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Abstract
Tungsten trioxide (WO3)has been investigated extensively because of its photochromic and
electrochromic properties, which allow its color to be changed easily under various conditions. This
research reports the pressure-induced chromismofWO3nanoparticles under pressures fromambient
pressure to 31.8 GPa, in an effort to establish the pressure-structure-coloration relationship ofWO3

nanoparticles. In situRaman spectra were used to evaluate the phase structures; and in situUV–vis
absorption spectra were utilised to characterise the coloration performance of theWO3nanoparticles.
The phase transition and coloration characteristics of the nanoparticles were investigated in
comparisonwithmicrocrystallineWO3, based on the Raman results, and a series of phase transition
sequences, associatedwith irreversible color change, was observed under different pressures.

1. Introduction

Tungsten trioxide (WO3) is a type of hexagonal or cubic symmetrically structured semiconductor that has
attracted immense research attention, because of its promising photochromic, electrochromic, and photo-
catalytic properties, etc [1–8]. After the first photochromismwas discovered by SKDeb in 1973 [9], the
preparation, properties, and structure investigations ofWO3have been extensively carried out. Recent
photochromism studies ofWO3havemainly been focused on photochromismofWO3films, with promising
potentials in applications in smart window to regulate the room temperature [10]. The electrochromismofWO3

has huge potentials in television screens andwindows to achieve tunable reflection coatings [11, 12]. Effects of
crystallite size on these performances ofWO3have increasingly attractedmore research attention [13], and the
extraordinary properties of nanocrystallineWO3make themparticularly attractive in the construction of nano-
electronic and nano-optoelectronic devices [14–16].

Micro-structuredWO3has a large variety of phases under different pressures [17, 18]. Two stable structures
with a triclinic phase (P1) andmonoclinic phase (P n21 )were found at ambient condition, respectively [19]. Xu
et al [20] showed that the triclinic phase transferred to a newmonoclinic phase (P c21 ) above 0.57 GPa, based on
x-ray diffraction (XRD) study.However, their result disagreedwith Salje’s study in 1980, which reported that
both of the phases transformed to amonoclinic phase (Pc) [21]. Later on, Souza-Filho et al reported that the
WO3microcrystals containing amixture of triclinic phase (P1) andmonoclinic phase (P n21 ) gradually
transferred to amonoclinic phase (P c21 ) and the phase transitionwas completed above 1.4 GPa, according to
their Raman spectra [22]. Further increase the pressures,microcrystallineWO3underwent twoweak structure
transitions at 3 and 10 GPa and one phase transition frommonoclinic phase (P c21 ) tomonoclinic phase
(P a21 ) at 22 GPa, based onRaman spectra andXRD study conducted byM. Boulova et al [23, 24]. However, the
investigation towards nanoscaleWO3under high pressure has rarely been reported.

In this article, we firstly use in situRaman spectroscopic technique to study the structural features ofWO3

nanoparticles, againstmicrocrystalline particles, under high pressures, then use in situUV–vis technique to
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assess the coloration behavior, and finally to establish the pressure-structure-coloration relationship ofWO3

nanoparticles.

2. Experimental

TheWO3 nanoparticles used in this studywere obtained by using a simple heat treatment process. The precursor
W18O49 bundled nanowires was prepared by using a solvothermal technique, as we have described previously
[25]. After theW18O49 product was synthesized, 0.1 g ofW18O49was placed into a ceramic boat and annealed at
800 °C in air for 1 h, then continually annealed at 200 °C for another 1 h to achieve theWO3 nanoparticles.

Since both themonoclinic phase (P n21 ) and triclinic phase (P1) are reportedly stable at room temperature
[19], we characterized the sample by x-ray diffractometers produced by PANalytical with aCuK radiation (40 kv
and 40 mv). The particle size of the nanoparticles was assessed by using scanning electronmicroscopy (SEM) and
transmission electronmicroscopy (TEM).

TheWO3 powder sample was compressed into a symmetric diamond anvil cell (DAC)with 300 μm-
diameter anvil culet andT301 stainless steel gasket, and a 150 μm-diameter holewas drilled in themiddle of the
gasket as the sample chamber. The pressure-transmittingmediumwas silicon oil. A ruby granule was placed in
the chamber to obtain the pressure with the rubyfluorescence line shift [26]. The pressure ranged from0.3 to
31.9 GPa. Since below 290 K themonoclinic phase undergoes a phase transition to a triclinic phase [18, 19], all
the experiments were therefore performed at room temperature.

