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A B S T R A C T   

This paper demonstrates, for the first time, synthesis of uniform and crystalline WO3 mesoporous fibers with a 
diameter of ≈1 μm via centrifugal spinning. This was achieved by using a stable aqueous precursor solution 
based on ammonium metatungstate (AMT, (NH4)6H2W12O40⋅xH2O)) and polyvinyl pyrrolidone (PVP, 
(C6H9NO)n). Annealing at 300 ◦C for 1 h followed by an additional annealing at 500 ◦C for 6 h was conducted to 
obtain crystalline WO3 fibers. The resulting centrifugally spun WO3 fibers possess approx. 1.4–4 times 
enhancement in photocatalytic activity under UV (k = 0.0205 min− 1) and VIS (k = 0.0109 min− 1) light irra-
diation compared to that of electrospun WO3 fibers and commercially available WO3 nanoparticles. This is due to 
the increased specific surface area of the centrifugally spun WO3 fibers (SBET = 22.3 m2/g) compared to elec-
trospun WO3 fibers (SBET = 7.4 m2/g) and WO3 nanoparticles (SBET = 6.4 m2/g). On the other hand, optical 
properties of all tested materials (including optical band gap) were nearly the same.   

1. Introduction 

Tungsten trioxide (WO3) is a very promising and widely studied 
representative of metal oxides [1,2]. WO3 is typical for its ultrahigh 
thermal and chemical stability in acidic and neutral environments [1]. 
WO3 is typically present in a monoclinic phase (γ-WO3) at room tem-
perature up to ~330 ◦C (P21/n space group), orthorhombic (β-WO3, 
330–740 ◦C, P2/m) [3] and tetragonal (α-WO3, ≥740 ◦C, P4/ncc) [4]. 
Intrinsically, the WO3 is a n-type semiconductor with indirect bandgap 
of 2.4–2.8 eV [5]. Thus, its advantage is that it can be excited upon 
illumination with VIS light (by wavelengths ≤450 nm), compared to 
most frequently studied photocatalyst - TiO2 [6] - which is only photo-
active upon illumination with UV light (≤380 nm) [7]. 

For all these applications it is desirable to use nanostructured WO3, 
which provides a high surface area and a high surface-to-volume ratio 
available for all surface-related applications, but also effective charge- 
separation and enhanced light absorption [8–10]. 

Until now, 0D WO3 nanoparticles (produced by various sol-gel [11] 

and hydrothermal routes [8]) and 1D nanopores (produced by anod-
ization of W) [12] have been the most researched nanostructures of 
WO3. Another approach for 1D WO3 is hydrothermal process [13], 
which leads to nanorods. However, also 1D nanofibers have attracted 
attention due to the relative simplicity of synthesis and unique 
geometry. 

The most frequent way for nanofibers preparation is electrostatic 
spinning (electrospinning) [14–21] which is carried out from a suitable 
WO3 precursor solution, that is spun into precursor fibers and subse-
quently annealed into fully inorganic WO3 fibers. 

Precursor solutions used for electrospinning are composed of a pre-
cursor of tungsten (usually tungsten chloride [19,21,22], sodium [13] or 
ammonium metatungstenate [14]) and suitable carrying polymer (such 
as polyvinyl pyrrolidone (PVP) [16–20,22], polyvinyl alcohol (PVA) 
[14], etc.). 

However, recently also another spinning technique - centrifugal 
spinning - has attracted significant research and industrial interest [23]. 
The advantage of centrifugal spinning has been well demonstrated in 
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literature. For example Rihova et al. [24] and Sarkar et al. [25] 
communicated centrifugal spinning as technique of higher yield, lower 
risks (absence of electrostatic charge capable that can fire the organic 
solutions), better reproducibility and dimensional control. However, 
until now only few inorganic nanofibers, including SiO2 [26], TiO2 [27, 
28], and Al2O3 [29] were synthesized by centrifugal spinning. 

Therefore, in this paper, the synthesis of uniform and crystalline 
mesoporous WO3 fibers by centrifugal spinning is shown for the first 
time. Stable aqueous precursor solutions (based on ammonium meta-
tungstate and polyvinyl pyrrolidone) and an optimized annealing pro-
cess were developed for that purpose. By the presented approach, highly 
uniform, crystalline WO3 fibers with various dimensions can be made, 
whose photocatalytic performance is excellent against other WO3 
nanomaterials. 

