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Quasi-two-dimensional tungsten oxide structures, which nucleate by epitaxial growth on W;9Oss5 nano-
wires (NW) and grow as thin platelets, were identified. Both the nanowires and the platelets accommodate
oxygen deficiency by the formation of crystallographic shear planes. Stoichiometric phases, W;gOs3
(WO2.944). W17050 (WO 041), W1s047 (WO3 938), W15044 (WO3 933), W14041 (WO 020), W1pO29 (WO, o), and
W06 (WO, gg9), syntactically grow inside a single platelet. These layered crystals show a new kind of
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Introduction

Tungsten(vi) oxide (WO;) is one of the best investigated tran-
sition metal oxides due to its various applications in photo-
chromic smart windows,"? optoelectronics,® gas sensing and
photocatalysis,” as supercapacitors,” nanostructured thermo-
electrics,® etc. WO, forms a rich variety of crystal structures
composed of corner- and edge-sharing WO4 octahedra, which
differ in tilting angles, displacement of the W cation from the
centre of the octahedron, and rotation of WO4 octahedra with
respect to an ideal cubic (ReO; type) structure.” In the bulk
state, partially reversible interphase transformations occur
upon heating, from monoclinic II (e-WOj3) structure, stable
below —43 °C, via triclinic (8-WO;) (=43 °C to 17 °C), monocli-
nic I (y-WO3) (17 °C to 330 °C), orthorhombic (p-WO3) (330 °C
to 740 °C), and tetragonal (a-WO,) phase, stable above 740 °C.®
In addition, a metastable hexagonal (h-WO;) phase was
reported, which on annealing transforms into a monoclinic
structure at 400 °C.° At the nanoscale, the orthorhombic phase
is already stable at room temperature and other phase tran-
sitions occur at lower temperatures than in the bulk state."® A
decrease in phase transition temperature depends on the size
of WO; nanoparticles.'" Different particular particle shapes
were obtained via various growth techniques, such as pseudo-
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time stabilize this multi-stoichiometric structure.

spherical nanometre-sized particles, NWs, nano-discs and
flakes."”

Recently, two-dimensional (2D) nanostructures including 2D-
WO3;, have attracted a lot of attention among researchers due to
novel physical and chemical properties, which differ from their
bulk counterparts: high surface area; appearance of crystalline
planes/surfaces which are not available in bulk materials; stabi-
lity of crystal phases declared as metastable etc. The first WO,
crystals with a plate-like shape were prepared using a wet chemi-
cal route from H,WO,-H,O precursor crystals with poly(ethylene
glycol) as the surface modulator, which inhibited crystal growth
in the [010] direction.”® Other methods were also developed to
obtain low-dimensional WO, materials.'*™®

Besides stoichiometric WO;, many sub-stoichiometric
WO;_, phases exist. They are often referred to as Magnéli
phases with the chemical formula W,03,_; or W,,05,_,."” The
W,0;,-; and W,0;,_, series of tungsten oxides were
thoroughly studied in the past, but only few phases with a
known stoichiometry were directly observed.'®*® They grow in
similar structures to those of tungsten bronzes with the
general formula A,WO;, where A is an electropositive element.
In the tungsten bronzes, the W>* state appears due to the pres-
ence of an electropositive element, whereas in WO;_, it occurs
through the intrinsic oxygen vacancies. These oxygen
vacancies increase electrical conductivity through the for-
mation of shallow donor states’” and enhance photocurrent
density by filling electron states, which act as electron traps
and extend the lifetime of photoelectrons.38 Therefore, WO;_,
materials can be used as sensors®® for optoelectrical devices,*’
photocatalysis,*"***> electrochromic devices,” etc. The crystal
structure of WO;_, compensates the advanced oxygen
deficiency by creating crystallographic shear (CS) planes,
where some of the corner-sharing WO4 octahedra become

