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Abstract  

We study the transformation that WO3 nanoparticles produced by Flame Spray Pyrolysis undergo 

when subjected to heating and cooling cycles by means of accurate in-situ XRD and HRTEM 

investigations supported by atomistic modeling at the level of Density Functional Theory. As-

deposited particles, initially in the monoclinic phase, reversibly transform into the high-

temperature orthogonal and tetragonal phases (and vice versa) irrespective of the direction of the 

temperature gradient. However, upon heating the particles experience an irreversible change of 

morphology as a consequence of evaporation/reprecipitation processes leading to the formation 

of larger particles, some of which are elongated (aspect ratios of up to 3:1) along various 

crystallographic directions of the tetragonal unit cell. On the basis of the results of extensive ab-

initio thermodynamic calculations of surface energies and first-principles Molecular Dynamics 

simulations of the growth process, we rationalize these findings in terms of different surface 

stabilities and reactivities towards gas-phase deposition of molecular WO3 presented by the 

nanocrystal facets. 

 

*Corresponding author: lmaedler@iwt.uni-bremen.de (Lutz Mädler) 
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 1. Introduction  

Tungsten trioxide, WO3, is an important wide-band semiconductor material with a broad range of 

applications in electrochemical cells, gas sensors and display devices.1 Recently, numerous 

synthetic routes have been developed for the preparation of WO3, including flame spray pyrolysis 

(FSP), surfactant tailored synthesis, template directed/free synthesis, solution-based colloidal 

approach, chemical vapor deposition/thermal deposition  and hydrothermal synthesis.2 Many of 

these techniques produce WO3 nanoparticles, which can be employed in this form or converted, 

via appropriate thermal treatments, into elongated nanostructures such as rods or wires. The latter 

are specifically important for diverse applications in electrochromic devices,3 display 

technologies1f (since the reflectivity of the rods can be changed by adjusting their orientation 

within an electric field), fuel cells, and other optical or electronic devices.4 Tailoring the physical 

properties of WO3 nanostructures can be achieved by accurate control of their morphology and 

crystallographic ordering, exploiting the variety of phases stable at different temperatures. Of 

technological importance is especially the monoclinic γ-phase, stable at room temperature, and 

the tetragonal α-phase, stable at high temperatures and often found in the form of elongated 

particles with high aspect ratios. 

In a well-known technique for the production of WO3 nanowires or rods, an oxygen flow is 

directed over a hot tungsten filament causing the formation of gaseous tungsten oxide species 

(such as WO2 or WO3).
5 When the gas products are collected onto substrates maintained at 

temperatures below the decomposition temperature of bulk WO3, they condense according to 

nucleation-and-growth mechanisms that can be controlled by the substrate temperature. In 

general, for high-melting, yet sublimating metal oxides like WO3, solid/gas transformations (e.g 

evaporation/re-precipitation mechanisms) may be employed for the growth of different 
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morphological WO3 nanoparticles with different crystal symmetries.6 In this context, the detailed 

knowledge of the growth mechanism of WO3 is important to tailor the fabrication process for 

various commercial products.7 In order to obtain an in-depth understanding of the correlation 

between processing/post-processing conditions, we demonstrate the associated crystallographic 

phase transformations and the resulting nanocrystal habitus during heating and cooling cycles. To 

this aim we perform a precise in-situ X-ray diffraction (XRD) and high-resolution transmission 

electron microscopy (HRTEM) analysis combined with quantum mechanical atomistic modeling 

at the level of Density Functional Theory (DFT). 

Our study reveals that crystallographic transformations between all stable WO3 phases upon 

temperature changes are reversible, yet an irreversible change of particle morphology takes place 

during a heating/cooling cycle of FSP-produced nanoparticles. Namely, the latter recrystallized 

into larger particles due to a combination of particle-particle agglomeration and evaporation/re-

precipitation of gaseous tungsten oxides. Some of the particles are elongated with aspect ratios of 

up to 3:1. For the latter, by accurate analysis of HRTEM data, we reveal several preferred growth 

directions and correlate them with the surface energy values computed within an ab-initio 

thermodynamics framework. We highlight the importance of taking into account the correct 

oxygen termination of the surfaces, and unveil atomistic details of the growth process by means 

of ab-initio molecular dynamics simulations. 

 

2. Experimental 

2.1. X-ray diffraction  

For all X-ray diffraction measurements we used a PANalytical X'Pert MPD Pro system with Ni-

filtered Cu Kα1-α2 radiation. A fixed divergence of ¼° was applied together with primary and 
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secondary Soller slits of 0.04 and 0.0175 rad, respectively, to minimize over irradiation and 

asymmetry effects. Intensities were recorded by a PANalytical X'Celerator detector with 127 

channels of 0.01671° aperture each, in continuous scanning mode in the range of 15-140°2θ and 

with an integration step width of 0.0334°2θ. The measuring time step was nominally 170 s, to be 

divided by 127 channels to yield an effective measuring time of 1.34 s per 0.0334°2θ. For the in-

situ recordings, a ceramic sample holder (α-Al2O3) with a diameter of 15 mm and a depth 0.8 mm 

was placed in a high-temperature chamber HTK 1200N (Anton Paar Co.). In-house calibration 

measurements with the chamber yielded temperature variations of less than 2°C within the 

sample and a systematic offset of -8 °C within the range of ~100 to ~600 °C. During the series of 

in-situ high-temperature measurements (45 minutes per scan at each constant temperature) the 

sample was equilibrated for 10 minutes before each measurement, applying a heating rate of 20 

°C/min between them.  

