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Ultra-long nanowires of sodium tungsten oxide and tungsten oxide were synthesized by simply heating
tungsten source under a low oxygen pressure environment. The nanowires have diameters of ~40 to
500 nm and lengths from tens to several hundred microns. The majority of the nanowires were found to
be triclinic NasW14044 with small amount of monoclinic WOs. Triclinic Na,W4043 microplates with a
rectangular shape grown together with the nanowires were also identified. The formation of ultra-long
nanowires is explained by the vapor-solid (VS) growth mechanism. Effects of impurity and residue
deposition have been thoroughly investigated. With a low concentration even smaller than 10 ppm
(parts per million), the sodium impurity in the tungsten source could result in the formation of sodium
tungsten phases. The growth of nanowires could be enhanced with the presence of residue deposition and
the enhancement was attributed to the production of local vapor pressure from the residue deposition.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Tungsten trioxide (WO3) is a versatile semiconductor material with
a wide range of applications [1], such as smart devices (e.g., electro-
chromic [2], photochromic [3], and gasochromic devices [4]), solar
water splitting [5], gas sensors [6], memory devices [7], filed emission
[8], and photodetectors [9], etc. At room temperature, the most stable
phase is the monoclinic ~-WO5; which has a tilted ReOs-type crystal
structure with corner-sharing WOg octahedra [10,11]. Light ions, such
as H™, LiT, and Na™ can be easily intercalated into the WOs-frame-
work forming a family of different metal tungsten oxides
(i.e. tungstates or tungsten bronzes) with a general formula of
M;Z)Wog_yﬂx/z, where M is the bronze-forming metal, z the
valency of M, and y characterizes oxygen deficiency with y #
zx/2 [12]. Among them, sodium tungsten oxides (NayWO3_y  x/2)
are one group of tungsten bronzes which have been extensively
studied due to their unique character of tuning material structures
and properties by composition control. For example, the Na,WO3
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bronzes (0 <x < 1), formed by doping the insulating WO3 host
with Na ions, can change from n-type semiconductor (x < 0.3) to
metallic conductor (x> 0.3) by increasing the x value [12,13].
Attractive two-dimensional high-temperature superconductivity
of Na-doped WOs3 has also been observed with a surface composi-
tion of Na,WOs3 (x=0.05-0.07) [13-15]. With the increase of x, the
Na,WOs can have a continuous color change from blue to violet, red,
and golden, as well as a crystal structure change from monoclinic
through orthorhombic, tetragonal, to cubic [16]. Sodium tungsten
oxides have wide applications in photocatalysis [17], chemical
analysis [18], fuel cells [19], smart windows [20], and near-infrared
shielding [21].

Recent years, with the advancement of nanoscale research,
nanostructured WOs3 especially the one-dimensional (1D) nanostruc-
tures (e.g., nanowires, nanobelts, and nanorods, etc.) have attracted
intensive research efforts on material synthesis, property measure-
ment, and device testing [22]. However, the study of 1D sodium
tungsten oxide nanostructures is limited so far with only a few
papers published on cubic Na,WO3 nanorods and nanobelts [23],
hexagonal Nag7WOs30g5-0.17H,0 and NagsWOs nanorods [21],
Na;W,4013 nanofibers [24], cubic and tetragonal Na,WO3; nanobun-
dles [25], and triclinic NagsWOs3 55 nanoplates [26].
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In this work, we report the growth of ultra-long nanowires of
sodium tungsten oxide and tungsten oxide with diameters of ~40
to 500 nm and lengths from tens to several hundred microns by
simply heating tungsten source under low pressure oxygen envir-
onment. The majority of the nanowires were found to be triclinic
NasW 4044 with small amount of monoclinic WOs. Rectangular
microplates of triclinic Na,W40,3 grown together with the nano-
wires were also identified. It was observed that the formation of
nanowires could be enhanced with the presence of residue
deposition on the wall of reaction chamber. The growth mechan-
ism of the ultra-long nanowires will be discussed. The impurity
effect on the formation of sodium tungsten phases and the effect
of residue deposition on the enhanced nanowire growth have
been thoroughly investigated.