This journal is © The Royal Society of Chemistry 2020
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edge-sharing octahedra.'” Further reduction of the material
forces the WO, octahedra to share even more oxygen atoms. At
a certain point, pentagonal columns and hexagonal channels
with an equatorial edge and face-sharing WOg octahedra
emerge as in the case of W;30,o and W;0,,.**™*” As previously
shown,'”*®* tungsten oxides crystallize in a monoclinic unit
cell with the symmetry P2/m, P2/a, P2/c or C2/c. According to
Magnéli,’” the M,,0;,_; (M = Mo and W) structures crystalize
with the metal atoms forming puckered or non-puckered
layers. The XRD results published in the literature show that
all known W,,03,_; structures crystallize with the metal atoms
forming puckered layers and thus the unit cell is composed of
two M,,03,_; units with the P2/a symmetry. Oxygen vacancies
can also stabilize high symmetry phases at room temperature
(RT), even a cubic one.”® This is not the case in stoichiometric
bulk WOj;, where only low-symmetry structures are stable at
RT. As an example, W50,4,* which belongs to W,0;,_,
Magnéli’s series, grows along the [001] crystal axis in the shape
of NWs with a diameter below 150 nm in the tetragonal sym-
metry. Less reduced W,;4055 rods®*> and W,50,;>” needles,
both belonging to W, 05,,_, series, grow in the monoclinic sym-
metry in the [010] direction.
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Here, we report new two-dimensional and quasi-two-dimen-
sional tungsten suboxide structures which grow epitaxially on
the W;0055 nanowires (NWs). High-resolution electron
microscopy (HRTEM) and transmission electron diffraction
(TED) were used for structure determination, together with
X-ray diffraction (XRD), photoelectron spectroscopy (XPS) and
Raman spectroscopy.

Results and discussion

Electron microscopy investigation of the morphology and
lattice structure

The platelets were found to be growing only from the W;4055
NWs, while the W;4,055 NWs can exist without the platelets.
The platelets grow with their b axis parallel to the b axis of the
NWs. In several cases, the platelets were found to be termi-
nated by the NWs at both edges. Inbuilt strain, likely caused
by the lattice mismatch between the platelets and NWs, is
manifested as extinction contours, and is partially relaxed by
cracks visible as lines originating from the plate-NW interface
(Fig 1a). The platelets grow up to 4 pm in lateral size and are

Fig. 1 TEM micrographs: (a) a plate with a defect line (marked with an arrow) and extinction contours revealing relaxation of the inbuilt strain; (b) a
single W;90s5 NW grown along the [010] direction with 3.8 A periodicity along the NW length (inset); (c) the HRTEM image of the NW. (d) TED pat-

terns of the [001] and (e) [203] zones of the W;9055 NW.

This journal is © The Royal Society of Chemistry 2020
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of rectangular shape. The thickness of the platelets is in a
range of 100 + 10 nm.

A single W;9055 NW is shown in Fig. 1b. The W;4055 NW
grows along the [010] direction. The periodicity between
atomic columns along the NW is 3.8 A (Fig. 1b inset), which is
in good agreement with the (010) interlayer distance (3.787 A)
of the monoclinic W;4055 (PDF 00-045-0167).>> The HRTEM
image of the NW shows a rectangular lattice with 3.8 A and
3.7 A (Fig. 1c), which agrees with the (010) and (302) planes of
W;9055. The TED images show the [001] (Fig. 1d) and the [203]
zones (Fig. 1e) of the monoclinic W;40s;5.

Fig. 2a-c show the group of randomly oriented platelets on
a Si wafer and single platelets selected for making cross-sec-
tional lamellas for TEM investigation. Two lamellas were pre-
pared, one perpendicular to the NW (Fig. 2b, line B) and
another parallel to the NW (Fig. 2c, line A). The TEM images
of both lamellas are shown in Fig. 2d and e. Silicon was used
as a substrate for the lamella B and molybdenum for the
lamella A. The lamellas reveal that the platelets are thinner
than the NWs (Fig. 2d) and that the free sides of the platelets
are of rectangular shape (Fig. 2e). The lamella A reveals that
the platelets are segmented with the interfaces oriented paral-
lel to the free crystal edges (marked with black arrows, Fig. 2e).
This segmentation can explain the outer shape of the platelets
and a mechanical instability visible as a crack in Fig. 2¢ (white
arrow).

Three viewing directions were investigated with the electron
beam in a direction quasi-perpendicular to the cross-sections
A and B (lamella A and lamella B), and quasi-perpendicular to
the basic planes of the flakes. The term “quasi” is used
because the samples were tilted and rotated under electron
beam to obtain one of the central Laue zones.

The whole lamella B shown in Fig. 3a reveals a semi-peri-
odic contrast, which is parallel to the basic planes of the plate-
lets visible at upper left and lower right corners of the image.
Fig. 3b shows the TEM image of the junction between the
platelet and the W;90s5 NW. The junction represents a tran-
sition area (marked with a white arrow) that compensates the
lattice mismatch between the two structures. The transition
area extends through the whole thickness of the platelet.