The in situRaman spectra were recordedwith a Renishaw inVia spectrometer with awavenumber range of
70 to 1000 cm−1. TheNd:YAG laser was used to excite the sample. AnOlympus 20×magnificationmicroscope
was used to focus the laser, and the diameter of the laser spotwas about 2 μm.The incident power on the sample
was 5 mW.The exposure time for each spectrumwas 15 s. The accumulations were 2 times for 0–17 GPa, and 3
times above 17 GPa. TheUV–vis absorption spectrawere acquired on amicroHPUV–vis system (Ocean
Optics). The testedwavelength ranged from330 nm to 850 nm. The pressure ranged from0.5 to 31.8 GPa.

3. Results

TheXRD spectrumof the synthesizedWO3nanoparticles at ambient pressure and room temperature is shown
infigure 1(a), whichmatches well with ICDD-43-1035. Threemain peaks of (002), (020) and (200) located at
2-theta degree of 23.10°, 23.63° and 24.34° respectively, which are used to identify themonoclinic phase
(P n21 ). No additional XRDpeaks for the triclinic phase (P1)were found. The average size of the particles was
determined to be about 30 nmwithTEM, as shown infigure 1(b).

Raman spectra of the two different pressure ranges are presented infigures 2(a) and (b), respectively. From0
to 7.7 GPa (figure 2(a)), the spectrumof 0 GPa refers to sample prior to being loaded into theDAC.When the
samplewas loaded into theDAC and the pressure was increased to 0.3 GPa just for sealing, a phase transition had
already been observed andnew peaks E, F andG appeared. The same phenomenon has been reported in bulk
WO3 [21]. Further increase the pressure, peakDbecameweaker andwas hardly observable; whereas, peakAwas
replaced by peak E, and two newpeaks,H and I, replaced peaks B andC at 1.6 GPa, which indicates the complete
offirst phase transition around 1.6 GPaThis phase transition point ofWO3 nanoparticles is the same to the

Figure 1. (a)X-ray diffraction spectra ofWO3nanoparticles; (b)TEMpicture ofWO3nanoparticles.
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result ofmicro-sizedWO3 that was reported by Souza-Filho et al [22]The next phase transition took place at
2.9 GPa, as evidenced by the appearance of a new peak J. Twominor peaks around 200 cm−1

finallymerged into
one newpeak at 4.5 GPa.MicrocrystallineWO3has been reported a Raman spectral anomalies at about 3 GPa
[23]. In the low-pressure region, phase transition before 1.6 GPa and at 2.9 GPawere recognized.

From7.7 to 31.9 GPa (figure 2(b)), a new peak Lwas found, whilst peak Fwas hardly visible when the
pressure was increased to 9.4 GPa. This indicates the phase transitionwhich has previously been reported as a
weak structure transition for themicrocrystallineWO3 [23]. Further pressure increases up to 23.5 GPa resulted
in only peak shift whilst the spectra remained the same. At 23.5 GPa, newpeaksM andNwere visible, and at
28.1 GPa peakGbecame hardly observable. In themediumpressure region, 9.4 GPa and 23.5 GPa have been
recognized as the phase transition points. Both transition points have previously observed inmicro-sizedWO3,
with peakG at 28.1 GPa [23]. From these Raman observations, it seems that the pressure-induced phase
transition behavior ofWO3 nanoparticles is similar to those ofmicro-sizedWO3. Thewavenumbers of peakswe
marked under different pressure are showed in the figure 2(c). The phase ofWO3nanoparticles under different
pressure are presented in table 1. Themixed phase includesmonoclinic phase (P n21 ) and triclinic phase (P1)
[22]. At the same time, the high pressure phase I and II are still uncertain and need to be judgedwith further XRD
study. Figure 2(d), before and after the compression, exhibits different Raman spectroscopic features of theWO3

nanoparticles, which demonstrates the irreversible nature of the pressure-induced phase transition.
Figure 3 shows theUV–vis absorption spectra of theWO3 nanoparticles under various pressures, which is

also presented as two parts for an easy comparisonwith the Raman data (figure 2). At 0.5 GPa, the absorption

Figure 2. (a)Raman spectra under pressure from0 to 7.7 GPa, (b)Raman spectra under pressure from 7.7 to 31.9 GPa, (c)
wavenumbers ofmain Raman spectra peaks under different pressures and (d)Raman spectra before and after the compression.

Table 1.Phase ofWO3nanoparticles [22–24].

Pressure (GPa) Phase

Ambient Monoclinic (P n21 )
0.3–1.6 Mixed phase of (P n21 ) and (P1)
1.6–2.9 Monoclinic (P c21 )
2.9–9.8 High pressure phase I

9.8–23.5 High pressure phase II

23.5- Monoclinic (P a21 )
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peaked at round 400 nm (crossmarked in the figure), belonging to the coloration range of yellow-green,
exhibited at atmospheric pressure. Increasing the pressure up to 4.0 GPa, we have found that the peak shifted
gradually to a shorter wavelength (figure 3(a)). Above 4.0 GPa, the peak shifted to a longer wavelength. At the
same time, the absorption peak at 4.0 GPa appears to be sharper than the other peaks between 0.5–7.9 GPa.