2. Experimental details

Samples were synthesized using a chemical vapor deposition
(CVD) method. A home-built hot-wall low pressure CVD system
with a reaction chamber of 1" diameter quartz tube heated by two
semi-cylindrical ceramic fiber heaters was employed for the
growth. Similar CVD systems have been used for the growth of
nanostructures of boron [27], borides [28], titanium oxide [29],
and tungsten oxide [30]. Silicon (100) substrates with a 1-pm-
thick thermally grown oxide layer (SiO,-Si, University Wafer)
were used in this study. Substrates were first cut into rectangular
pieces with a size of 10 mm x 35 mm, and then were ultrasonically
cleaned with acetone and alcohol for about 10 min each followed
by blow-drying with nitrogen gas. Tungsten powders with a purity
of 99.9% (Alfa Aesar 39749, Lot #: H17Q06, —325 mesh) were
mainly used as the source materials for the growth. Other
tungsten sources with different purities and sizes were also used
for control experiments. In a typical experiment, about 2g
tungsten powders were loaded into a quartz boat at its upstream
end with a substrate located about 63 mm apart at the down-
stream end. The boat was then loaded inside the reaction chamber
with the tungsten source located at the center of the furnace.
The reaction chamber was first pumped down to an ultimate
vacuum pressure of ~7 mTorr, and then brought up to 110 mTorr

with 1sccm (standard cubic centimeter per minute) O, and
10 sccm Ar. The system was then ramped to a heating temperature
of 1000 °C at the center in 30 min and held for 4 h, followed by
cooling down to room temperature in about 5 h. Variations of
nanostructure morphologies were observed if multiple growths
were employed repeatedly in the same reaction chamber of quartz
tube. Hence, a series of experiments were performed in the same
reaction chamber with the increase of the growth number
(defined as the order of the growths employed in the same
reaction chamber).

The morphology and composition of the as-synthesized sam-
ples were analyzed by scanning electron microscopy (SEM, JEOL
JSM-6480) and energy dispersive X-ray spectroscopy (EDS, Oxford
Instrument INCA). Crystal structures were characterized using
X-ray diffraction (XRD, PANXpert X'pert Pro MRD with Cu K,
radiation at A=1.5418 A) and transmission electron microscopy
(TEM, JEOL JEM-2100 LaBg operated at an accelerating voltage of
200 kV). Micro-Raman spectroscopy (Horiba Scientific, Jobin Yvon
Labram HR800 with 532 nm excitation laser) was performed to
confirm the phases of different nanostructures.

3. Results and discussion
3.1. Morphology and structure characterization

Fig. 1(a) shows SEM images of typical morphologies of the
as-synthesized nanostructures grown on a SiO,-Si substrate.
The nanostructures are ultra-long nanowires with lengths from
tens of microns up to several hundred microns and diameters
about 40-500 nm. The deposition of nanowires was generally
located on the substrates with a growth temperature range from
660 to 420 °C. Close-up observations at high magnification
revealed that some nanowires were cylinder-shaped and some
were belt-shaped (shown in the inset of Fig. 1(a)). At some
locations, microplate structures with a regular rectangular shape
were grown among the nanowires as demonstrated in Fig. 1(b)
and its inset. The chemical compositions of these structures were
identified by EDS. A representative EDS spectrum in Fig. 1(c) shows
the existence of W, Na, O, and Si signals in the specimen, where
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Fig. 1. SEM images of (a) dense array of the as-synthesized ultra-long nanowires on SiO,-Si substrate and (b) the rectangular microplates grown among the nanowires.
The insets show corresponding close-up views. (c) EDS and (d) XRD spectra showing the chemical compositions and phases of the deposition.
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the Si signal was expected from the substrate and O was partially
from the substrate. The crystal structures of the as-synthesized
specimens were examined using XRD. The diffraction peaks were
carefully indexed and the deposition was identified as two phases
of sodium tungsten oxides and one phase of tungsten oxide as
indicated on Fig. 1(d). The two sodium tungsten oxide phases are
the triclinic NasW4044 phase (ICDD PDF 04-012-4449,
a=7.2740 A, b=7.2911 A, c=18.5510 A, ®=96.3750°, $=90.8920°,
y=119.6560°) and the triclinic Na,W40,5 phase (ICDD PDF 04-012-
7108, a=11.1630 A, hb=3.8940 A, c=8.2550 A, ®=90.60°, f=131.36",
y=79.70°). The tungsten oxide phase is the monoclinic WO3 phase
(ICDD PDF 01-083-0950, a=7.30084 A, b=7.53889 A, c=7.6896 A,
[=90.8920°). Detailed peak indices for each phase are listed in
Table S1 in Supplementary material.