The HRTEM images (Fig. 3c, e, g and i) revealed that the
contrast lines in Fig. 3a are crystallographic shear (CS) planes,
which are typical of tungsten suboxides. The CS planes can be
described in terms of {kl}, planes of WOs, which crystalize in
the ReOj-type structure.” In the case of the lamella B, only
{102}, CS planes are observed. The atoms of the layers between
the CS planes are regularly distributed in a nearly rectangular
lattice with the parameters parallel and perpendicular to the
CS planes being 3.83 A and 3.91 A, respectively. The angle
between the atomic lines of the lattice between the CS planes
is 89° + 1°. Various distances between CS planes determine the
stoichiometry of individual layers. Seven different structures
are visible directly from the HRTEM images: W;3053 (WO5.944),
W3,050 (W02.941)7 Wi6047 (Woz.%s), Wi5044 [W02.933); Wi1404
(WO3.929), WoOs6 (WO, g50) and W;0,9 (WO, o). These struc-
tures are the members of the homologous series of tungsten
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oxides with the formula W,03,_;. Their existence was pre-
dicted,"”” but only W;,0,, was experimentally observed to
date."”” Most of the layers crystallized in the W;c04, and
W;5044 phases. Close to the thickness centre of the lamella, a
defect in periodicity is visible. A layer of W;60,5 is split into
two layers forming the WO, and W;40,9 phases. For each
phase, the unit cell parameters a and ¢ were determined from
the HRTEM images (Fig. 3), while the cell parameter b, which
is the same in all phases, was determined from TEDs in Fig. 4.
The results are summarized in Table 1.

The unit cell parameters of phases with different stoichi-
ometries were also calculated using the model proposed in ref.
17, which was constructed for an ideal W,0;,_; structure
grown in the P2/a symmetry, where W atoms, which are not a
part of CS planes, are equally separated. The input data for
this model are the distance between tungsten atoms outside
and inside CS planes and the number of tungsten atoms in a
unit cell. The average interatomic distance (3.87 A) between
tungsten atoms that are not a part of the CS plane and
between tungsten atoms in octahedra joined by edges (3.21 A),
which constitute the CS plane, was determined by HRTEM. As
seen from Table 1, the calculated values are in relatively good
agreement with the measured ones. The unit cells are schema-
tically drawn on the HRTEM images and on the calculated
structures in Fig 3. Strongly deformed hexagonal and pentago-
nal tunnels are concentrated at the CS planes (schematically
shown in Fig. 3).

The platelets are thin enough for a direct TEM observation
with basal planes exposed to the electron beam, so that trans-
mission electron diffraction (TED) patterns in three perpen-
dicular directions through the platelets could be obtained.
Because the platelets are not single crystals but are composed
of layers with different stoichiometries, the TEDs performed
with the selected area diaphragm with a diameter of 140 nm
represent an average structure of the investigated platelet.

Fig. 4 shows TEDs: (a) the [100] zone (lamella A), (b) the
[010] zone (lamella B), and the [001] zone (basal plane). The
main reflections in Fig. 4a can be indexed as the (010) and (0 0
10) reflections of the W;50,, phase. The reflections correspond
to the interlayer distances of 3.72 A and 2.60 A, respectively.
The (010) reflection is used for the first estimation of the unit
cell parameter b, i.e. 3.72 A. The second value (3.96 A) of the
parameter b was obtained from the (010) reflection in Fig. 4c,
which represents the [001] zone. The mean value of the unit
cell parameter b is 3.8 A. This value was considered as the
parameter b for all the phases in Table 1, as it should be the
same for all W,,03,,_; stoichiometries. Similarly, the parameter
a should be the same for all phases. The first estimation of the
parameter a was obtained from the (100) reflection in Fig. 4c
corresponding to the interlayer distance of 17.18 A. The
intense reflection in this array is assigned to (10 0 0). Because
of the P2/a symmetry, only (2n 0 0) reflections should be
visible. The odd reflections could arise due to the thinness of
the platelets and/or layers. The second value of the parameter
a, which was determined from the reflection (10 0 0) from
Fig. 4b, was 16.3 A. The average value of the unit cell para-

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM and TEM images of platelets: (a) randomly oriented platelets; (b and c): single platelets with the lines a and b labelling directions of the
cross-sections for the TEM lamellas; (d) TEM image of the b cross-section with the Si wafer above and sputtered Pt below the platelet; (e) TEM
image of the a cross-section.