 

2.2. Synthesis and microscopy 

The WO3 nanopowders were prepared with the FSP process described elsewhere 7.  In short, the 

tungsten hexacarbonyl (99.9% pure, Strem) precursor was dissolved in tetrahydrofuran (THF, 

99.95%, Strem) and delivered (5 mL/min) into the FSP reactor. The dispersed precursor solution 

was combusted using CH4 and O2 (1.5 L/min, 3.2 L/min) to obtain fine particles. These as-

prepared particles were dispersed in absolute ethanol and sonicated for one hour. A drop of this 

suspension was placed on a copper grid coated with carbon film followed by drying the grid at 

ambient conditions before scanning the images. The TEM specimens were investigated with a 

FEI Titan 80/300 microscope equipped with a Cs corrector for the objective lens, a Fischione 

high angle annular dark field detector (HAADF) and a GATAN post-column imaging filter. For 

all studies the microscope was operated at 300 kV. The in-situ TEM imaging was performed with 
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a single-tilt Gatan heating holder in built within the Titan 80/300 instrument capable of achieving 

a maximum temperature of 1100 ºC. Our in-situ heating experiments were performed up to 950 

ºC on grids made with a copper mesh. The images (HRTEM, LRTEM, and SAED) were 

recorded at 50°C temperature intervals. A heating rate of 20°C/min was employed for the 

measurements. The dTEM of the particles at room temperature were measured on an ensemble of 

50 particles along and perpendicular to their axes where the average diameter of a single particle 

was derived. 

 

2.3. Density Functional Theory modeling 

Our static DFT calculations of surface energies were performed according to the Projector 

Augmented Waves (PAW) method using the PBE54 generalized gradient approximation (GGA) 

for the exchange-correlation functional as implemented in the Vienna ab initio simulation 

package (VASP).8 The wave functions were expanded in plane waves up to a kinetic energy cut-

off of 600 eV for bulk and 400 eV for surface calculations. Integration in the first Brillouin zone 

was performed using Monkhorst-Pack grids with a 4x4x4(1) k-point mesh in the crystal unit cells 

for bulk (surface) calculations. For each considered phase, the shape and volume of the unit cell 

as well as the internal atomic coordinates were fully optimized until all force components were 

less than 10-3 eV/Å2.  The molecular dynamics (MD) simulations were performed with a similar 

setup (Plane Waves, PAW, PW91 GGA functional, 540 eV kinetic energy cutoff) using the Car-

Parrinello method as implemented in the Lautrec code. The generated PAW datasets treated 14 

explicit valence electrons for tungsten and 6 for oxygen, including 3,2,0 (W) and 2,2,0 (O) 

projectors for the s,p,d angular momentum components. The α-WO3 (001) and (100) surfaces 

were modeled using slabs of a thickness of about 8 and 9 Å, corresponding to 3 and 4 atomic 

layers in the respective directions, with surface unit cells of areas 10.6x10.6 and 11.8x10.6 Å2 
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including 8 and 6 W atoms, respectively. The surface unit cells were sampled at the (0.25, 0.25) 

point of the Brillouin zone. The WO-terminated slabs were separated by vacuum gaps of at least 

15 Å thickness, providing enough free space to model the adsorption of WO3 gas molecules. 

3. Results 

3.1. X-ray diffraction 

We start our investigation with the in-situ examination of a pristine sample of WO3 prepared by 

FSP by means of high-temperature diffraction during a coherent heating and cooling cycle, 

running from 25 °C to 800°C and back to RT. The series of measurements are presented in Fig. 1 

(a) and (b) showing a continuous interpolated image9 with explicit diffraction patterns 

superimposed at selected temperatures.  

 

Fig. 1  XRD patterns of WO3 nanoparticles plotted by ODV (ocean data view) observed in-situ 
from room temperature to 800° C on (a) heating (b) cooling. The structural transformations can 
be seen very clearly from the plot. 
 

At room temperature, broad reflections typically characterize the as-synthesized WO3 

nanoparticles. During heating, a significant reduction in the broadness occurs between 450 and 

600 °C, which can be associated with crystal growth. In the temperature range 600-700 °C, two 
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groups of main reflections at about 23°2θ and 34°2θ become well resolved. At 700 °C a very 

distinct transformation into a different phase is observed, characterized by narrow, well resolved 

XRD peaks. Upon cooling, a similar sequence was observed in reversed order. However, due to 

the improved resolution of the reflections, two phase transformations are now clearly observed, 

one at about 675 °C when a new peak appears at 26.5° 2θ, and a second one between 350 and 300 

°C. The latter is identified by the splitting of some of the peaks, e.g. at 29 or 42°2θ (Fig. 1). 

 

 

Fig. 2  Representative Rietveld fittings of the WO3 (A) heating patterns from 25-800°C and (B) 
cooling patterns from 800-25°C showing reversible structural transformation in the order 
monoclinic – orthorhombic – tetragonal phase and vice versa during cooling. 
 
Rietveld analyses of selected high temperature X-ray plots are performed using the BRASS 

program 10 and presented in Fig. 2 (A) and (B) for the heating and cooling ramps, respectively. 

The cooling data show with clarity the expected sequence of WO3 phases.11 Namely: a tetragonal 

phase with space group P 4/n c c (ICSD # 50733) at the highest temperatures, an orthorhombic 

heating cooling 
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phase with space group P c n b (ICSD # 50728) at intermediate temperature and a monoclinic 

phase with space group P 21/n (ICSD # 80056) at room temperature (see Tab. 2 and ESI †).  

For the initial heating series the analysis is rather difficult due to non-Bragg scattering 

phenomena together with extremely broadened reflections. As a result, the monoclinic and the 

orthorhombic phase are difficult to distinguish (see Fig. 1 and 2): the typical splitting of 

reflections in the monoclinic phase is not clearly recognizable due to the overlap of reflections 

caused by the rather strong peak broadening typical for such samples. However, it is still possible 

to obtain reasonable fits using the monoclinic model at room temperature and the orthorhombic 

model above ∼400°C. From the Rietveld analyses, we can estimate the characteristic sizes of the 

particles from the peak broadness (assuming negligible contributions from crystal disorder). As 

reported in Fig. 2, the FSP synthesized monoclinic primary particles (crystallite size dXRD ~7 nm) 

grow progressively during heating through the first monoclinic-orthorhombic transformation 

(dXRD ~15 nm). At about 700°C, a sudden increase of the particle size occurs when the 

orthorhombic-tetragonal (O-T) phase transformation occurs (dXRD ~90 nm). Upon cooling, all 

phases present rather large characteristic sizes, indicating that an irreversible morphology change 

takes place during heating while the particles undergo the O-T transition. The particle 

morphologies during the thermal treatment are investigated by means of HRTEM imaging in the 

next section. 

Tab.1  Rietveld analyses of selected temperature XRD patterns from the in-situ high temperature 
x-ray diffraction experiment on WO3 sample and comparison to those of the respective database 
entries applied as starting models for the Rietveld analyses. 
 

