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Abstract Tungsten oxide (WO3) nano-ribbons (NRs)

were obtained by annealing tungstite (WO3�H2O) NRs. The

latter was synthesized below room temperature using a

simple, environmentally benign, and low cost aging treat-

ment of precursors made by adding hydrochloric acid to

diluted sodium tungstate solutions (Na2WO4�2H2O). WO3

generates significant interests and is being used in a

growing variety of applications. It is therefore important to

identify suitable methods of production and better under-

stand its properties. The phase transformation was

observed to be initiated between 200 and 300 �C, and the

crystallographic structure of the NRs changed from

orthorhombic WO3�H2O to monoclinic WO3. It was rig-

orously studied by annealing a series of samples ex situ in

ambient air up to 800 �C and characterizing them after-

ward. A temperature-dependent Raman spectroscopy study

was performed on tungstite NRs between minus 180 and

700 �C. Also, in situ heating experiments in the

transmission electron microscope allowed for the direct

observation of the phase transformation. Powder X-ray

diffraction, electron diffraction, electron energy-loss spec-

troscopy, and X-ray photoelectron spectroscopy were

employed to characterize precisely this transformation.

Introduction

Tungsten oxide (WO3) is an n-type semiconductor with a

widely tunable band gap, varying from Eg & 2.5–2.8 eV at

room temperature to &1.7 eV at 800 �C [1]. WO3 gener-

ates significant interests and is being used in a growing

variety of applications. It is therefore important to identify

suitable methods of production and better understand its

properties. WO3 thin films and nanoparticles [2] were

investigated for use in different applications: for example,

in microelectronics and optoelectronics [3, 4], dye-sensi-

tized solar cells [5, 6], solid-state electrochromic cells [7],

colloidal quantum dot light emitting diodes [8], photoca-

talysis [9], photoelectrocatalysis [10, 11], water splitting

photocatalyst as visible-light-absorbing semiconductor

[12–20], conversion of cellulose to ethylene glycol [21],

methanol oxidation catalyst [22], and alcohol dehydration

[23]. WO3 has also been tested for ultra-fast bleaching-

coloring performance for the development of windows [24]

in energy-efficient buildings, flat-panel displays, optical

memory, and writing-reading-erasing devices. All appli-

cations are strongly dependent on the structure of WO3

because its properties are directly linked to it. Though,

there exist some publications reporting on the WO3 phase

transitions, they were carried for materials having very

different morphologies and also using different experi-

mental methods and conditions [25–28].
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This article reports on the phase transformation of

tungstite (WO3�H2O) nano-ribbons (NRs, TNRs) to WO3

NRs (WNRs) by annealing. A good understanding of this

mechanism is important because the crystal structure of

WO3 is very prone to temperature [29], stoichiometry, and

dimensions, directly affecting its physical properties, such

as its electrical conductivity [30]. This transformation was

rigorously studied by annealing a series of tungstite sam-

ples ex situ in ambient air up to 800 �C and characterizing

them afterward. In situ heating experiments in the trans-

mission electron microscope (TEM) allowed for the direct

observation of this phase transformation. Because this

phase transformation is actually the dehydration of tungs-

tite NRs, a definite advantage of in situ experiments (in

high vacuum) is the ability to observe what happens in real

time and therefore avoid water (from the ambient atmo-

sphere) to absorb on these materials. Also, in situ heating

experiments in the TEM offer unsurpassed control of the

heating cycles and high lateral resolution, and provide

additional benefits such as the ability to record selected

area electron diffraction (SAED) patterns and electron

energy-loss spectra (EELS) in real time [31, 32]. A tem-

perature-dependent Raman spectroscopy study was per-

formed on tungstite NRs between minus 180 and 700 �C,

during which the structural phase transformation was

detected because of the variations in the lattice vibrations.

X-ray diffraction (XRD), SAED, EELS, and x-ray photo-

electron spectroscopy (XPS) were all employed to char-

acterize precisely this phase transformation in a large

temperature window.

Experimental details

In the first step, the tungstite (WO3�H2O) NRs were syn-

thesized using the acid precipitation method [33, 34].