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 1510
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Fig. 3 HRTEM images of the lamella B: (a) the whole thickness with
semi-regularly distributed CS planes, the arrow points to the defect; (b)
transition area between the platelet and the NW; HRTEM image of: (c)
W16047 (WO5.038), (€) W15044 (WO2033), (g) W14041 (WO 020), (i) WoOse
(WO, ggo) and W100,9 (WO, ) with the proposed unit cell. The scale bar
is 1 nm; (d) the simulated structures of: (d) W16047 (WO g3g); (f) W15044
(WO32.933), (h) W14041 (WO2.929), (j) W9Oze (WO, gg9) and W1o029 (WO2g)
with the proposed unit cells. The positions of the W atoms in the simu-
lated structures were calculated according to ref. 17. In (j), the models
of WgOz6 and W;00,9 were joined, the dashed line shows the plane
where the models were joined.

15106 | Nanoscale, 2020, 12,15102-15114
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meter a is 16.7 A. The diffraction in Fig. 4b was indexed using
the unit cell parameter a = 16.3 A, b =3.8 A, c=22.6 Aand =
94.1°. The parameter ¢ (22.6 A) was obtained from the reflec-
tion (0 0 14) corresponding to the interlayer distance of 1.61 A.
Only (2n 0 0) reflections are observed in Fig. 4b, which match
with the extinction rules of the P2/a symmetry.

As the parameter c is specific for each particular W,,03,,_4
phase, the obtained values represent only the parameter of a
nominal unit cell of the average structure of the whole lamella.
The parameter ¢ was determined only with the purpose to
explain the electron diffraction data.

Fig. 4d shows the schematic representation of the W;40s5
NW and the platelet. The platelets grow with the a axis perpen-
dicular to the NW. By calculating the b axis and ¢ axis mis-
match between the W;,055 NW and the platelet that predomi-
nantly grows in the W;5,0,; phase, one gets a mismatch of
1.7% and 19.8%, respectively (the unit cell parameters of the
W 14055 phase: a = 12.13 A; b = 3.793 A; ¢ = 22.45 A; f = 94.5°
(ref. 52)). While the mismatch in the b axis is small, the mis-
match in the ¢ axis is too large for the epitaxial growth of the
platelets directly from the NW. This large mismatch might be
the origin of stabilization of multi-stoichiometric crystals and
is compensated in the transition area which separates the NW
from the platelet. According to the literature,”* the less
reduced W,03,_; phases with the {102}, CS planes nucleate
first, and only after further reduction the W,,05,_, phases with
the {103}, CS planes start to grow. In the presented case, the
less reduced platelets seem to grow on the more reduced NWs.
Considering that all stoichiometries inside platelets are less
reduced than inside W;90s5 nanowires, it is possible to
assume that the platelets start to grow at the edges of the first
nanowires, when the partial pressure of oxygen in ampoules is
still sufficient. This is supported by our findings that the plate-
lets form even when the transport reaction time is reduced to
72 hours. Because the directions of CS planes in the nanowires
align with the CS planes of the platelets, the nanowires could
act as templates for the platelets during growth. It is also poss-
ible that nickel acts as a growth promoter for the nanowires
and further at the interface between nanowires and nano-
plates,®® but this assumption needs to be proved in future
studies.

The synthesized material is composed of NWs and platelets
with different stoichiometries. The distribution and the fre-
quency of different stoichiometries between the different mor-
phologies were not determined as it would be very time con-
suming due to the multi-stoichiometric structure of single
crystals.

XRD analysis

A typical XRD spectrum of the platelets is shown in Fig. 5.
With the help of the HRTEM images, where the W;60,, stoi-
chiometry was identified as the dominant phase, this phase
was used as a starting model for the average structure of the
platelets. The unit cell parameters a, b, ¢, and g were refined
using the assigned positions of the XRD peaks. In the refine-
ment process, the presence of the W;4055 component of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 TED patterns: (a) the [100] zone taken on the lamella A, (b) the [010] zone taken on the lamella B, and (c) the [001] zone taken perpendicular
to the basal plane of the plate. (d) Schematically represented the relationship between the W;15055 NW and platelet axis.