T [°C] Fit Phase 
(space 
group) 

Lattice  
Parameters 
[Å], Vol.[Å³] 

 
ICSD entry 
 

PDF entry [Rwp, Rp, R’p, RB]* / 
Crystal size (nm)] 
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25  R M  
(P 21/n) 
 

Heating 

WO3 P 21/n 
a = 7.378(2) 
b = 7.484(2) 
c = 7.678(2)  
β = 90.68(4) 
V =424.0(3) 
Cooling 

a = 7.3056(2) 
b = 7.5348(2) 
c = 7.6952(2)  
β = 90.757(4) 
V =423.45(3) 

 
80056 P21/n 
a = 7.30084(7) 
b = 7.53889(7) 
c = 7.68962(8) 
β = 90.892(1) 
V = 423.19 
 
 
 

 
75-2072  
a = 7.3013  
b = 7.5389  
c = 7.6893  
β = 90.8930 
V = 423.19 

 
8.8, 7.7, 19.3, 11.3 
7.0(2) nm  
 
 
 
 
 
 
9.5, 6.9, 15.4, 3.4 
52(1) nm  

550  R O  
(Pbcn) 

Heating 

a = 7.388(1) 
b = 7.757(1) 
c = 7.544(1)  
V = 432.4(1) 
Cooling 

a = 7.3683(1) 
b = 7.7673(1) 
c = 7.5728(1)  
V =433.41(1) 

50730  
a = 7.3612(2) 
b = 7.5739(2) 
c = 7.7620(3) 
V = 432.75 
 

01-089-4479  
a = 7.3612 
b = 7.5739  
c = 7.7620  
V = 432.75 

 
8.0, 6.2, 11.9, 6.1/ 
15.1(4) nm 
 
 
 
8.1, 6.3, 13.6, 7.2 
76(9) nm 

800  R T  
(P 4/n c c) 

Heating 

a = 5.2801(5) 
c = 7.8497(1) 
V= 218.85(4) 
Cooling 

a = 5.2801(6) 
c = 7.8489(1) 
V= 218.83(5) 
 

50732 
a = 5.2759(1)  
c = 7.8462(3) 
V = 218.4 
 

01-089-4481 
a = 5.2759  
c = 7.8462 
V = 218.4 

 
9.8, 7.7, 17.3, 10.3 
89 (1) nm 
 
 
10.4, 8.1, 19.2, 10.0 
86(1) nm 
 

*Rietveld agreement indices related to the whole profile: Rwp-weighted profile, Rp-Profile, R’p-background corrected 

profile, RB-Bragg profile 

 

3.2. Transmission electron microscopy 

The morphologies of the nanoparticles during a heating/cooling cycle are investigated by in-situ 

HRTEM imaging. Fig. 3 shows images of the nanoparticle aggregates, their high-resolution 

atomic structure and the associated selected area electron diffraction (SAED) patterns at the three 
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different temperature regimes where structural transformations have been observed in the XRD 

investigation.  

At room temperature, the as-synthesized primary particles have an average size dTEM of about 8-

10 nm (Fig.  3a), which is in good agreement with the size estimated from the Rietveld analysis 

(dXRD = 7.0 nm) and the one determined by BET gas adsorption (dBET = 9.1 nm).2e The HRTEM 

image (Fig. 3b) reveals well-developed lattice fringes with a spacing of about 3.880(2) Å, which 

is in reasonable agreement with half of the distance along the c vector of the monoclinic cell as 

obtained from XRD (a = 7.38 Å, b = 7.48 Å, c = 7.68 Å, β = 90.7°, see Tab. 1). The lattice 

distance of 3.880(2) Å is derived by choosing at least 10 crystalline particles having well-

developed fringes. The particles are magnified and the fringes measured at least at 5 different 

spots for each particle. Indeed, the SAED pattern of the nanomaterial presents the same 

monoclinic symmetry [Fig. 3c] oriented with respect to the electron beam following the basic unit 

cell vectors [1 0 0], [0 1 0] or [0 0 1]. 

The morphology of the particles heated at 450°C (Fig. 3d) is similar to the one at room 

temperature, but their characteristic size increases to dTEM= 15-18 nm. Notably, a further size 

increase to 20-25 nm is found at 600°C (image not shown). These values are again in good 

agreement with the XRD data collected at 550°C (dXRD = 15.1 nm), and indicate that the particles 

progressively enlarge when they are heated. The HRTEM image and SAED pattern (Fig. 3 e,f) 

are fully consistent with the expected orthorhombic symmetry12 (a = 7.39 Å, b = 7.76 Å, c = 7.54 

Å from XRD, see Tab. 1), identifying normal distances of 0.3828(2) Å and 0.3815(3) Å nm 

corresponding to ½ the distances of (001) and (010) planes and thus to second order diffractions 

(002) and (020), respectively. We note that the lattice distances for the monoclinic phase and 

orthorhombic phase are quite similar, so that the phases can only be discriminated due to the 
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splitting of the XRD-peak positions at around 29 and 42° (2θ) in case of the monoclinic phase. 

The unit cell relationships between the phases will be discussed later in section 3.3. 

 

Fig. 3 In-situ TEM investigation of WO3 nanoparticles. First row (a), (b) and (c): Overview, 
HRTEM of a single particle and SAED patterns of particles at room temperature; second row (d), 
(e) and (f): Overview, HRTEM of a single particle and SAED patterns of the particle at 450°C. 
(g), (h) TEM images at room temperature of elongated particles obtained after heating the sample 
in the Al2O3 crucible in the XRD instrument at 1000°C (i) FFT filtered spot patterns of the 
particle obtained from elongated particle shown in (h).  
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 Upon further heating, the morphology of the WO3 particles remains unchanged up to the onset of 

the O-T phase transformation (∼700°C). At this point the particles visibly form larger aggregates, 

while they also presumably sublimate with formation of gaseous WO3, as suggested by the 

evident mobility of the particles on the copper grid. With increasing temperatures (800-950°C), 

these aggregates recrystallize into larger particles, some of which are elongated with aspect ratios 

of up to 3:1. The XRD data undoubtedly indicate that a transition to the tetragonal alpha-WO3 

phase takes place at these temperatures. This is accompanied by a sudden increase of crystallite 

size (dXRD = 90 nm) compatible with the formation of larger crystals and few elongated particles 

(see Fig. 3 g-i).  