Around 30–50 mL of 6 N hydrochloric acid (HCl) was

added drop wise to a 100 mL 15 mM sodium tungstate

solution (Na2WO4�2H2O), while this solution was kept at

5–10 �C and under constant stirring. The precipitation

started to take place when about 30 mL of HCl had been

added. However, in order to increase the yield, up to

50 mL of HCl was added. Ultrapure 18 MX Millipore�

deionized water was used for the preparation of all solu-

tions. The solutions were centrifuged and washed to reach

pH 6 and the products added to abundant aqueous solutions

for crystallization and aging for durations of 24–48 h at

room temperature (RT) under constant stirring.

The samples were examined using a field-emission SEM

(FESEM, JEOL JSM-7500F) and a high resolution TEM

(HRTEM, JEOL JEM-2200FS, operated at 200 kV) both

equipped with X-ray energy-dispersive spectrometers

(XEDS), used to determine the elemental composition of

the samples. The TEM is equipped with an in-column

energy filter and was used to record EEL spectra and

energy filtered images. In situ experiments were carried out

using a commercial specimen holder (Aduro by Proto-

chips). Pictures showing the experimental set up are dis-

played in Fig. 1. A drop of a suspension of tungstite NRs

(TNRs) dispersed in ethanol was placed and allowed to dry

on interdigitated heating devices (Fig. 1b). One calibrated

device was used for each experiment. The ramp rate was

set at 10 �C.min-1 in all cases, just like all other ramp rates

in this study (matching the in situ Raman and ex situ

annealing). The phase transformation was monitored using

imaging, SAED, and EELS. The TNRs and WNRs being

sensitive to the electron beam [35, 36], exposure times, and

illumination—to the electron beam—were kept at a mini-

mum. EEL spectra and SAED patterns were recorded from

new NRs each time. During ramping and heating, the

electron beam was kept off the sample (i.e., the beam valve

was closed). Therefore, the heating is assumed to be solely

caused by the heating applied using the in situ heating

specimen holder.

Thermo gravimetric analysis (TGA, SDTA 851, Mettler

Toledo) plots were recorded at 10 �C.min-1 to determine

the proper heat treatment temperatures to be used in sub-

sequent experiments.

Temperature-dependent Raman scattering experiments

were performed on dried TNRs (they were dried at 60 �C

for 10–12 h) in vacuum. The spectrometer used was a

Horiba Jobin–Yvon T64000 micro-Raman system, with an

excitation of 532 nm wavelength from a diode LASER.

The energy of the LASER beam was kept low (0.2 mW) to

avoid any damage to the samples. The temperature was

varied from minus 185 to 700 �C, with a ramp rate of

10 �C.min-1.

The XPS measurements were performed using a PHI

5500 spectrometer operated using a monochromated Al Ka

radiation (1,487 eV) and an electron emission angle of 45�.

In order to compare the XPS data with the in situ TEM and

Raman spectroscopy observations, XPS was performed on

a set of samples that were heat-treated ex situ at different

temperatures (from 300 to 800 �C) in a tube furnace in

ambient air (Lindberg/Blue M Mini-MiteTM).

The current versus voltage (I–V) and current transient

characteristics of these materials were recorded using

interdigitated Pt/PtO electrode devices onto which drops of

the suspensions (the materials were dispersed in ethanol)

were placed and allowed to dry. The electrode separation

distance was 20 lm with an electrode finger length of

1 mm. A picture of the actual device is displayed in

Fig. 11a as inset. A high internal resistance Keithley 2401

electrometer was used to record the signals. UV/Visible

(UV/Vis) absorption spectra in aqueous solutions were

recorded using Varian Cary 500 spectrophotometer.
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Results and discussion

Figure 2 shows the TGA plot recorded from the TNRs and

revealed two mass loss steps. The first loss (I) occurred

below 100 �C and corresponded to the evaporation of

absorbed water; it confirms the sensitivity of this material

to water adsorption. The second loss (II) occurred between

170 and 300 �C and was due to the elimination of inter-

structural water molecules [34].

Here, we report on the results obtained from a set of

eight samples, with conditions listed in Table 1. They were

each given a sample ID.