At the high-pressure range, the peak shifted to a shorter wavelength again at 9.8 GPa (figure 3(b)), however it
constantly shifted to a longer wavelength except from the one at 25.0 GPa.Meanwhile, the peak shape varied
with increased pressures. The downtrend of the absorption peak exhibited to a gentle slope at 31.8 GPa in
contrast to the steep slope at 7.8 GPa, whichmight be caused by the appearance of new absorption peaks at
higherwavelength.

Figure 4(a) shows the obvious spectra shape differences between the samples before and after the
compression, and the post-compression sample exhibits an absorption of longer wavelength than the pristine
sample. This result has shown that the pressure-induced coloration is irreversible, which has further confirmed
by the actual color change frompale yellow (before compression, left) to dark blue (after compression, right) of
the two samples (inset offigure 4(a)).

To further compare the spectra at different pressures, we plotted the absorption peak positions infigure 4(b).
It is noted that thewavelength of the peaks aremostly increasedwith increased pressures, except from a few
peaks from0.5 to 2.4 GPa, 7.8–9.8 GPa, and 20.4–25.0 GPa.

4.Discussion

There is a correlation between the Raman spectra andUV–vis absorption spectra. In the Raman spectra, phase
transitions around 9.4 GPa and 23.5 GPa have been observed, which corresponds to the decreasedwavelengths

Figure 3.UV–vis absorption spectra ofWO3nanoparticles obtained at different pressure ranges: (a) 0.5–7.8 GPa. (b) 7.8–31.8 GPa.

Figure 4. (a)UV–vis absorption spectra ofWO3nanoparticles and their corresponding powdermicroscopy images of the samples
(inset) before and after the compression. (b)Absorption peak positions of theWO3nanoparticles under different pressures.
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of the absorption peaks infigure 4, from7.8 to 9.8 GPa and 20.4 to 25 GPa, respectively. Based on the Raman
spectra, thefirst phase transition initiated at 0.3 GPa and finished at 1.6 GPa, which accounts for thewavelength
decrease below 2.4 GPa in the absorption spectra. The phase transition results in the absorption peak shifting to
lowerwavelength, except from the one at 4 GPawhichwill be discussed later.

From figures 2 and 4(b), we note that thewavelength increases with increased pressure when no phase
transition is involved. To account for this phenomenon, the relationship between the absorption spectra and
band gap can be considered. High pressure leads to decreased atomic distances in the lattice thatwill affect the
band gap. As a reflection of the bandgap of theWO3, the position of absorption peak is therefore affected. Li et al
have reported that the resistance decreasedwith increased pressure applied, except from at pressures where
phase transition occurs [27, 28]. Thismeans that the bandgap ofWO3 decreases with the increases of pressure
under no phase change condition. Contributing to the absorption spectra, the decreases of the bandgapwill
cause the increase of thewavelength in the absorption peak.

We therefore consider the compression pressure having two combinedways affecting the absorption spectra
ofWO3nanoparticles. The anomalous absorption point at 4 GPa discussed earlier is a joint result of the two
effects. At 4 GPa, the phase transition at around 3 GPa decreased thewavelength of absorption peak, but this
effect is weaker than the increasing of wavelength caused by decreasing the bandgap under increased pressure. As
a result, thewavelength still increases with pressure but grows less, which fits well with the experiment result.

By comparing figure 2(c)with figure 4, it is noted that the absorption spectra do not recover upon the release
of pressure, due to the irreversible phase transition.We also notice that the spectrum after decompression look
similar to thatmeasured at 1.6 GPa. Thismay indicate that all high-pressure transitions are reversible and only
this at 1.6 GPa seems irreversible,maybe due to pressure-induced defects and strains. The defects (oxygen
vacancies) can also explain blue color after decompression.Meanwhile, thewavelength increase of the post-
compression sample suggests a smaller bandgap in theWO3nanoparticles than the pristine sample. This analysis
agrees with the result thatWO3nanoparticles exhibit lower resistance after compression [28].

5. Conclusions

To summarize, we have found that the pressure-induced phase transition behavior ofWO3nanoparticles is
similar to those ofmicrocrystallineWO3, through the in situ high pressure Raman spectrumobservations. The
newphase change is irreversible during decompression. The irreversible pressure-induced chromismofWO3

nanoparticles was also confirmedwithUV–vis absorption spectra. TheUV–vismeasurement shows that the
absorption peakwavelength increases with the pressure, which indicates a bandgap decrease due to shortening
of the lattice parameters. The pressure-induced phase transition always accompanies with the absorption peak
wavelength decreasing, and the pressure-induced chromism characteristic of theWO3nanoparticles is a
combination of these two contributions. A pressure-structure-coloration relationship ofWO3nanoparticles has
therefore been established for up to 31.8 GPa.
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