The XRD measurements revealed the overall structure informa-
tion of the deposition on the substrates. To obtain detailed
information on the crystallinity, composition, and growth direc-
tion of different structures, TEM analyses with imaging, electron
diffraction, and EDS were performed on more than 20 nanowires.
The majority of the nanowires were identified as the triclinic
NasW14044 (shown in Fig. 2(a)-(c)). Fig. 2(a) shows a low magni-
fication TEM image of a portion of an ultra-long nanowire. Close-
up analyses of the section indicated by the rectangle were
performed with high-resolution TEM (HRTEM) imaging and selec-
tive area electron diffraction (SAED). The HRTEM image in Fig. 2(b)
demonstrates that the nanowire has a single-crystalline structure.
The corresponding diffraction pattern in the inset of Fig. 2(b) was
recorded in [110] axis. Based on the analyses on a series of
diffraction patterns and HRTEM images, the nanowire was

confirmed as the triclinic NasW4044. The growth direction of
the NasW4044 nanowire was determined to be parallel to the
(001) plane which has a d-spacing of ~1.8 nm. The chemical
composition of the nanowire was revealed by EDS. Fig. 2(c) shows
the nanowire consisted of W, Na, and O and no other impurities
were detected. (Note: the Cu and C signals came from the
supporting Cu grid with lacey carbon and the Cr signal from the
tip of JEOL double tilt holder. They were not compositions from the
nanowires and other structures studied here.) Only small amount
of nanowires were found as the monoclinic W03 (Fig. 2(d)-(f)).
The SAED shown in the inset of Fig. 2(e) was recorded in [100]
zone. The growth direction of the WO3 nanowire was determined
to be perpendicular to the (002) plane with a d-spacing of
~0.38 nm. EDS spectrum in Fig. 2(f) shows the nanowire consisted
of W and O without Na or other impurities being detected. Both
the NasW4044 and the WO;3 phases are coincident with the
phases found in XRD measurements, confirming the ultra-long
nanowires are mainly NasW;4044 phase with small amount of
WOs3 phase. However, the Na,W,40,3 phase appeared in the XRD
results was not found with any nanowires in the TEM analyses.
Hence, the rectangular microplate structures shown in Fig. 1(b)
were specifically collected for TEM examination. These microplate
structures were identified to be the triclinic Na,W,40,3 phase
(Fig. 2(g)-(i)). The SAED in Fig. 2(h) was recorded in [101] axis.
No high-quality HRTEM images were acquired for the Na,W4013
plate due to its large thickness. The long edge of the plate was
identified as parallel to the (010) plane and the short edge parallel
to the (101) plane. As shown in SEM images (Fig. 1(b) and inset),
the Na,W,40,3 microplates were grown with the plate surface
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Fig. 2. TEM images at low-magnification, HRTEM images/SAED patterns, and EDS spectra of a NasW4044 nanowire (a)-(c), a WO3 nanowire (d)-(f), and a Na;W,03
microplate (g)-(i). Note: no HRTEM image for Na,W,40,5 plate due to its large thickness.
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Fig. 3. Micro-Raman spectra of (a) the microplates matching the reported peak
positions of the Na,W40¢3 phase, and (b) the nanowires with comparisons to the
reported major peak positions of Na,W4013 (red line) and WO5 (black line) phases.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

parallel to the substrate surface, while only (100), (200), and (300)
series of peaks of Na,W40:3 were shown in the XRD spectra (Table
S1 in Supplementary material). This result indicates the microplate
surface is the (100) surface consistent with the cleavage plane of
Na,W,40,3 [31]. Hence, the long edge of Na,W,0,3 plate can b_g
figured out as the ¢ axis ([001]) and the short edge is along the b
axis (|010]). Fig. 2(i) shows the plate structure also consisted of W,
Na, and O and no other impurities were detected. Normalized to
the highest W peak, the Na peak intensity in Fig. 2(i) is higher than
the one in Fig. 2(c). This result indicates a higher Na:W ratio for
the Na,W4043 plate structure than the one for NasW4044 nano-
wires and this is consistent with the compositions of these two
phases.