Table 1 Measured and calculated unit cell parameters a, b, c and g

Measured Calculated

Structure a[A] b[A] c[A] Al°] a[A] b [A] c[A] A°]
W40y 17.15 3.8 15.72 94.20 17.31 >3.87 15.31 94.29
Wi0029 17.21 3.8 18.36 108.98 17.31 >3.87 18.14 110.44
W,404; 17.10 3.8 25.70 72.96 17.31 >3.87 25.08 72.58
Wi5044 16.90 3.8 26.14 86.02 17.31 >3.87 25.76 84.84
W16047 17.16 3.8 28.01 95.57 17.31 >3.87 27.54 96.00
W;5,050 17.20 3.8 30.82 73.77 17.31 >3.87 30.55 72.40
W5053 17.15 3.8 31.35 83.72 17.31 >3.87 31.11 82.53

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 XRD spectrum of the platelets.

sample was neglected, because any of the low-angle peaks
could not be attributed to this phase. The list of the XRD
peaks with the proposed (%kl) assignations and the d values of
the W;,0,4, structure obtained from HRTEM and from the
refinement process are presented in Table 2. The calculated
unit cell parameters after refinement are a = 16.04 A, b =
3.88 A, ¢ = 28.48 A and g = 96.07°. They represent the average
unit cell parameters of the whole sample.

In Table 3, the unit cell parameters of W,;,0,, obtained
from the HRTEM images, those calculated from the model,"”
and those refined from the XRD data are compared. The close

View Article Online
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Table 3 Experimental, calculated and refined unit cell parameters of
W160247

W60, phase a[A] b[A] c[A] £

From HRTEM 17.16 3.80 28.01 95.57
Model 17.31 >3.87 27.54 96.00
Refined from XRD 16.04 3.88 28.48 96.07

matching of the unit cell parameters confirms that the
majority of the layers in the platelets indeed grow in the
W;60,7 stoichiometry.

X-ray photoelectron spectroscopy (XPS) studies

The XPS measurement was performed on platelets, deposited
on conductive carbon tape. The spectra were calibrated using
the C 1s peak at 284.6 eV originating from adsorbed molecules
and carbon tape. Traces of SiO,, nickel and iodine were found
sporadically in the sample. They are the remains from the reac-
tants and the quartz ampule, where the sample was grown.

The tungsten peak comprising W 4f photoelectrons
(Fig. 6a) shows the presence of several oxidation states. The
peaks centred at 35.4 eV, 37.5 eV and 41.6 eV represent the
emission from W 4f;,,, 4f5,,, and 5p3,, core levels from the W
atoms in the +6 oxidation state. The peaks centred at 33.9 eV,
36.7 eV, and 39.1 eV result from the emission from 4f;,, 4f5),,
and 5ps,, core levels from the W atoms in the +5 oxidation
state.>®* No W atom peaks with the +4 oxidation state were
observed.””

Table 2 A list of the peaks from the XRD spectrum with the proposed assignations according to the structure of W;5047. In the fifth column, the d
values of the refined structure are presented, while in the last column the d values are calculated using the unit cell parameters of W;50,47 obtained

from the HRTEM images

Measured 2 Theta [] Measured d [A]

Measured rel. int. [arb. units]

Assigned index (7kl) Calculated d [A] Wi16047 d [A]

6.20 14.24 0.07
9.48 9.32 0.20
12.48 7.09 0.11
18.76 4.73 0.10
20.28 4.38 0.10
20.88 4.25 0.08
22.88 3.88 0.08
24.80 3.59 0.70
25.00 3.56 0.63
28.64 3.11 0.14
32.68 2.74 0.14
33.16 2.70 0.33
34.20 2.62 0.05
40.68 2.22 0.05
45.92 1.97 0.10
46.80 1.94 0.10
48.12 1.89 0.03
50.88 1.79 0.02
53.92 1.70 0.04
54.84 1.67 0.12
55.80 1.65 1.00
61.12 1.52 0.06
69.56 1.35 0.02
74.48 1.27 0.03
75.72 1.13 0.03

15108 | Nanoscale, 2020, 12, 15102-15114

(002) 14.16 13.94
(003) 9.44 9.29
(004) 7.08 6.97
(006) 4.72 4.65
(205) 4.40 4.47
(206) 4.26 4.26
(010) 3.88 3.80
(013) 3.59 3.52
(403) 3.54 3.74
(405) 3.11 3.24
(216) 2.75 2.73
(407) 2.70 2.78
(601) 2.62 2.80
(606) 2.22 2.33
(801) 1.97 2.11
(020) 1.94 1.90
(0015) 1.89 1.86
(0114) 1.79 1.76
(028) 1.70 1.67
(2017) 1.67 1.58
(029) 1.65 1.62
(4018) 1.52 1.50
(4019) 1.35 1.35
(232) 1.27 1.25
(10212) 1.13 1.15

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 XPS spectra of the platelets: (a) the W 4f core level; (b) the O 1s spectrum; (c) the Ni 2p core level; and (d) the valence band with no states at

the Fermi level.