SEM images showing as-synthesized and heat-treated

NRs (in the furnace) at different temperatures are displayed

in Fig. 3a–g. XEDS recorded in the SEM and the TEM

showed that only O and W elements were present in all the

samples (note that no organic compounds were used in the

synthesis). The TNRs were less than 1-lm long (average

length of 600 nm [34]), 150–550 nm wide, and about

20 nm thick. The heat treatment in air (i.e., oxygen is

present in the medium of the furnace) resulted in significant

changes in the morphology of the NRs for temperatures in

excess of 600 �C. Images shown in Fig. 3e–g confirm that

significant sintering occurred at temperatures higher than

600 �C. Inter-structural water molecules were removed

leading to the phase transformation from orthorhombic

tungstite to monoclinic (a more compact structure) tung-

sten oxide. It causes tension and/or cracks, even though

slow ramping rates were used. The NRs preserved their

sharp edges below 500 �C (e.g., sample W500), but the

morphology was not preserved for temperatures higher

than 600 �C (samples W600, W700, and W800) with a

change from a 2D to a 3D structure. A similar sintering

phenomenon was reported for tungsten oxide nanodisks

Fig. 1 Pictures showing the

experimental set up for the

in situ TEM heating

experiments. a Power supply

and specimen holder. b The

actual device and SEM image

showing the architecture of this

specific interdigitated heating

device. The TNRs suspended in

ethanol were dispersed onto this

device, allowed to dry, and

characterized (through the

carbon support film in the holes)

Fig. 2 TGA plot recorded from TNRs (ramp was 10 �C.min-1)

Table 1 List of samples and experimental conditions on TNRs

Sample ID Heat treatment

Medium Condition

TNRs (WRT1) Atmosphere 60 �C in oven

(as-synthesized TNRs

dried at 60 �C)

W300 Atmosphere 300 �C, 90 min

W400 Atmosphere 400 �C, 90 min

W500 Atmosphere 500 �C, 90 min

W600 Atmosphere 600 �C, 90 min

W700 Atmosphere 700 �C, 90 min

W800 Atmosphere 800 �C, 90 min

WRT2 Vacuum Heated up to 800 �C in situ

in the TEM for 60 min
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which turned to 3D particles when the temperature was

increased from 500 to 700 �C [37]. The goal is to preserve

this 2D nanoribbon morphology in order to maintain the

large active surface area for their use as catalysts. The

consequence of this sintering is also apparent in the pho-

tograph shown in Fig. 3i; it was taken 24 h after six dif-

ferent samples that were subjected to different heat

treatment temperatures (and dispersed in water) were

ultrasonicated for 5 min. The NRs that were treated up to

500 �C took several days to settle to the bottom of the

containers, while the NRs that were treated above 500 �C

settled in only few hours which is a direct correlation of

their sintering. The nanoribbon morphology brings a very

clear advantage for catalysis and photocatalysis applica-

tions, because they can remain suspended for very long

time without any external force.

X-ray diffractograms recorded from the TNRs showed it

to have the orthorhombic Pmnb structure of tungstite with

lattice parameters a = 0.524, b = 1.070, and

c = 0.512 nm, which was in good agreement with pub-

lished data (WO3�H2O JCPDS No. 43-0679 and the

American Mineralogist Crystal Structure Database, AM-

CSD 0005199 [38] ). This orthorhombic structure consists

of distorted octahedral units of tungsten atoms coordinated

with five oxygen atoms and a water molecule where the

octahedra share four vertices in the equatorial plane

forming the sheet structure. The sheets are held together by

weak (van der Waals and/or hydrogen) bonding between

the water molecules and the oxygen atoms in the axial

position (z direction) in the adjacent layers. The bond

lengths between tungsten and oxygen are 0.169 nm

(W = O), two 0.183 nm (W–O), two 0.193 nm (W–O),

and 0.234 nm (axial, water W–OH2) [38].

XRD showed that annealings to temperatures above

300 �C resulted in a phase transformation to the monoclinic

P21/n (14) structure with lattice parameters a = 0.729,

b = 0.754, and c = 0.768 nm, which was in good agree-

ment with published data (WO3 JCPDS No. 43–1035). In

this monoclinic structure, W–O bonds make zigzag chains

in three directions with W–O–W angles of 158� and O–W–

O angles of 166�, while in the x direction, the bonds show

equal length, while in the y and z directions, they are

Fig. 3 SEM images showing

TNRs obtained by aging a WO3

NRs obtained by sintering in air

at temperature b T = 300 �C

(W300), c 400 �C (W400),

d 500 �C (W500), e 600 �C

(W600), f 700 �C (W700), and

g 800 �C (W800). h XRD

recorded from different samples

before and after heat treatments,

and i a photograph taken 24 h

after ultrasonication for 5 min

of six suspensions of TNRs

treated at various temperatures

and dispersed in water
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alternately long and short [39]. These two structures are

illustrated in the schematics of Fig. 4. The WO6-octahedra

are arranged in corner sharing (e.g., ReO3-type structure) in

the (xy) plane and held together by oxygen (W–O–W)

bonds, perpendicular to the \ 001 [ axis. It leads to the

formation of tunnels between the octahedras where small

ions can be placed. It may allow for ionic transport and

intercalation in these structures.