2. Experimental 

To prepare centrifugally spun WO3 fibers (WO3 c-spin), precursor 
solutions for centrifugal spinning consisted of ammonium metatungstate 
hydrate (NH4)6H2W12O40⋅xH2O (AMT, Sigma Aldrich), polyvinyl pyr-
rolidone (PVP, Mw = 1.300.000 g/mol, Sigma-Aldrich) and distilled 
water (DI water). 

At first, two separate spinning solutions were prepared. In solution 
#1, the given amount of AMT powder was dissolved in water. In solution 
#2, given amount of PVP was dissolved in water. The solution #1 was 
dropwise added to the stirred solution #2 and the resulting solution was 
further stirred for 6 h. In such way, two sets of the spinning solutions 
were prepared: 1) spinning solution with a constant content of AMT (10 
wt%) and a variable content of PVP (12, 15, 18, and 20 wt%, respec-
tively), 2) spinning solution with a constant content of PVP (15 wt%) 
and a variable content of AMT (8, 10, and 12 wt%, respectively). The 
values “wt. %” represent the weight percentages of AMT and PVP in the 
final spinning solution. The remaining proportion of the weight to 100% 
is DI water. 

Similar to our previous report on SiO2 nanofibers [26], the precursor 
fibers were centrifugally spun using pilot scale tool Cyclone (Pardam4-
Nanofibers, Czech Republic).The rotations were set to 10 000 rpm. The 
air was entering the tool with a constant temperature of 45 ◦C and 
relative humidity of 15% was controlled by sophisticated 
air-conditioning. 

The resulting composite precursor fibers were annealed to obtain 
crystalline WO3 c-spin. The annealing was conducted in a laboratory 
muffle oven as following. First, WO3 c-spin were annealed at 300 ◦C for 
1 h (0.8 ◦C/min) and subsequently additionally annealed at 500 ◦C for 6 
h (10 ◦C/min). 

Two different types of WO3 were used as a reference material: 1) 
commercially available WO3 nanoparticles (WO3 NP, Sigma-Aldrich); 2) 
electrospun WO3 fibers (WO3 e-spin) prepared by electrospinning ac-
cording to Y. Cui et al. [30] using Nanospider lab tool (NS LAB 500S, 
Elmarco, Czech Republic). 

Scanning electron microscope (SEM, JEOL JSM-7500F) was used to 
study the morphology. 

The structure of WO3 fibers was determined by X-ray diffractometer 
(XRD, PANAlytical Empyrean) with Cu-tube and Pixcel3D scintillator 
detector in range of 10–60◦ 2Theta and Bragg-Brentano geometry. The 
structure was identified via HighScore + software with ICSD PDF4+
database. 

The UV–VIS diffuse reflectance spectra of hydrated samples were 
measured using Cintra 303 spectrometer (GBC Scientific Equipment, 
Australia) equipped with a Spectralon-coated integrating sphere using a 
Spectralon coated discs as a standard. The spectra were recorded in the 
range of the wavelength 190–900 nm with optical resolution of 1 nm 
with scanning rate 100 nm/min. 

The photocatalytic activities of WO3 c-spin, WO3 e-spin and WO3 NP 
were evaluated using photocatalytic decomposition of methylene blue 
solution (MB; initial concentration = 1 × 10− 5 M). Prior to all 

photocatalytic activity measurements, the samples were sonicated for 5 
min at 50% power, 37 kHz (FB11203, Fisherbrand) in DI water and 
subsequently separated from the DI water by centrifugation (Optima 
MAX-XP, Beckman Coulter) at 5000g for 5 min at 25 ◦C using fixed angle 
rotor (MLA-150). Moreover, to achieve the dye adsorption-desorption 
equilibrium, all samples were immersed in the MB solution (30 mL) 
for 1 h under constant stirring. After, the samples were separated from 
the MB solution by centrifugation at 5000g for 5 min at 25 ◦C using fixed 
angle rotor (MLA-50). Subsequently, 80 mg of sample was irradiated by 
a LED-based lamp to simulate UV light (UV lamp; λ = 365 nm ± 5 nm) 
and VIS light (VIS lamp; λ = 400–410 nm) and the absorbance of the MB 
solution was periodically measured (6 × 10 min and 2 × 30 min steps, 
respectively) by a UV-VIS spectrophotometer (S-200, Boeco) at a 
wavelength of 670 nm to monitor the decomposition rates. Repeatedly, 
prior to absorbance measurements, 4 mL of MB solution were taken out 
of the reaction solution and the sample was separated from the MB so-
lution by centrifugation at 5000g for 5 min at 25 ◦C using MLA-150 
rotor. The measured solutions were always returned to the base solu-
tion for further irradiation experience. 