Micro-Raman spectroscopy was also carried out at room
temperature in ambient atmosphere to confirm the phases of
the microplates and ultra-long nanowires. Fig. 3(a) shows the
Micro-Raman spectrum of the microplates. The Raman lines at
949, 794-777, and 366-263 cm~! closely match the reported
Na,W, 0,3 Raman shift frequencies at 953, 790-774, and
336-265 cm™ !, respectively [32]. (Note: the peak at 521 cm~! is
for Si from the substrate.) The Raman spectrum from the ultra-
long nanowires is shown in Fig. 3(b). The spectrum shows major
peaks in 100-150 cm ™!, 650-900 cm~!, and 900-100 regions. As
compared to the reported peak positions (shown by solid lines in
Fig. 3(b)), the nanowires consist of only a little amount of or no
WOs; [10] and Na,W 4043 phases [32]. Major peaks at 107, 695, 765,
913, 943, and 965 cm~ ! do not match the Raman features reported
in the literature. According to the TEM results, the nanowires are
mainly NasW4044, therefore these peaks should belong to the
NasW 14044 phase. Since no Raman spectrum has been reported so
far for the NasW4044 phase, this study reports the first Raman
spectrum for NasW4044 which requires further investigation on
pure NasW 4044 materials to get detailed structure information.

3.2. Impurity effect

No catalysts were employed for the deposition of the nano-
wires and no catalyst particles were found along the nanowires
examined by electron microscopies. Hence, catalyst-assisted
growth mechanisms can be ruled out for the nanowire growth
reported here. The nanowires were grown via a non-catalyst
vapor-solid (VS) process in which the vapors produced by heating
the source material were transported to the growth area

downstream with lower temperature forming deposition. The
formation mechanism can be explained by the suppressed two-
dimensional nucleation on side faces resulting from the low vapor
supersaturation at the growth temperature [33]. Based on the
compositional analyses, it is important to first figure out where the
Na came from. Heated at elevated temperatures, the W source,
quartz tube, and quartz boat were the three possible sources for
Na. The Na concentrations in the W source with 99.9% purity (Alfa
Aesar 39749, Lot #: H17Q06), quartz tube (QSI Quartz Scientific),
and quartz boat (GE 214 quartz, Wilmad Labglass) were 20 ppm
(parts per million), 1 ppm, and 0.7 ppm respectively [34]. To
identify the major source(s) of the Na contents, control experi-
ments were employed by using W source with higher purities of
99.995% (Materion T-2049, with 0.065 ppm Na) and 99.999%
(Materion T-2023, with 0.05 ppm Na) as other growth parameters
kept the same. These ultra-high purity W sources produced pure
tungsten oxide deposition. No Na content was detected beyond
the detection limit of the EDS system. These results verified the Na
contents were mainly from the W source with 99.9% purity, not
from the quartz tube and boat. Another batch of the 99.9% purity
W source (Lot#: GO7x064) with the Na contents smaller than
10 ppm was also used in growth. However, the deposition was still
dominated by sodium tungsten oxide phases with small amount of
tungsten oxide.