The orthorhombic TNRs transform relatively fast to

monoclinic NRs at T C 300 �C (the transformation is

actually initiated between 200 �C and 300 �C as shown

later in the Raman spectra), by the removal of inter-

structural water molecules. The first step being the pro-

tonation [40] of the tungstate ions upon solution acidifi-

cation to form white solid precipitates

2Naþ þ WO4½ �2�þ2HC1! WO2ðOHÞ2
� �

þ 2NaC1 ð1Þ

The second step is the hydration of the [WO2(OH)2]

tetrahedral molecules and dimerization via O-bridging to

form crystalline [WO(OH)3(H2O)]2(l-O) containing octa-

hedral W-centers [40]:

2 WO2 OHð Þ2
� �

þ 3H2O! WO OHð Þ3 H2Oð Þ
� �

2
ðl� OÞ

ð2Þ

Details of these mechanisms are shown elsewhere [34].

And finally, the tungstite transforms to tungsten oxide by

dehydration:

WO3 H2O½ �n! WO3½ �nþnH2O ð3Þ

The application of temperature on tungstite leads to a

phase transition from orthorhombic tungstite to monoclinic

tungsten oxide. This transition requires the removal of the

inter-structural water molecules which can cause stress to

the thin ribbons (See Fig. 3b, c, d). The ribbon morphology

was preserved at temperatures below 600 �C but for higher

temperatures, the materials turned to 3D particles, which

present drawbacks for applications (i.e., reduced surface

area and impaired floatation). The schematic of this

dehydration process is shown in Fig. 4.

The removal of inter-structural water molecules and

W=O double bonds (which is labeled as O(2) in Fig. 4)

allows for the layers to connect through O atoms to stack

together and turn to a more compact structure. The theo-

retical densities of orthorhombic tungstite and monoclinic

tungsten oxide are 5.78 gr.cm-3 and 7.28 gr.cm-3,

respectively [38 and JCPDS No. 43-1035].

Fig. 4 Schematic of the orthorhombic unit cell of tungstite which

converts to the monoclinic tungsten oxide unit cell by dehydration at

elevated temperatures (C300 �C)

Fig. 5 Temperature-dependent Raman spectroscopy measurements

performed on WRT1 sample a in the range of minus 185 �C to RT and

b in the range of RT to 700 �C. c Raman spectra recorded at 250 �C

and 300 �C showing the presence of the two phases (orthorhombic

and monoclinic)
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The results of the temperature-dependent Raman spec-

troscopy study conducted on sample WRT1 (TNRs) are

displayed in the two plots of Fig. 5a, b, where the spectra

recorded from 0 to minus 185 �C and from room temper-

ature (RT) to 700 �C are shown in (a) and (b), respectively.

The Raman peaks in the spectral range of 400–1,000 cm-1

are associated with WO6 stretching modes. There are two

intense Raman peaks at about 635 (broad x1) and 943

(sharp x2) cm-1. The broad peak x1 and the sharp peak x2

are associated with the stretching mode of the W6?-O(2)

and W6?-O(3), respectively (see Figs. 4, 5). The bond

length of W6?-O(2) is larger than that of W6?-O(3), hence

x1 appears at lower frequency than x2. These two peaks

are characteristic peaks of orthorhombic WO3�H2O. A

decrease in temperature resulted in all the peaks to show a

blue shift. Moreover, significant changes were observed in

the peaks appearing in the low frequency spectral region.

The intensity of the peak at 41 cm-1 increases drastically

with a decrease in the temperature. It may be pointed out

that except for the change in peak position, no extra Raman

peak was observed in the low temperature region. This

indicates that tungstite does not undergo any structural

phase transition at low temperature.