To exclude any spurious effects on the observed transformation due to the Cu support used in the 

TEM investigations discussed so far, we also performed a high temperature XRD investigation of 

sample deposited on a ceramic sample holder (α-Al2O3). After the treatment at 1000°C, the 

samples were investigated with HRTEM, but now at room temperature only. Also in this case, we 

find that some particles were elongated. Namely, the elongated particles had a length of about 

100-150 nm and presented a very clear crystalline structure (Fig. 3 g). It must be stressed that the 

particles formed at high temperatures have tetragonal symmetry, but upon cooling they undergo 

a tetragonal-orthorhombic-monoclinic transformation series. Therefore, in order to understand the 

orientation of the elongated particles in the high-temperature tetragonal phase it is necessary to 

summarize the relationships between the three crystallographic systems. 

 

3.3. Relations between unit cells and growth directions of the elongated crystals 

The relations between the unit cells of three systems (monoclinic P21/n; orthorhombic Pbcn; 

tetragonal P4/ncc) are drawn schematically in Fig. 4 (m=monoclinic, o=orthorhombic, 

t=tetragonal). Apart from the small variations of their length, the cell vectors are related as: 
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   am ≈ ao ≈ (at - bt); bm ≈ co ≈ (at + bt); cm ≈ bo ≈ ct.  

 

Fig.  4 Structural relations between the three crystal phases (monoclinic-orthorhombic-tetragonal) 
observed during in-situ heat treatment from room temperature to 950°C. 

  

In order to establish the crystallographic directions of the long and the short directions of 

the elongated particles we derived the lattice spacings from high resolution TEM images and – 

where available – from the corresponding Fourier-Transformed images. Two of the 

representative TEM images showing different growth directions are presented in Fig. 5 a, b. 

Considering the direct and reciprocal (Fourier-Transformed) HRTEM images of the elongated 

particle in Fig. 3h (crystallographic investigation shown in Fig. 5a), after cooling to room 

temperature, the lattice distance along the long direction is 0.26(3) nm. In the same direction, the 

shortest reciprocal distance spacing d* is 1.9 nm-1. These values reasonably correspond to the 

lattice spacing of (220) of the monoclinic phase, since d220=0.262 nm and d*110=1.91 nm-1, 

respectively. In fact, d003=0.258 nm is also very close to 0.26 nm, yet the corresponding 
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d*001=0.130 nm-1 does not fit to the observed value of 0.19 nm-1. Thus, we infer that the long 

direction of the elongated particle should be [110]m, which corresponds to [100]t in the tetragonal 

system. For the short direction we determined d=0.37 nm and d*=2.63 nm-1, which correspond 

reasonably well with d002=0.385 nm and d*002=2.60 nm-1 in the monoclinic system. In fact, 

d200=0.365 and d020=0.377 nm are even closer to 0.37 nm, yet [100]m and [010]m are not 

approximately perpendicular to [110]m. Thus, together with the above long direction the short 

direction is inferred to be [001]m, which corresponds to [001]t in the tetragonal system. In fact 

there are two more, similar pairs of directions which would also match the observed ones with a 

similar overall quality. These are 202 (d202 = 0.263 nm, d*101 = 1.90 nm-1) + 020 (d = 0.377 

nm; d* = 2.66 nm-1) and furthermore 022 (d022 = 0.269 nm, d*011 = 1.86 nm-1) + 200 (d 0.365 

nm, d* = 2.74 nm-1). All these three pairs comply with the observed values within the 

uncertainties so it is not possible to assign the observation to one of these unequivocally. 

For a second particle (Fig. 5b), the long direction presents a d-spacing of 0.385 nm and 

thus corresponded to d0 0 2. For the short one the spacing is 0.357 nm corresponding at best to 

d200=0.365 nm in the monoclinic system. In a further particle, the long and short directions 

correspond to d2 0 0 and d0 2 0, respectively (Fig. 5c). 

 

Fig.  5 Representative elongated WO3 particles and their growth directions. (a) HRTEM images 
of the elongated particle in Fig. 3h after cooling to room temperature. The lattice spacing of the 
long direction is 0.26 nm corresponding to (220)m (and direction [110]m) of the monoclinic phase 
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(equivalent to [100]t in the tetragonal phase). The short direction is [001]m, corresponding to 
[001]t in the tetragonal system. (b) In another example, the resulting long direction presents a d-
spacing of 0.385 nm corresponding to d0 0 2, the short distance was 0.357 nm corresponding at 
best to d200 = 0.365. (c) Here the spacing in the long direction is 0.365 nm corresponding to d2 0 0 
while the short direction is 0.376 nm corresponding to d0 2 0 in the monoclinic system.  

 

3.4. Growth directions in the frame of tungsten oxide research  

Elongated crystals have been reported in a number of studies. Depending on the growth 

conditions, WO2.9 prepared by electron-beam induced evaporation 6a have different morphologies 

(fibers or rods) with declared tetragonal [110]t growth elongation direction. In experiments using 

the gas condensation technique, 13 the selective preparation of WO3 or W19O55 with [001]t 

preferential growth direction could be obtained by varying the O2 partial pressure. Similarly, 2D 

WO3-x nanowire networks have been synthesized14 using thermal evaporation of WS2 in a humid 

environment. The WO2.9 nanowire was reported to be in the tetragonal phase with a [110]t growth 

direction. Su et al. reported 15 tetragonal WO2.8 using plasma arc gas condensation technique with 

[001]t growth direction. Mwakikunga et al reported the transformation of WO3 nanospheres into 

W18O49 one dimensional nanostructure through sintering process. The results showed that the as 

prepared samples were oxygen deficient monoclinic WO3−x. After thermal treatment, the XRD 

signals in the range of 22–40 (2θ) were assigned to W18O49 where 2θ = 38.12° representing [1 0 

0] plane. They also reported that the W18O49 wires were growing preferentially in the [100] and 