The photoelectrons from oxygen (O 1s) (Fig. 6b) form a
three-peak signal. The peak at 530.4 eV corresponds to the 0>~
oxygen bond with W®" atoms. The highest intensity peak at
532.0 eV and the peak at 533.5 eV can be attributed to the
bonds with tungsten in lower oxidation states. Besides W-O
bonds in the CS planes, their origin could also be the C-O
bonds in the adsorbed molecules, Si-O bonds in SiO, impuri-
ties or Ni(OH),. A weak Ni 2p signal is shown in Fig. 6¢c. The
main peak at 856.4 ¢V and a satellite at 861.4 eV can be in
analogy with previous studies*>”® attributed to Ni(OH),. The
valence-band spectrum (Fig. 6d) shows negligible density of
states at the Fermi energy, which indicates a semiconducting
behaviour of the sample.

Raman spectroscopy

The Raman spectra of WO;_, materials can be divided into
three frequency regions, representing different vibrational
modes. Below 200 cm ™, the peaks are associated with the rela-
tive translational or rotational motions of WOy octahedral

This journal is © The Royal Society of Chemistry 2020

units in the same unit cell (lattice modes), between 200 and
400 cm ™" the peaks are associated with the W-O-W bending
modes, while in the range between 600 and 900 cm™' the
peaks are assigned to the W-O stretching modes.’>®® Fig. 7
shows the optical image and Raman spectra of a platelet with
the W;9055 NW situated at its edge. The spectra were taken
with the laser polarisation parallel (A) and perpendicular (B) to
the long axis of the W;4055 NW. The Raman shifts, relative
intensities and assignations are provided in Table 4.

The Raman spectra of the W;4055 NW (Fig. 7b) show a
sharp peak at 301 cm™" and two overlapping broad peaks at
around 695 and 740 cm™", when light polarization is parallel
(A) to the b axis of the NW, and four relatively weak peaks at
107, 193, 268 and 377 cm™', and two overlapping broad peaks
at 726 and 819 ecm™', when polarisation is parallel to the a axis
(B). The literature reports only on the peak at 319 cm™", while
broad peaks at 709 cm™" and 812 em ™" attributed to the O-W-
O stretching vibrations were recorded in annealed samples,
which were oxidized at 500 °C.*" A substantial blue shift of the

Nanoscale, 2020, 12, 15102-15714 | 15109
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Fig. 7 (a) Optical image of a platelet with W;90s5 NW at its bottom edge; (b) Raman spectra of the W;9055 NW; (c) Raman spectra of the platelets;
and (d) Raman spectra of the platelets oxidized for 1 h at 873 K. The A and B arrows denote laser light polarization.

peak at 301 cm™ " with respect to 319 cm™" is explained with
even weaker chemical bonds than in the case of pure W;90s5
material. Such weak chemical bonds indicate a larger degree
of disorder in the structure. The broad peaks situated between
700 and 900 cm™' are attributed to different W-O bond
lengths in W4055.°>°" The almost featureless spectrum is in
good agreement with the spectra from the literature.*'

In contrast, the Raman spectra of the platelet contain more
distinctive peaks (Fig. 7c). The spectrum when the polarisation
of the laser is parallel to the b axis (A) shows three peaks at
86.5 cm™', 104.5 cm ™', and 119.5 cm™" assigned to the lattice
modes, two peaks at 322 and 342 cm™" assigned to the W-O-
W bending, and a weak peak at 693 cm™' and two intense
peaks at 781 and 809 cm™', all associated with the W-O
stretching modes. The two intense peaks are sharper and more
intense pointing to a crystal structure with less defects and
higher number of W-O bonds with well-defined lengths. In

15110 | Nanoscale, 2020, 12, 15102-15114

the spectrum with the polarisation parallel to the a axis (B),
the most intense peak is at 271 cm™" and 12 weaker peaks in
the bending and lattice mode regions are visible (Table 4). The
stretching mode region has 4 peaks at similar Raman shifts to
those in the spectrum (A), but less intense. The absence of
Raman bands at around 950 cm™" indicates that the platelets
do not contain any hydrated phases and W=0 groups.*®>’
The dependency of the Raman spectra on the orientation of
the platelets confirms that the material has an anisotropic
crystal structure.