No changes occurred when the temperature was

increased up to 100 �C. At 200 �C, few changes in the

spectra were observed: a new mode appeared at about

845 cm-1, the intensity of one of the stretching modes

(x2 = 943 cm-1) decreased significantly, and the other

stretching mode (x1 = 645 cm-1) became asymmetrically

broader (shifted to higher wave number). These modes

were fitted with four Lorentzian peaks as shown in Fig. 5c.

Note that the broad peak has been fitted with two peaks, the

peak fitted at lower wavenumber represents x1 vibration of

orthorhombic phase, whereas the peak fitted at higher

wavenumber (x3 = 700 cm-1) along with the peak at

(x4 = 810 cm-1) representing the characteristic stretching

vibrational modes of monoclinic WO3. This observation

indicates that at 200 �C both orthorhombic and monoclinic

phases coexisted. As the temperature was further increased

to 250 �C, all Raman peaks belonging to the orthorhombic

phase disappeared. At this temperature, the stretching

vibrations (x3 and x4) related to the monoclinic phase

became more intense, and changes were also observed in

the low frequency region of the spectra. For clarity, the

Raman spectra for the mixed phase and the pure mono-

clinic phase are compared in Fig. 5c.

The core level XPS spectra recorded from samples

TNRs, W300, W500, and W700 samples are presented in

Fig. 6. The spectra for all samples recorded in the region of

W4f showed W4f7/2 and W4f5/2 doublet at the binding

energies of 35.6 and 37.7 eV (with peak separation of

2.1 eV or 17,000 cm-1 and the intensity ratio of 3:4) and

are associated with oxidation state W6? ions [41] (see

Fig. 6a). The O1 s spectrum of each sample was fitted with

three peaks (see Fig. 6b). The main contribution to the

O1 s spectra at the lowest binding energy originates from

the W–O bond. The second peak at about 532.5 eV rep-

resents the –OH bond, corresponding to the absorbed or

inter-structural water molecules inside the tungsten oxide

or the tungstite structure. The highest intensity for this peak

was observed in the TNRs sample because of the inter-

structural water molecules (see Figs. 4, 6b). The intensity

of this second peak was observed to increase for samples

that were heat treated to 300, 500, and 700 �C, which

shows increasing sensitivity to the adsorption of water on

their surface. The third small peak in the O1 s spectra can

be assigned to the O–C bonds representing adsorbed con-

taminations, commonly detected in XPS.

One TEM image and a corresponding SAED pattern

recorded at RT from as-synthesized TNRs are shown in

Fig. 7a, g. This diffraction pattern (DP) was indexed to the

orthorhombic Pmnb structure of tungstite, which is in good

agreement with XRD. The images shown in (b–f) were

recorded during the in situ heating experiments in the TEM

at 300, 500, 600, 700, and 800 �C, respectively. There were

no signs of sintering between NRs unlike when heating was

performed in the presence of oxygen (i.e., in the furnace;

see Fig. 3) because of their intentionally reduced

concentration.

The diffraction pattern shown in Fig. 7h was recorded at

500 �C and was indexed to the monoclinic P21/n (14) WO3

structure. The same structure was identified in all heat-

treated samples during the in situ heating experiments in

Fig. 6 XPS O1 s and W4f core level spectra recorded from TNRs,

W300, W500, and W700 samples
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the TEM. The results are in very good agreement with

XRD.

One HRTEM image recorded from the extremity of one

TNR and its corresponding SAED pattern indexed to the

orthorhombic single crystalline structure with the [110]

zone axis are shown in Fig. 8a, b. Measurements on the

HRTEM images showed that the single crystal TNR

growth direction was \ 111 [. The measured lattice

spacing was 0.35 nm and corresponded to the {111} planes

of tungstite. Therefore, the oxolation along equivalent

x and y directions ({111} lattice planes) during the crys-

tallization and growth steps leads to the formation of a

tungstite crystalline layered phase. Hence, for this layered

structure, the z-axis is not in the predominant growth

direction. A schematic of one unit cell of tungstite con-

sisting of four distorted octahedra, in accordance with

SAED and growth direction, is displayed in Fig. 8c.

The TEM in situ heating experiments resulted in mate-

rials that appeared to have a more ordered crystallographic

structure on the HRTEM images, as illustrated in Fig. 8d-g.