[102] direction although [102] is not a preferred growth direction.16  Hot filament thermal 

deposition technique can also produce slim tetragonal WO3 nanorods growing in the [001]t 

direction17 or oxygen-deficient tetragonal WO3-x, also growing in the [001]t direction.18  

There is some confusion in the literature about deficient and non-deficient phases which 

has some impact on the growth direction assignment. For instance, Zhao et al. assigned the high-

temperature P 4/n m m phase to powder patterns of their samples using PDF entry 18-1417 (with 

low quality mark “blank”) which provides WO2.9 as chemical composition. 6a, 14 Yet, the more 

Page 15 of 33 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Revised Manuscript ID: CE-ART-03-2015-000526-R2   

 16

recent and higher rated entries of the P 4/n m m phase declare its composition to be WO3: 01-72-

5863 (medium quality “indexed”), 01-89-8053 (high quality “star”). The related entries in the 

ICSD file confirm the composition of WO3. Furthermore, as WO3 with symmetry P 4/n m m is 

only stable at high temperatures, it is not comprehensible why this phase should be observed at 

room temperature at all [see ESI † (both doc and excel file)]. We thus conclude that the above 

authors in fact did not observe the declared phase with symmetry P 4/n m m but the deficient 

WO2.9 phase with symmetry P 4  21 m. This would also result in a different orientation of the 

growth direction as that would be [1 0 0] with respect to the P 4  21 m symmetry and not [1 1 0], 

as assigned with respect to the P 4/n m m symmetry. In summary, while elongated particles show 

a clearly preferred growth direction in some cases (for instance [100]t in Fig. 3(g,h)), other 

elongation directions are also possible and seem to depend on the precise preparation conditions. 

This points towards a combination of both thermodynamic and kinetics effects driving the 

formation of elongated particles according to evaporation/reprecipitation mechanisms. 

 
Tab. 2  Comparison of structure models reported for WO3 rods in the literature and in the present 
investigation. The differences in the calculated XRD patterns of these structures are presented in 
Fig. 6. *Denotes the WO3 phases observed in the present investigation [see ESI † (both doc and 
excel file)]. 
 

S. 
No.  

Phase Space group (# in 
ITCr) 

Lattice parameters & rod 
direction [uvw] 

ICSD 
No. 

Pdf No. Ref 

1. WO3-x Tetragonal, 
P 4/n m m (129) 

a=5.30(4) b=5.30(4) c=3.93(3) 
 β=90, [001] 
 

- 18-1417 18 

2. 
 

W18O49 Monoclinic, P 2/m 
(10) 

a=18.31, b=3.78 c=14.03,  
β=115.21,  [100] 

15254 84-1516 16 

3.  W18O49 Monoclinic, P 2/m 
(10); after 
annealing P 21/n 
(13) 

a=18.28, b= 3.775, c=13.98  
β=115.2, [010] 
 
a=7.30(1) b=7.54(1) c=7.69(1) 
β=90.88(5), [uvw notdetermined] 

16080 
 
 
 

05-0392;  
 
 
43-1035 

19 

4.  WO3 Monoclinic P21/a 
(14) 

a=7.27(2) b=7.501(1) c=3.82(3) 
β=90.93, [001] 

31823 75-2072  6b 
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5.  W3O8 Orthorhombic, 
P b a m (55) 

a=10.35(5) b=13.99(5) c=3.78(1)  
β=90,[001] 
 

73720 81-2263 6c 

6. 
 

WO2.9 

 
WO2.8 

 

Monoclinic P21/a 
(14) 
Tetragonal 
P 4/n m m 

a=12.1, b=3.8, c=23.6,  
β=90.93, [010] 
a = 23.3, b = 23.3, c = 3.8,  
β = 90, [uvw not determined] 
 

 36-0102 
 
41-0475 

5 

7.  WO3 Tetragonal 
P -4 21 m (113) 

a=7.390, b=7.390 , c=3.880  
β=90, [001] 

86144 89-1287 20 

8.  
 

WO2.9 Tetragonal,  
P 4/n m m (129) 

a=5.30(4) b=5.30(4) c=3.93(3),  
β=90, [110] 

88367 
WO3  

18-1417 14 

9.  
 

WO2.9 Tetragonal, 
P 4/n m m (129) 

a=5.30(4) b=5.30(4), c=3.93(3),  
β=90, [110] 

88367 18-1417 6a 

*A. WO3  Monoclinic,  
P 21/n 

a=7.30(2), b=7.53(3), c=7.69(3) 
β=90.78(3), various long 
directions 

80056  This 
work 

*B. WO3  Orthorhombic, 
P b a m 

a=7.36(1) b=7.76(1) c=7.57(1), 
β=90, various long directions 

50728  This 
work 

*C. WO3  Tetragonal, 
P 4/n c c 

a=5.28(6) b=5.28(6) c=7.84(1), 
β=90, various long directions 

50733  This 
work 

 

3.5. The state-of-the-art of the defect structure of WO3  

In a number of publications the synthesis of tungsten oxide nanorods was reported. It was not 

always reported clearly and correctly which phases were involved. Thus all different tungsten 

oxide phases with known structures were drawn from the ICSD (inorganic crystal structure 

database, FIZ Karlsruhe, edition 2011) of which a selection is listed in Table 2. The search 

yielded 64 entries for non-deficient WO3 in 12 symmetrically different polymorphs with 11 

different space groups. For oxygen deficient WO3-x with subscript x ranging from 0.04 to 0.375 

13 entries were described in 5 different space groups but 12 differently sized unit cells. The 

calculated patterns of all WO3 phases and some of the WO3-x phases are provided in Figure S1. 