A question then arises: why the Na contents in the W sources at
such low concentrations could affect the growth so significantly in
our experiments? Growth of tungsten oxide 1D nanostructures
using similar thermal evaporation with tungsten powders has
been reported and no impurity effect of Na was found [6,35,36].
Although detailed composition information is not available from
these reports, this question can be explained by the differences in
the supply of tungsten oxide vapors in different experiments.
Tungsten has an extremely low vapor pressure below 10~ ! Torr
even at a high heating temperature of 2000 °C [37], so in all
growths tungsten vapor directly from the thermal evaporation of
W source was negligible and the depositions were formed from
tungsten oxide vapors. In the previous reports [6,35,36], the
tungsten powders were all heated at high vacuum pressures with
high O, partial pressures. Large amount of tungsten oxide vapors
were produced resulting from the high oxidation rate of the
tungsten sources. Therefore, the impurity effect on the growth of
nanostructures in these reports was negligible if any Na impurities
presented in the sources were at ppm levels. In our experiments,
the W source was first slowly oxidized at 1000 °C with 1 sccm O,
and the oxidized source was then evaporated producing W03 and
other substoichiometric tungsten oxide vapors. The tungsten oxide
vapors produced this way were limited by the slow oxidation as
indicated by (1) only small amount of the tungsten source was
consumed during the growth and (2) the tungsten source was only
partially oxidized with a dark blue color on the top while the
majority of the source was still kept as tungsten. Due to their low
concentration, the exact compositions of the Na contents in the
tungsten source are not clear. However, the evaporation rates of
the Na contents are expected to be high as heated at 1000 °C. This
assumption can be verified by two facts. First, no Na was detected
on the substrate with growth temperature higher than 850 °C
showing high evaporation rates of the Na contents at temperature
higher than 850 °C. Second, no Na was found in the deposition
along the whole substrate in the control experiments using the
used 99.9% purity W source. This result indicates that the majority
of Na contents were already evaporated during the previous
experiment. Hence, despite the low concentration of Na contents
in the source, the total amount of Na-based vapors produced
during the growth was comparable to or more than the amount of
tungsten oxide vapors and resulted in the dominating deposition
of sodium tungsten oxide phases in the nanowire growth area. It is
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worth mentioning that a thick coating was formed with little
nanowires when the ultra-high purity W sources and the used
99.9% purity W source were used. The varnishing of NasW4044
nanowires was apparently due to the reduction of Na contents in
the sources. The disappearance of WO3; nanowires, however, was
attributable to the high deposition rate resulting from the
enhanced source oxidation process. After the deposition, the
ultra-high purity W sources and the used 99.9% purity W source
all turned into greenish yellow, the characteristic color of WOs,
showing enhanced oxidation process of the tungsten sources. The
oxidation process was enhanced because the used W source was
already partially oxidized and the ultra-high purity W sources had
very small particle sizes (i.e., large surface-to-volume ratios) for
easy oxidation (see size information in Table S2 in Supplementary
material). The above discussion reveals the extreme sensitivities of
the nanostructure composition on the purity of source materials
and the thermal properties of impurities. Thus, special care must
be taken to achieve composition controls for the growth of
different nanostructures.

3.3. Enhanced nanowire growth by residue deposition

As shown by the photograph in Fig. 4(a), for a series of growths
performed in the same reaction chamber, the morphology of the
nanowires changed with the increase of the growth number. Three
growth zones of nanowires can be identified based on the cover-
age and density of the nanowires as shown in Fig. 4(a) by the
labeled regions with a bright gray color. The growth Zone I was
located at high temperature end ranging from 660 to 520 °C, Zone
Il was from 520 to 470 °C, and Zone III from 470 to 420 °C. Detailed
morphological changes are demonstrated in Fig. 5 with SEM
images. For the first growth (Fig. 5(a)-(c)) in a new clean reaction
chamber, there were only a little nanowires scattered in Zone I
(Fig. 5(a)), ultra-long nanowires were mostly found in Zone II with
higher density and coverage (Fig. 5(b)), and in Zone III the cover-
age, density, and length of nanowires gradually reduced as the
growth location moved downstream (Fig. 5(c)). With the growth
number increased to the third growth (Fig. 5(d)-(f)) and to the
fifth growth (Fig. 5(g)-(i)), the coverage, density, and length of the
nanowires increased in all three zones. Zone I had the most
significant morphology changes as shown by Figs. 4(a) and 5(g).
After the fifth growth in the same reaction chamber, the deposi-
tion of ultra-long nanowires almost covered all three zones. For
Zones I and II, no significant morphology changes were observed
with further increase of the growth number up to 8th growth.
However, for Zone III the microplate structures (shown in inset of
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Fig. 5(i)) kept increasing significantly with the growth number.
EDS study revealed the change of Na concentration in the deposi-
tion with the growth number. Fig. 4(b) shows the change of the
Na:W ratios with the increase of growth number at different
nanowire growth zones. Generally, the Na:W ratios at all growth
zones increased with the increase of growth number. The large
fluctuation of the Na:W ratio at Zone Il was mainly due to the
uneven distribution of Na content with different morphologies at
Zone IIL