Figure 8h shows a SAED indexed to WO3 with the

monoclinic structure recorded at 500 �C (same for all

T C 300 �C). A schematic of one unit cell of WO3 con-

sisting of eight distorted octahedra, in accordance with

SAED and growth directions, is displayed in Fig. 8i.

Therefore, WO3 NRs were 2D monoclinic structures laid in

\ 200 [directions. The d-spacings were found to be 0.52,

0.52, 0.37, and 0.36 nm corresponding to the (-101),

(101), (020), and (200) lattice planes, respectively. The DP

shown in (h) was indexed to monoclinic WO3 oriented

along the [001] zone axis. Oxygen vacancies were

observed in the crystal lattice (see Fig. 8g for example)

unlike for heat treatments performed in the ambient

atmosphere.

HRTEM images recorded from ex situ heat-treated

TNRs in air (i.e., using the tube furnace) are shown in

Fig. 9. It resulted in perfect and oxygen vacancy-free

monoclinic crystals. O atoms present in air can diffuse to

the structure during heating and result in higher levels of

crystallinity. A typical SAED pattern, indexed to mono-

clinic WO3 with zone axis [001], is shown in (f). The weak

reflections, e.g., the labeled (110), are forbidden

reflections.

EEL spectra were recorded from samples heated ex situ

(samples heated in air) and in situ (samples heated in

vacuum). EEL spectra recorded in situ (at RT, 400, 600,

and 800 �C) are presented in Fig. 10. The data were

smoothed with a 1 eV window. Because they were recor-

ded from one NR at one time, multiple scattering effects

can be ignored since the NRs were less than 20 nm thick

having little consequence on the energy-loss near-edge

structure (ELNES). The O K-edge may be influenced by

Fig. 7 a TEM image recorded

from TNRs and b–f in situ TEM

images recorded at 300, 500,

600, 700, and 800 �C,

respectively. g SAED pattern

corresponding to image

a indexed to the orthorhombic

structure and h SAED pattern

recorded at 500 �C and indexed

to the monoclinic WO3 structure
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several factors including the ejection of electrons into the

continuum producing a saw-tooth shape, as well as solid-

state effects and transitions to unoccupied bound states

creating fine structures in the edge [42, 43]. The ELNES of

the O K-edge in transition metal oxides is due to the

crystal-field splitting of the metallic d orbital into eg and t2g

components, resulting in the EELS double-peak signature

[44, 45].

The peaks positions with respect to the O K-edge are

listed in Table SI. The energy for the first peak at high

temperatures (400–800 �C) was about 2.0–2.1 eV (with

respect to the position of the O K-edge; i.e., 532 eV) and

1.8 eV for sample WRT2. An increase in temperature,

therefore, leads to an increase in the level of the energy of

the t2g orbital. The energy for the second peak in TNRs

(9.01 eV) was higher than that for samples annealed at

higher temperatures (400, 600, and 800 �C) which varied

from 7.9 to 8.0 eV. The separation between the first and the

second peak is higher for TNRs (7.7 eV) than for mono-

clinic NRs (5.9-6.2 eV). In the orthorhombic structure,

there is a strong double bond and a weak water molecule

bond which are connected to tungsten. These two bonds

contribute mostly to the t2g component. The higher inten-

sity of the second peak for TNRs is due to these two bonds.

The O–K ELNES for both phases had a similar shape, but

differ in position and intensity [45, 46]. The O K-edge can,

therefore, be used for the phase identification of these two

materials.

In situ heating experiments in the TEM showed that the

position of the first peak shifted from 1.30 eV (TNRs at

RT) to 2.0–2.1 eV (WO3 at 400–800 �C), respectively. The

EEL spectra for ex situ samples were also recorded (see

Figures S1 and S2 and Table SII, ESI). Ex situ EELS (see

Table SII, ESI) showed that it also decreased from 2.0 to

2.1 to 1.80 eV when cooling to RT, while the first peak

remained unchanged (1.3 eV) for both phases. The peak

separation for the monoclinic structure did not change

significantly (in situ and ex situ).