The symmetries of the stable non-deficient polymorphs in air are with increasing temperature: P c 

(space group #7; T < 233 K) → P 1  (#2; 233 – 290 K) → (#14; 290 – 603 K) → P c n b (#62; 

603 – 1013 K) → P 4/n c c (#130; 1013 – 1183 K) → P 4/n m m (#129; 1183 – 1503 K). For all 
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stable polymorphs there is no indication for oxygen-deficiency which is reasonable as W6+ being 

the preferred oxidation state of W and thus should not be reduced when heated in air. Locherer 

and Aird et al. reported 
21

 the reduction of WO3 to tetragonal WO2.9 (#113; P 4  21 m; PDF 01-

89-1287; ICSD 86144) by vapor deposition of Na metal on the surface of WO3 single crystals at 

high temperature indicating difficult reduction of WO3. As shown by these authors, tetragonal 

WO3-x possesses much more distorted WO6-octahedra than in WO3. From the pattern of a well 

crystallized sample most polymorphs may easily be distinguished (see Fig. S1) and an 

unequivocal assignment of phases may be performed. An exception is in the distinction between 

the powder patterns of tetragonal WO3 with space group P 4/n m m at high temperature and 

tetragonal WO2.9 (P 4  21 m) at room temperature, as only a few small extra reflections exist for 

the latter but not for the former. However, this distinction is most simple as only the latter one is 

observed at room temperature. Provided that the compositions of all database entries are reliable, 

it is thus also possible to distinguish between non-deficient and oxygen-deficient phases, which 

may be important as the physical properties strongly vary with composition.
22, 21(c) 

 In general it 

is stated that the observed succession of phases is clearly compatible with that of stable non-

deficient WO3. 

 

3.6. DFT calculations of surface energies of WO3 crystals. 

In this section we aim at rationalizing the reasons for the observed growth of α−WO3 crystals at 

high temperature on the basis of atomistic calculations based on Density Functional Theory 

(DFT). In doing this, we follow previous works, in which the ratio between surface energies of 

different crystal facets has been indicated as a driving force for the formation of strongly 

anisotropic crystal shapes or of crystalline nanowires 23 The relative stabilities of all low-pressure 

phases of bulk WO3 at different temperatures have been computed by means of DFT techniques 
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in previous works. 24 With our simulation setup (see sections 2.3), the minimized cell parameters 

for monoclinic γ-WO3 are: a=7.44 Å, b=7.60 Å, c=7.84 Å, β = 90.9°, the enthalpy of formation 

with respect to metallic W and gaseous O2 is 9.0 eV (to be compared with the experimental value 

of 8.74 eV), 25 and the calculated cohesive energy is -4.67 eV per formula unit with respect to 

isolated gas-phase WO3 molecules. For tetragonal α−WO3 we obtain a=b=5.31 Å, c=7.91 Å and 

a cohesive energy of -4.63 eV. Taking into account that an overestimation of the computed cell 

parameters by about 1 to 2 % is typical for GGA exchange-correlation functionals, the matching 

between the computed and measured data is reasonably good and fully consistent with previous 

theoretical works. 24 Moreover, the computed cohesive energies are in agreement with the 

expected sequence of phase stability, the alpha phase lying 0.04 eV higher in energy than the 

gamma phase at 0 K (see Section 3). 

We next compute the surface energies for various facets of the WO3 nanocrystals, concentrating 

our attention on the γ and α phases. The effect of different oxygen terminations of the facets is 

taken into account within an ab-initio thermodynamics approach 26, in which the surface energy is 

written as 

 γ = Etot(NWNO) - NW Ebulk
WO3 + (3 NW - NO) µO,  Eq. (1) 

 
where Etot(NWNO) is the total energy of each surface model system containing NW and NO 

tungsten and oxygen atoms; Ebulk
WO3 is the computed total energy of WO3 for the respective bulk 

oxide phase, and μO is the oxygen chemical potential. The latter explicitly brings in a dependence 

of the surface energy on the temperature and the partial pressure pO2 of the oxygen gas which is 

assumed to be in equilibrium with the surface: 

 µO(T,pO2) = 1/2 [EO2 + µ∗O2(T,p0) +  kBT ln(pO2/p0)].  Eq. (2) 
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Here, the chemical potential at the standard pressure p0 (1 atm), µ∗O2(T,p0), includes the entropy 

of the oxygen gas and can be read from thermochemical tables, 25 and EO2 is the calculated total 

energy of a free oxygen molecule. 

Tab. 3. Calculated surface energies (meV/Å2) for low index surfaces of γ and α WO3 at T=0 K. “O” and 
“WO” refer to 1.0 monolayer (ML) and 0.0 ML terminal O atoms, respectively. 

 

Surface Monoclinic Tetragonal 

O WO O WO 

100 93.48 101.97 139.19 220.14 

010 106.55 111.67 140.36 218.58 

001 115.07 112.09 103.57 101.95 

110 149.24 217.48 89.32 118.35 

101 153.55 201.06 139.95 244.74 

011 161.69 210.11 111.64 244.07 

 

The calculated surface energies at T = 0 K for low-index surfaces of the γ and α phases are listed 

in Tab. 3 for the extreme cases of oxygen-rich and oxygen-poor terminations (“O” and “WO”, 

respectively, (Fig. 6).  

 

Fig. 6  Side view of selected, O-terminated surfaces of the monoclinic and tetragonal WO3 crystals. 

 
As a general trend, the lower surface energy values correspond to crystal truncations parallel to 

the central WO4 planes of the WO6 tetrahedra (basal surfaces), such as the (100)m , (001)t or 

(110)t faces (see Section 3.3 and Fig. 6). Other truncations, such as (110)m or the crystallographic 
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equivalent (100)t , are characterized by considerably higher surface energy values. The facets 

with lowest surface energy for the γ phase are indeed the one exposed by the nanoparticles at 

room temperature, as highlighted before in Section 3.2 (see Fig. 3). Since the α phase is only 

stable at high temperatures, a temperature-dependent analysis of the surface energies needs to be 

carried out before reaching conclusions about potentially preferential facets of tetragonal 

particles.  

0.00 0.25 0.50 0.75 1.0
θ(O) (ML) 

50

100

150

200

250

γ 
 (

m
eV

/Å
2 )

γ (100) 
α (001)
α (100)

 

Fig. 7  Variation of the surface energy with the coverage of terminal O atoms for selected WO3 surfaces. 

In the following, we concentrate primarily on the (100)t and the (001)t facets as two 

representative examples.As already reported previously, the surface energy of WO3 crystals is 

dominated by strong relaxations that arise from the polar nature of the surfaces. In particular, for 

non-stoichiometric, polar terminations, the excess or depletion of electronic charge may lead to 

surface metallicity. 27 Accordingly, we find that the coverage of terminal O atoms on each surface 

has a marked influence on the surface energy, which is lowest at a coverage of 0.5 monolayers 

(ML) both for the basal surfaces and for other surfaces such as (100)t (Fig. 7). 
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The densities of electronic states (DOS) for the case of 0.5 ML of O (stoichiometric termination) 

and 0.0 ML of O (oxygen depletion) are shown exemplarily for the (001)t surface in Fig. 8. As 

expected, the metallicity and the consequent higher reactivity of the latter case is visible from the 

absence of a clear band gap with the Fermi Level crossing the valence band. In the former case, 

only a small peak corresponding to a surface state pinning the Fermi level is visible before the 

band gap. 