The textural properties (specific surface area and pore size distri-
bution) of WO3 c-spin, WO3 e-spin and WO3 NP were determined from 
the N2 adsorption isotherms. The isotherms were acquired using an 
ASAP 2020 instrument (Micromeritics) and evaluated by MicroActive 
software (Micromeritics). Before the adsorption measurement, the fibers 
were carefully degassed to allow a quantitative removal of the pre- 
adsorbed H2O. Starting at ambient temperature, the fibers were 
degassed at 110 ◦C (temperature ramp of 0.5 ◦C/min) until the residual 
pressure of 1 Pa was attained. After further soaking at 110 ◦C for 1 h, the 
temperature was increased (temperature ramp of 1 ◦C/min) until a 
temperature of 200 ◦C was achieved. The WO3 fibers were degassed at 
this temperature under a turbomolecular pump vacuum for 8 h. This was 
done to avoid potential structural damage of the fibers due to surface 
tension effects and hydrothermal alternation. The specific surface area 
was calculated according to the Brunauer-Emmett-Teller (BET) method 
[31]. The mesopore and external surface area were determined by 
means of a t-plot using the Harkins− Jura equation for calculation of the 
adsorbed layer thickness; pore volume and pore size distribution were 
determined by the BJH methodology employing Harkins-Jura equation. 

3. Results and discussion 

Prior to the main experimental results discussed in this work, initial 
experiments to determine the photocatalytically most active WO3 c-spin 
was determined. As described in the Experimental part, two sets of WO3 
c-spin with different ratios of AMT to PVP were prepared. The first set 
included samples with fixed AMT content and variation of PVP content. 
The second set included samples with fixed PVP and the variation of 
AMT content. Evaluations of fibers’ diameters for these two sets are 
shown in Figs. S1 and S2, respectively. Textural properties of these fibers 
are summarized in Figs. S4 and S5 and Table S1. For all these solutions 
and their compositions, precursor fibers and WO3 fibers could be made 
reproducibly. Subsequently, the photocatalytic activity of these WO3 
fibers in the photodegradation of MB was assessed under UV and VIS 
light irradiation (Fig. S3). Based on these initial experiments, WO3 c-spin 
with composition of 15 wt% PVP and 12 wt% AMT showed the best 
photocatalytic activity. Thus, these particular fibers were studied in 
details in the rest of this work and compared to reference materials. 

Fig. 1 shows representative SEM images of WO3 c-spin, WO3 e-spin 
and WO3 NP with diameters of 1078 ± 264 nm, 688 ± 271 nm and 66 ±
48 nm, respectively. Both WO3 c-spin and WO3 e-spin possess a fine 
crystalline porous structure of the fibers. Whereas WO3 NP have a 
typical nanoparticle-like morphology with a tendency to form 
agglomerates. 

Fig. 2 shows XRD patterns of WO3 c-spin, WO3 e-spin and WO3 NP. 
All diffractions were ascribed to monoclinic WO3 (γ-WO3, JCPDS data: 
00-043-1035). Average crystallite size of 228 Å, 368 Å and 438 Å was 
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calculated by the Scherrer equation for (002) diffraction peak for WO3 c- 
spin, WO3 e-spin and WO3 NP, respectively (Table 1). Indeed, the 
broadening of the diffraction peaks of WO3 c-spin and WO3 e-spin 
compared to that of WO3 NP resulted in smaller crystallite sizes for fibers 
compared to nanoparticles. 

The adsorption/desorption isotherms of various WO3 c-spin samples, 
WO3 e-spin and WO3 NP are shown in Fig. S4. The corresponding 
textural parameters obtained by Brunauer-Emmett-Teller (BET) method 
for the main samples are summarized in Table 1, for all other samples 
see Table S1. The highest specific surface area (SBET) was obtained for 

WO3 c-spin (22.3 m2/g) which is approx. 3.0–3.5 times increased 
compared to that of WO3 e-spin (7.4 m2/g) and WO3 NP (6.4 m2/g). The 
obtained BET data correlate with the obtained SEM (Fig. 1) and XRD 
(Fig. 2) ones. Indeed, the highly porous structure and small crystallite 
size in WO3 c-spin resulted in the highest SBET. Moreover, the BET 
analysis determined a small volume of pores (total pore volume is 
summarized in Table 1 and Table S1) for all WO3 materials. Moreover, as 
shown in Fig. S5,the pore diameters were in the mesopore (2–50 nm) 
range. 