UV/Vis absorption spectra recorded from annealed

TNRs (WO3 NRs) are shown in Fig. 11. For samples

annealed at temperatures 600 �C and below (W300, W400,

W500, and W600), absorption was significantly more

Fig. 8 HRTEM image of a the

tip of a single crystal TNR (as-

synthesized). The lattice

spacings of 0.35 nm

corresponding to the {111}

crystal planes (0.35 nm) of the

orthorhombic phase and

b corresponding SAED pattern

showing a zone axis in the [110]

direction and reflections

pertaining to the orthorhombic

structure and c schematic of an

orthorhombic tungstite unit cell

with growth direction \ 111 [ .

(d–f) HRTEM images recorded

in situ at different temperatures

(d:300 �C, e:600 �C, and f,

g:800 �C) which revealed the

presence of oxygen vacancies.

Evidence of sintering was not

observed. g Higher

magnification image recorded

from the edge of a monoclinic

crystal, with the {110} planes

(0.52 nm) labeled and

h corresponding SAED pattern

indexed to monoclinic WO3

structure with zone axis [001].

i A schematic of a monoclinic

WO3 unit cell
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intense than for samples annealed at temperatures 700 �C

and above. Two peaks around 245 nm (5.0 eV) and

365 nm (3.4 eV) appeared for TNRs [34]. Two peaks at

325 nm (3.8 eV) and 245 nm (5.0 eV) and a trailing

infrared (IR) absorption were observed for samples W300,

W400, and W500. The apparent absorption into the IR

range is attributed to the scattering of the WO3 NRs and is

reasonable considering the near-micrometer scale (in the xy

plane) of the NRs. These peaks can reasonably be assigned

to the eg
* (r*-bonds) and t2g

* (p*-bonds) orbital components

(peak separation distance is 10,050 cm-1) [40]. This peak

separation was smaller for TNRs (13,500 cm-1) [34].

Therefore, the phase transformation is responsible for

changes in the soft UV region (365 nm to 325 nm).

Ignoring the electron correlation effects and considering

that the transition from a1g, t2g and eg to t2g
* is forbidden,

the two observed peaks are the results of the electron

excitation from t1u occupied orbitals to two unoccupied

anti-bonding components eg
* and t2g

* corresponding to

245 nm and 325 nm photons. The decrease in absorption

when the heat treatment temperature was increased from

300 to 500 �C is attributed to the more rapid settling of the

NRs because of sintering. With the exception of the more

severe sintering, there were no changes observed when

heating was increased to 700 �C and higher.

Fig. 9 HRTEM images recorded from TNR annealed at different temperatures a W300, b W400, c W500, d W700 and e W800, and f typical

SAED pattern, indexed to monoclinic WO3 with zone axis [001]

Fig. 10 EEL spectra recorded in situ showing the O K-edge at

different temperatures (RT, 400, 600, and 800 �C) and also recorded

from samples WRT1 and WRT2 Fig. 11 UV/Vis absorption spectra from TNRs to WO3 NRs sintered

at various temperatures in ambient air

J Mater Sci (2014) 49:5899–5909 5907

123



The current versus voltage (I–V) characteristics for as-

synthesized and ex situ heat-treated TNRs were recorded

and are shown in Fig. 12. The samples that were heat

treated to higher temperatures displayed a lower conduc-

tivity, a consequence of the reduced concentration of

oxygen vacancies. The inset in Fig. 12b shows the two

plots at the same scale. Therefore, it may be possible to use

these materials in desirable applications (e.g., resistive

switching [47] ). According to the electrode separation of

20 lm for interdigitated Pt/PtO electrodes, the breakdown

electric field value for TNRs was measured to *3x105

V.m-1, which increased to *4x105 V.m-1 for sample

W300. In all cases, the Schottky barrier behavior was

observed. WO3 nanoribbons grafted with Pt nanoparticles

(i.e., co-catalyst) are suggested [48] and will be the subject

of a future publication.

Conclusion

In situ heating experiments in the TEM and temperature-

dependent Raman spectroscopy demonstrated the phase

transformation of orthorhombic tungstite NRs to mono-

clinic tungsten oxide NRs, initiated between 200 �C and

300 �C. EELS and XPS showed the electronic structure and

bonding properties for tungstite and tungsten oxide NRs.

EEL spectra can be used for phase identification between

the two materials. Annealing in ambient atmosphere got rid

off oxygen vacancies resulting in better stoichiometry but

reduced conductivity. In order to avoid sintering and a loss

of the advantageous nanoribbon morphology, it is prefer-

able to anneal at temperatures not to exceed 500 �C.
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