Fig. 8 Densities of states (DOS) of the (001) alpha-WO3 surface for the case of stoichiometric 
termination (0.5 ML of O) and oxygen depletion (0.0 ML of O), shown in green and black, 
respectively. The Fermi level is set to 0 eV in both cases. Left: global DOS of the entire slab 
model including the whole valence band. Right: local DOS projected on the surface W atoms in 
an energy window close to the Fermi level. 
 

The relative stability of different oxygen surface terminations is strongly dependent on the 

temperature and partial pressure of oxygen gas, according to Equations (1) and (2). The 

computed surface energies as a function of temperature for the case of atmospheric (0.1 atm) and 

experimental vacuum conditions (10-6 atm) are reported in Fig. 9 for the (001)t and (100)t 

surfaces of the high-temperature α phase (the behaviour of (100)m does not differ from the one of 

(001)t, due to the crystallographic equivalence of the two surfaces and the resulting negligible 

differences of surface energy at 0K shown in Fig. 7). 
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Fig. 9 Variation of the surface energies versus temperature for the (001)t and (100)t surfaces at 
ambient and vacuum oxygen pressures, for different oxygen terminations. 
 
 

In the low-temperature regime, the stoichiometric, non-polar termination (0.5 ML O coverage) is 

clearly favored for both surfaces. Oxygen desorption is expected to take place at temperatures 

close to the phase boundary between the orthorhombic and the tetragonal phases (~730°C), 

especially if the surface is exposed to low partial O pressure, as in the high-vacuum TEM 

chamber. At the temperature in which the formation of larger particles is observed within the 

TEM (see Fig. 3 and 5 in Section 3.2), i.e. ~930°C, the surface energies of the (001) and (100) 

facets are about 30 and 45 meV/Å2, respectively, indicating a slight thermodynamic preference 

for the formation of elongated particles along the (100) direction, as indeed observed for the 
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some of our crystals, and in particular for those presenting the largest aspect ratios (Fig. 3g,h and 

5a). 

3.7. First-principles MD simulations of elongated crystal growth 

Dynamical simulations of WO3 growth are carried out through consecutive first principles 

molecular dynamics (FPMD) simulations of the interaction of WO3 molecules with the (001) and 

(100) surfaces of α-WO3. In each simulation, two WO3 molecules, initially at rest, are placed at a 

distance of about 2 to 3 Å (distance of the W atoms from the surface) over the fully relaxed 

surface, i.e. at virtually 0 K, and the system is set free to evolve according to a microcanonical 

CP dynamics for about 2 ps. After that, the temperature of the simulation is increased to about 

900 K over about 200 fs, and the dynamical evolution of the system is simulated for further 3 ps 

on average, before quenching the atomic motion to complete relaxation.  

 

 
Fig. 10   Adsorption of WO3 molecules on the α-WO3(001) surface. W atoms are shown in blue, O atoms 
in red. Going from panel a) to e), 2 WO3 molecules have been added each time and dynamical FPMD 
simulations have been performed. Periodic boundary conditions are applied. 
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Starting with the bare (001) surface and no terminal oxygen, the first two molecules approach the 

surface with formation of new W-O bonds while they retain their molecular geometry, as shown 

in Fig. 10 a). The further two WO3 molecules adsorb without modifying significantly the existing 

structure, arranging preferentially in a four-fold, tetrahedron-like oxygen coordination shell (Fig. 

10 b). During the subsequent adsorption of a fifth and sixth WO3 molecules (Fig. 10 c), the first 

atomic layer arranging on the α-WO3(001) surface clearly evolves into a layer of merely oxygen 

atoms, bound to the W atoms of the original surface layer. On the contrary, the incoming W 

atoms do not form any new bond with the O atoms of the surface layer, but remain above the 

newly formed oxygen layer. During further molecule absorption and growth [Fig. 10 d-e), the 

first layer of oxygen is preserved, showing a regular arrangement of the O atoms on top of the W 

atoms of the surface. After the adsorption of ten WO3 molecules, a fully intact first layer of 

oxygen atoms covers the original surface layer, suggesting an epitaxial growth of the octahedral 

lattice structure. Here, the term “epitaxial” is used to indicate that the mere deposition process of 

novel WO3 molecule immediately leads to a new layer possessing the symmetry of the 

underlying surface, without the need for atomic re-arrangements taking place on a time-scale not 

accessible by our simulations.  

A similar behavior is observed in the simulations of WO3 adsorption over the (100) surface (Fig. 

10 f-l). However, the arrangement of the molecules obtained after formation of a novel layer over 

the surface is more disordered than for the previous orientation [compare Fig. 10l with Fig. 10e). 

For both orientations, the average W-O bond length in the new layer is about 1.95 Å, which is 

closer to the average bulk bond length of α-WO3 (1.93 Å) than the W-O bond length of an 

isolated WO3 molecule (1.75 Å). The W atoms of the incoming molecules, reallocating in a W/O 

network above the first oxygen layer, progressively increase their coordination number, and a 

first W atom arranging in an octahedral lattice position can be observed over the (001) surface at 
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the maximum coverage investigated. The computed Bader atomic charges on the W atoms in the 

newly formed W/O networks are in the range 2.5 – 3.0 electrons, thus lying between the charge 

of W in the isolated WO3 molecule (2.5 e) and the WO3 bulk value (3.2 e).  
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Fig.  11   Energetic gain calculated during the growth of an α-WO3 crystal exposing (100) and (001) 
facets. The gained energy is averaged of the total number of newly adsorbed WO3 and reported as a 
function of their number. The dashed line marks the value of cohesive energy of bulk α-WO3 (-4.63 eV). 
 