Compared to the monoclinic m-WOj3, only the Raman
band of the platelet at 809 cm™", recorded with polarization
along the b axis (A), is an exact match. This peak with the
maximum intensity in the spectrum (A) was explained with the
vibration of the W-O bonds with a length of 1.82 A.°®> The
second high-intensity peak in the spectrum (A) at 781 cm™" is
strongly red shifted with regard to 718 em™" in m-WO;, which

62,63
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Table 4 Raman peak position and normalized intensity of the W;5055 NWs and platelets

Wi90s5 Platelets

A B A

B

Shift [cm™] Rel.int.[%] Shift [cm™] Rel.int.[%] Shift [em™]

Rel. int. [%]  Shift [em™"] Rel.int.[%] Vibration mode

86.5
107 9
104.5
119.5
193 14
301
268 11
322
21
342
377 7
693
726 16
695 14
740 14
781
819 25 809

was attributed to the vibration of W-O bonds with a length of
1.88 A.°*°? This could represent the chemical bond length
between W-O in the CS. In contrast, the Raman band at
271 em™" in the spectrum (B) is slightly blue shifted with
respect to the O-W-0 bending mode in m-WOj; (275 ecm ™).

With the aim to relax the structure and compare Raman
spectra, the sample was oxidized in air for 60 minutes at
873 K. The Raman spectra of the oxidized platelets are shown
in Fig. 7d. The spectra in both, (A) and (B), orientations exactly
match the spectra of m-wQ;.°>%

Discussion

New quasi-two-dimensional plate-like crystals were observed,
which grow epitaxially on the W;4055 NWs. Six different struc-
tures were observed for the first time: W;30s3 (WO3 044),
W17050 (W02‘941)y W16047 (W02.938)’ w15044 (W02,933)) W14O41
(WO,,920) and WoO,6 (WO, ggo). Their unit cell parameters were
determined from the HRTEM images and TEDs, and were in
good agreement with the calculated ones. The {102}, CS planes
observed in the sample are characteristic of slightly reduced
WOs;_,. The stability of different WO;_, structures is discussed
in the literature®®*"**"®® in terms of elastic strain energy and
electrostatic energy between the CS planes and the formation
energy of CS planes. While some theoretical models and
experimental results suggest that only a small number of
W,,03,,_; are stable and slightly reduced WO;_, will dispropor-

This journal is © The Royal Society of Chemistry 2020

85 7 Lattice modes
104 27
21
9
9 125 7
163 6
236 12 O-W-0 bending modes
271 100
11
316.5 7
328.5 6
12 340.5 6
688 16 O-W-O stretching modes
3
737 5
65 777 5
100 803.5 58

tionate into WO; and WO, o,, our data show that a wide range
of stoichiometries are stable at RT. As previously pointed
out,**31%47%7 the theoretical models do not consider cation—
anion and cation-cation interactions nor the polarization of
the crystal which could have an important role in the stabiliz-
ation of different W,03,_, phases. It is important to note that
these new phases grow together inside single platelets. This
multilayer structure shows a new kind of polycrystallinity,
where CS planes accommodate oxygen deficiency and relax the
structure at the same time. This is evident from the appear-
ance of a new CS plane inside the investigated platelet.
Therefore, the adjacent layers could contribute to the stability
of a specific phase. The surface-sensitive XPS has shown the
presence of W>" oxidation states typical of tungsten atoms in
the CS planes. The presented W,03,_; phases do not contain
tungsten atoms in the +4 oxidation state which was experi-
mentally shown also for W,03,_, phases.”” The valence-band
spectrum indicates a semiconducting behaviour in agreement
with recent DFT calculations.”® Raman band shifts were
observed indicating longer W-O bonds in comparison with
WO; due to the creation of CS planes. The structure of these
multi-stoichiometric platelets was directly resolved from the
HRTEM images and modelled from electron and X-ray diffrac-
tion data. The proposed unit cell of the average structure is: a
=16.04 A, b=3.88 A, c =28.48 A and f§ = 96.04°.