A mechanism of residue deposition enhanced growth was
proposed to explain the morphology changes of the nanowires
with the growth number. Since the CVD setup employed here was
a hot-wall CVD system, deposition formed on the substrate surface
as well as on the inner wall of the reaction chamber (i.e. the quartz
tube) in the growth area. Residue deposition was found on the
quartz tube which could be distinguished by the color change on
the quartz tube after each growth. With the increase of the growth
number for the same reaction chamber, the residue deposition on
the inner wall of the tube also increased. If a clean quartz tube free
of any residue deposition is employed as the reaction chamber, the
vapors are supplied only from the source materials forming
deposition in the growth area at growth temperature (as shown
by the schematics in Fig. 6(a)). When a quartz tube with residue
deposition from previous depositions is used repeatedly as the
reaction chamber, the residue deposition heated at the growth
temperature will also produce vapor locally. Therefore, the vapors
from both the source materials and the local residue deposition
will result in an enhanced growth of nanowires in the nanowire
growth zones (Fig. 6(b)). To prove this hypothesis, control experi-
ments were performed utilizing a quartz tube used multiple times
previously (e.g., a growth number of 9). The experiments were
carried out without any source materials while other growth
parameters remained the same. Similar nanowires were found
on the substrate in the nanowire growth zones. Without the
source materials, the residue deposition from the tube surface
was the only possible source that could produce vapors forming
nanowires on the substrate (Fig. 6(c)). This result confirmed the
nanowire growth could be enhanced by the presence of the
residue deposition and explained the morphology changes of the
nanowires with the increase of the growth number.

The general trend of Na:W ratios with the growth number can
also be explained by the aforementioned effect of residue deposi-
tion. The sodium contents from the residue deposition would join
the new Na contents from the W source forming deposition with
higher Na:W ratios. Fig. 7 shows the XRD spectra of a series of
specimens with the growth number increased from 1 to 5. The XRD
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Fig. 4. (a) Photograph of a series of specimens grown in the same reaction chamber with the increase of growth number showing different growth zones and corresponding
morphology changes. (b) Changes of Na:W ratios with the increase of growth number at different growth zones.
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I

Fig. 5. Low magnification SEM images of the nanowires at different growth zones showing morphological changes with the increase of the growth number. The insets show

detailed structures of the nanowires at high magnification.
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Fig. 6. Schematic drawings showing (a) growth with tungsten source in a new tube, (b) enhanced growth with both residue deposition and tungsten source, and (c) growth

with residue deposition only.

spectra also reveal the revolution of the three phases with changes of
relative concentrations as the growth number increased. Compared to
the WOs; phase, the NasW;4044 and the Na,W,0,3 phases
increased significantly as the growth number increased from
1 to 5. And in the 5th growth, Na,W,40;3 became the dominated
phase compared to the other two phases due to the increased
formation of Na;W,0,3 microplates. These results are consistent
with the SEM observation (Fig. 5) and the compositional changes
from the EDS measurements (Fig. 4(b)).

4. Conclusions

In summary, the growth of ultra-long nanowires of triclinic
NasW4044 and monoclinic WO3 was realized by simply heating
the tungsten source under low oxygen pressure environment. The
nanowires were ~40 to 500 nm in diameter and up to several
hundred microns in length. The majority of the nanowires were
NasWi4044 with a small amount of WOs5. Triclinic Na,W4043
microplates with a rectangular shape were also found grown
together with the nanowires. The growth mechanism of the
ultra-long nanowires is explained by the VS process. The
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Fig. 7. XRD spectra of the as-synthesized specimen with the increase of growth
number from 1 to 5.

composition and crystal structure of the as-synthesized samples
have been fully characterized using SEM, EDS, TEM, and Micro-
Raman. Effects of impurity and residue deposition have been
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thoroughly investigated. The formation of sodium tungsten phases
was attributed to the sodium impurity in the tungsten source even
at a low concentration smaller than 10 ppm. This result shows the
composition and structure of nanostructures were very sensitive
on the purity of the source materials and the thermal properties of
the impurities. With the presence of residue deposition, the
nanowire growth could be enhanced and the enhancement was
due to the production of local vapor pressure from the residue
deposition. This discovery may be employed to facilitate large-
scale growth of nanostructures.
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