Finally, WO3 c-spin, WO3 e-spin and WO3 NP were employed for the 
photodegradation of MB as a model organic dye under UV (λ = 365 nm 
± 5 nm) and VIS (λ = 400–410 nm) light. It followed the first-order 
reaction typical for the WO3 photocatalyst and an organic dye [32]. 
Fig. 3 shows the photodegradation rates and the kinetic rate constants of 
all WO3 materials. The highest photodegradation rates were obtained 
for WO3 c-spin under both UV (k = 0.0205 min− 1) and VIS (k = 0.0109 
min− 1) light irradiation which is an increase in approx. 1.4–4 times 

Fig. 1. SEM images of: A,B) WO3 fibers by centrifugal spinning, C,D) fibers WO3 by electrospinning and E,F) WO3 nanoparticles.  

Fig. 2. XRD patterns of same materials as shown in Fig. 1 (WO3 c-spin, WO3 e- 
spin and WO3 NP). 

Table 1 
Average crystallite size and data from BET measurements of the specific surface 
area (SBET), pore volume (Vp) and pore diameter (Dp, the maximum of distri-
bution peak is in the range of mesopores) of WO3 c-spin, WO3 e-spin and WO3 
NP.  

Sample Crystallite size (Å) SBET (m2/g) Vp (cm3/g) Dp (nm) 

WO3 c-spin 228 22.3 0.084 23 
WO3 e-spin 368 7.4 0.039 35 
WO3 NP 438 6.4 0.035 30  
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compared to that of WO3 e-spin (k = 0.0145 min− 1 under UV and k =
0.0067 min− 1 under VIS light) and WO3 NP (k = 0.0065 min− 1 under UV 
and k = 0.0027 min− 1 under VIS light). 

The diffuse reflectance spectra were measured for all relevant sam-
ples and their optical band gaps were evaluated by Tauc’s plot. The 
results show that the optical band gaps are almost entirely similar. The 
data are shown in Fig. S6. 

Thus, we believe the thee obtained photoactivities are in the best 
correlation with the determined BET data (Table 1). Indeed, WO3 c-spin 
possess a substantial increase in the specific surface area compared to 
that of WO3 e-spin and WO3 NP, which is a crucial parameter for a 
material in photocatalysis. Therefore, the adsorption capacity increases 
as following: WO3 c-spin > WO3 e-spin > WO3 NP. Thus, more active 
sites to adsorb organic molecules for photodegradation, along with a 
favorable diffusion for the species are present in WO3 c-spin. In addition, 
fibers showed better photocatalytic performance compared to nano-
particles. In general, dimensionality of the material is responsible for 
this outcome. This is due to the increased surface-to-volume ratio, the 
more efficient charge carrier separation and transport in 1D materials 
(WO3 fibers in this regard) compared to 0D materials (WO3 particles) 
[32]. Within 1D structures, multiple incident light scattering provide a 
higher amount of utilized photons for both UV and VIS charge carrier 
separation. 

All in all, WO3 c-spin (i.e., fibers prepared by centrifugal spinning) 
are highly promising material for photoelectrochemical applications, in 
particular in photocatalysis. Compared to fibers prepared via electro-
spinning (WO3 e-spin), centrifugal spinning allows production of the 
fibers with a substantial increase in quantity per unit of the production 
time. Thus, yields a much lower cost on the overall production expenses. 

4. Conclusions 

WO3 fibers with a diameter of ≈1 μm and a monoclinic structure 
(γ-WO3) were prepared via environmentally friendly and centrifugal 
spinning process with subsequent annealing. A substantial increase of 
the specific surface area in such WO3 fibers (WO3 c-spin SBET = 22.3 m2/ 
g) was achieved compared to that of WO3 fibers prepared via electro-
spinning (WO3 e-spin SBET = 7.4 m2/g) and commercially available WO3 
nanoparticles (WO3 NP SBET = 6.4 m2/g). As a result of the increased 
specific surface area, photocatalytic activity of WO3 c-spin enhanced by 
approx. 1.4–4 times under both UV and VIS light irradiation compared 
to the photoactivity of WO3 e-spin and WO3 NP. 
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