The literature reports® that Ni and WO, form a tungsten
bronze, Ni,WO3;, with a perovskite structure, similar to that of
sodium tungsten bronze, Na,WO;. The Ni,WO; structure is
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stable only for x < 0.035 and crystalizes in the orthorhombic
symmetry with the unit cell parameters being approximately: a
=7.4 A b=74Aand c = 3.8 A. The unit cell parameter ¢ in
Ni,WO; is around half of the unit cell parameter ¢ in the
monoclinic WO;. If x is increased beyond 0.035, NiWO, is
formed alongside a tungsten suboxide phase, such as W30,
and W,0055.°>7° If the platelets would be partially made of
NiwO, or Ni,WOj;, this would be observed in the HRTEM
images and in the Raman spectra.

Conclusions

New quasi-two-dimensional tungsten oxide crystals were found
to nucleate by epitaxial growth on the W;4055 nanowires as
thin plate-like crystals grown up to 4 pum in lateral size. Both
the nanowires and the platelets accommodate oxygen
deficiency by the formation of crystallographic shear planes.
Although these shear planes are equally separated in the nano-
wires, their distance in the platelets varies. In a single platelet,
several stoichiometric phases were identified for the first time:
Wi5053 (W02.944), Wy7050 (W02.941)1 Wi16047 [Woz.gas), Wi15044
(WO3.033), W14041 (WO3.050), and WoOy6 (WO, ggo). The struc-
ture of these multi-stoichiometric platelets was directly
resolved from the HRTEM images and modelled using electron
and X-ray diffraction data. These layered crystals show a new
kind of polycrystallinity, where crystallographic shear planes
accommodate oxygen deficiency and at the same time contrib-
ute to the stability of a particular phase.

Experimental section
Synthesis

The platelets were synthesized by the chemical vapour trans-
port reaction (CVT) using iodine as the transport agent and
nickel as the growth promoter. The starting material consisted
of 705.4 mg of WO; powder (Sigma-Aldrich, 99.99%), 75 mg of
nickel (metal foil) and 1124 mg of iodine (1-3 mm beads,
Sigma-Aldrich, 99.7). The quartz ampules were inserted into a
two-zone furnace after they were evacuated (2 x 10™° mbar)
and sealed. The reaction is endothermic,”* so the material was
transported from the hot part of the ampule with a tempera-
ture of 1133 K to the colder part with a temperature of 1009 K.
The transport reaction runs for 500 hours.

Raman spectroscopy

The samples were examined by Micro Raman Spectroscopy
(MRS) using a WITec Alpha 300 RS scanning confocal Raman
microscope in a backscattered geometry with a polarized Nd:
YAG laser operating at a wavelength of 532 nm. The laser beam
was focused through a 100x/0.9 microscope objective on an
area smaller than 1 pm®. The power of the laser at the sample
was approximately 1 mW. It was experimentally determined
that this is the optimal power for avoiding damage or oxidation
of the samples. The Raman spectra were recorded on multiple

15112 | Nanoscale, 2020, 12, 15102-15114
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platelets with the polarization of the laser light perpendicular
and parallel to the longer axis. The spectra were taken on indi-
vidual platelets.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was carried
out using a PHI-TFA XPS spectrometer (Physical Electronics
Inc.). The analysed area was 0.4 mm in diameter and about
3-5 nm in depth. The sample surface was excited by X-ray radi-
ation from a monochromatic Al source with a photon energy of
1486.6 V. The spectra were acquired with an energy resolution
of about 1.0 eV and an analyser pass energy of 58 eV. The ana-
lysis was performed on multiple platelets deposited on carbon
tape without grinding.

Transmission electron microscopy

High-resolution transmission electron microscopy (HRTEM)
and electron diffraction (TED) images were acquired using a
Cs probe-corrected TEM/STEM JEOL ARM 200CF microscope
equipped with a cold-FEG electron source, operating at 200 kV.
Distances between atomic columns and angles between their
rows were measured using Digital Micrograph software. An
accuracy of 0.04 A in distance and 0.5° in angle was achieved.
All HRTEM images were filtered using the Average Background
Subtraction Filter method described in ref. 72.

Scanning electron microscopy

Scanning electron microscopy (SEM) images and cross-sec-
tions of the samples for TEM analysis were obtained using a
Helios NanoLab 650 Focused Ion Beam-scanning electron
microscope (FIB).

X-ray diffraction

X-ray diffraction (XRD) was performed at room temperature
with a D4 Endeavor diffractometer (Bruker AXS) using a quartz
monochromatic Cu K, radiation source (4 = 0.1541 nm) and a
Sol-X dispersive detector. The analysis was performed on mul-
tiple platelets dropcast on a special holder without grinding
the sample.
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