Nanobox,
@Wo,) @WO,, 'CT
_____ >
(=) —
1 nife=i! =
w i <
LA il ). ‘ ‘ _A,
w e
— =2l —
=T S====7 7_)»&
Topotac6c)reac6ons/ Coalescence)of) Fusion)at)
Epitac6c)inducéon, sulfid )platelets, the)edges,

Fig. 5. Proposed formation mechanism of the WS, nanoboxes.

Conclusions

Layered metal chalcogenide nanoparticles have great potential in
tribological, mechanical or catalytic applications. Solid state
reactions leading to metal chalcogenide nanoparticles may be
very complex and proceed via a series of steps, although the basic
mechanism comprising the overall reaction may appear quite
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simple. This was demonstrated here through the formation of
hollow rectangular WS, nanoboxes with an unusual morphology.
By partial conversion and structural analysis of the products, each
of them representing a snapshot of the reaction at a given point of
time, the overall reaction could be broken down into a cascade of
several individual steps and each of them identified with a basic
mechanism: (i) During the initial steps of the sulfidization, WO; x
Y5 H,0 transforms into h-WO;3 whose surface allows (ii) for the
epitaxial induction of WS,. (iii) Initially formed platelets of WS,
exhibit a preferred orientation with respect to the nanorod sur-
face. (iv) Finally, the individual layers of WS, coalesce to form
closed shells. In essence, a cascade of several topotactic reactions
leads to epitactic induction and formation of closed rectangular
hollow boxes made up from hexagonal layers.

The present study on the formation of hollow rectangular WS,
nanoboxes shows that solid state reactions may be mechanistical-
ly very complex. The combination of X-ray diffractometry and
automated diffraction tomography (ADT) allowed a deeper struc-
tural understanding of the role of a hydrated tungsten oxide WO;
x 5 H,O during the formation of hollow WS, nanoparticles. In
previous work® the participation of a hydrated oxide phase in the
sulfidization process was postulated, but could neither be identi-
fied nor structurally be characterized. This study allows for the
first time a detailed mechanistic understanding of a multistep
solid state transformation in a polycrystalline nanocomposite and
of an unexpected complex growth mechanism at the nanoscale.
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