In Fig. 11, we report the energetic gain per molecule averaged over the total number of newly 

adsorbed WO3 molecules as a function of their number. Interestingly, at the largest coverages the 

gained energy converges to roughly the same value for both orientations (about -4.55 eV), which 

is only slightly smaller than the cohesive energy of the tetragonal crystal (-4.63 eV/molecule). 

However, at low coverages the gained energy is deeper than the cohesive energy for the (100) 

orientation, while it is evidently higher for the (001) orientation. From these results we can 

conclude that the growth of a pre-existent crystal of α-WO3 exposing (001) and (100) facets upon 

molecular deposition from the gas phase is expected to proceed more favorably along the (100) 
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orientation, which matches the experimentally observed direction of growth of the elongated 

particles in Fig. 3g,h and Fig. 5a. Despite the limited time accessible to our FPMD simulation, 

and thus the impossibility of forming a perfectly ordered crystalline structure of the novel layer, 

the growth seems to proceed almost epitaxially over the (001) surface, while a more disordered 

layer initially develops along the faster direction of growth, (100).  

 

4. Discussion 

4.1. Crystallographic and morphological transitions of WO3 nanoparticles 

Flame Spray Pyrolysis is a versatile tool to produce oxide nanoparticles with variable 

composition and crystallographic ordering. Depending on the specific process conditions and on 

the synthesized material, it is possible to obtain either phases in thermodynamical equilibrium or 

metastable phases after rapid quenching of the products formed in the flame to room temperature 

upon collection on suitable substrates. Regarding WO3, the processing temperature in the flame 

(about 2000 K) would be consistent with the formation of the tetragonal α phase. However, the 

particles collected at room temperature clearly exhibit monoclinic symmetry (see Figs. 2a and 

3a). In light of the results presented in this work, such finding can be rationalized in terms of an 

α−β−γ phase transformation that takes place rapidly enough during the cooling process. In fact, 

the possibility of a first-order α−β and a second-order β−γ phase transition as a consequence of 

changes in the WO6 tetrahedral tilt system in the crystal has been suggested.8  

Our results indeed confirm that both transitions take place reversibly in a heating/cooling cycle 

starting from as-synthesized γ-WO3 nanoparticles. However they indicate that the mechanism of 

the β−α transition differs substantially depending on the direction of the temperature gradient. 

Namely, an evaporation/reprecipitation process occurs during heating, leading to an evident 

enlargement of α-WO3 particles, which in some cases appear to be elongated with aspect ratios of 
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about 3:1. Instead, only a re-arrangement of the tetrahedral tilts takes place during cooling, 

preserving the habitus of the elongated particles previously produced. 

Therefore, while the crystallographic phase transitions are reversible along the cycle, the 

associated morphological transitions are not. Notably, a direct growth of monoclinic elongated 

particles is impeded by the very similar values of the surface energies of the exposed nanocrystal 

facets (see Tab. 4), which correspond to the principal direction of the monoclinic unit cell, (100), 

(010), (001) as visible in the TEM and SAED analysis presented in Fig. 3b. 

 

4.2. Growth of WO3 particles at high temperature 

When WO3 nanoparticles are heated, our in-situ TEM analyses first show a slight enlargement of 

the average particle size (at intermediate temperatures) and later the formation of some elongated 

particles due to particle-particle aggregation as well as evaporation/re-precipitation (see Fig. 3 

and 5). In fact, sublimation of the WO3 crystals to WO3 molecules at temperatures well below the 

melting point (1746 K {, 2009 #234}) has been reported before in a number of previous studies 

15, 17-18, 28. This is consistent with the fact that our calculated surface energies for the (001)t and 

(100)t surfaces decay rapidly at temperatures higher than about 1000 and 1400 K at atmospheric 

O pressure, respectively. At very low O pressure, these temperatures are reduced to about 800 

and 1100 K, respectively. 

Unfortunately, the strong approximations inherent in our calculations (for instance, neither 

zeropoint energy corrections, nor entropic differences of the surfaces at different temperatures 

and O terminations are considered) do not allow us to draw a quantitative comparison between 

calculations and experiments. Moreover, we note that our modeling analysis mainly concerns the 

thermodynamic driving forces for the formation of particles with a highly anisotropic aspect 

ratio. Kinetic effects, which are also expected to govern the formation of elongated particles or 
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nanowires, are not considered here, with the exception of the short-time-scale MD simulations. 

However, the deposition of gas-phase WO3 molecules at high temperatures is not expected to be 

associated with any adsorption energy barrier, so that the potential energy gain after adsorption 

and the equilibrium surface energies do indeed represent good indicators for the (relative) 

reactivity, and thus for the growth speed, of different crystal facets. For this reason we have 

limited ourselves to modeling of only two facets of the tetragonal phase. However, it is 

interesting to note that the overall smaller absolute values of surface energy at any given 

temperature are obtained for the (001)t facet, and that a slightly larger values is associated with 

the (100)t facet. These results thus suggest that accretion of WO3 crystals via deposition of WO3 

molecules from the gas phase could proceed preferentially along the (100)t direction under 

growth conditions close to thermodynamical equilibrium. A further support of possible 

preferential growth along the (100)t direction is provided by the results of FPMD simulations.  

 

5. Conclusion 

We have found that the deposition of gaseous WO3 proceeds spontaneously on the surface of a 

pre-existing crystal irrespective of the facet orientation, consistently with the enlargement of the 

nanoparticles in both directions observed in the in-situ TEM experiments. However, the energy 

gain associated with the deposition of new molecules from the gas phase is clearly favored for the 

(100)t direction, presenting values even deeper than the cohesive energy of the crystal. Therefore, 

under the high-temperature conditions leading to evaporation and reprecipitation, we can expect a 

faster accretion of the latter with respect to the (001)t facet. We note that the relatively small 

differences between the surface energies of different facets, the possible occurrence of surface 

reconstructions during the particle growth, and competitive growth mechanism such as particle-

particle agglomeration can also lead to slightly elongated particles along other directions, as 
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observed for instance in Fig. 5(b,c). Taken together, our XRD, in-situ TEM and DFT results 

explain the formation of elongated tungsten trioxide particles upon the heating of nanoparticles in 

terms of a complex driving force arising both from different surface stability and different 

reactivity towards gas-phase deposition of molecular WO3. 
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