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Abstract 

The oxygen deficient tungsten oxide W18O49 was synthesized through lattice oxygen escaping at high 
temperature in N2 atmosphere. The temperature and inert atmosphere were critical conditions to 
initiate the lattice oxygen escaping to obtain W18O49. The synthesized tungsten oxides were 
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron 
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS) and ultraviolet-visible absorption 
spectroscope (UV-Vis). The composite gel was fabricated by the oxygen deficient tungsten oxide 
insertion into PVA-based gel, which was cross linked by glutaraldehyde. The gel was characterized 
by Fourier transform infrared (FTIR) spectroscopy and solar steam generation test. The result of the 
solar steam generation shows that the W18O49-PVA gel (steam generation rate 2.63 kg m-2 h-1) was 
faster than that of the pure PVA gel. 

Keywords: oxygen-deficiency; tungsten oxide; NIR adsorption; solar steam generation; cross-linking gel 
 

1. Introduction 

The shortage of freshwater resources and the pressure of energy consumption are increasingly 
becoming global challenges. Traditional seawater desalination and wastewater treatment 
technologies often come with high energy consumption and high cost issues. In recent years, 
Interfacial Solar Steam Generation (ISSG) technology, characterized by its utilization of green solar 
energy, low system heat capacity, and high evaporation efficiency, has emerged as a promising 
sustainable solution [1,2]. The core of this technology lies in the development of efficient 
photothermal conversion materials and the optimization of evaporator structure design for 
water/heat management. 

ISSG technology achieves efficient capture and conversion of solar energy by localizing 
photothermal materials at the gas-liquid interface, and maximally confines heat near the evaporation 
interface, significantly reducing heat loss to the bulk of the water body. The ideal performance relies 
on three core points: broad-spectrum efficient light absorption, excellent photothermal conversion, 
and intelligent water/heat management. However, traditional photothermal materials (such as 
carbon-based materials, noble metal nanoparticles, and semiconductors) may suffer from issues such 
as narrow light absorption bands, high cost, and insufficient stability [3–5]. It is urgent to develop 
novel, efficient, low-cost, easily integratable material systems that can synergistically optimize light-
heat-water transport [6]. 
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The commercial WO3 has a band gap of 2.5-2.8 eV which absorbs little visible light. Doping some 
hetero-valence metal ions or introducing some oxygen vacancies are the common methods to 
improve the concentration of free-carries so as to enhance the light absorption. Tungsten oxide could 
withstand a large amount of oxygen vacancies so as to the formation of various phases. Non-
stoichiometric tungsten oxides (WO3-x) have attracted increasing interest due to their unique 
properties [7]. Among these, W18O49 is a particularly important member of the WO3-x family, which 
contains the largest amount of oxygen deficiency. Extensively, its preferential growth and exceptional 
chemical stability makes it excellent performance in various fields [8–10]. Notably, W18O49 nanowires 
are particularly versatile, retaining all the characteristic properties of bulk W18O49 while also 
exhibiting a high aspect ratio. This morphology facilitates the efficient transfer of photo-generated 
carriers along the nanowire axis which is important for achieving efficient photothermal conversion. 
Up to now, various methods have been successfully developed to synthesize W18O49 tungsten oxide, 
including solvothermal [11], thermal evaporation [12], hydrothermal [13,14], simple reflux [15], 
microwave-assisted [16] and electron beam irradiation [17] and so on. In this report, the oxygen 
deficient tungsten oxide W18O49 was synthesized through lattice oxygen escaping at high temperature 
in N2 atmosphere. 

In order to boost the water evaporation efficiency, a fast water supply to the evaporation surface 
is especially important. Therefore, a hydrophilic network such as PVA should be introduced into the 
structure of evaporator. PVA hydrogel could play a crucial dual role as a “water channel” and 
“thermal barrier” in ISSG evaporators due to its unique three-dimensional network structure [18–22]. 
Firstly, the PVA network rich in hydroxyl (-OH) groups exhibits strong hydrophilic nature, enabling 
rapid absorption of water from the underlying layer through capillary forces. Its porous structure 
provides continuous and low-resistance transmission channels for water molecules, ensuring 
continuous and sufficient water supply to the evaporation interface and preventing local drying. 
Secondly, the PVA polymer backbone itself is a poor conductor of heat. The heat generated inside the 
gel can be used to provide the latent heat (~2260 kJ/kg) required by internal water molecules during 
evaporation, effectively limiting the diffusion of heat to the bulk of the water body and efficiently 
“locking” the thermal energy at the evaporation interface, significantly improving heat utilization 
efficiency [23]. Furthermore, PVA hydrogel possesses excellent flexibility, biocompatibility, and 
processability (such as freeze-thaw cycling and chemical crosslinking), facilitating the integration of 
different nanomaterials and enabling the construction of diversified and adaptable (such as flexible 
and wearable) evaporator structures. Therefore, ingenious material design and structural 
optimization of W18O49/PVA composite gel can effectively synergize light harvesting, heat generation, 
water supply, and thermal management, providing a practical approach to achieve ultra-high 
evaporation efficiency. 

2. Results and Discussion 

Figure 1 shows the XRD patterns of tungsten oxide obtained from various temperature in air or 
N2 atmosphere. It was obvious to distinguish that only the XRD pattern of tungsten oxide obtained 
at 900 °C under N2 atmosphere was different from that of other three tungsten oxide samples. At the 
lower annealing temperature 700 °C, the XRD patterns of products shows monoclinic WO3 no matter 
with the air or N2 condition, which matches well with the JCPDS No.43-1035. The XRD pattern of 
tungsten oxide obtained at 900 °C under air condition shows a sharper diffraction peaks than that of 
samples obtained at 700 °C. This is due to the improved crystallinity of the tungsten oxide at higher 
temperature. Whereas XRD pattern of tungsten oxide obtained at 900 °C under N2 condition shows 
monolinic W18O49 matches well with the JCPDS No.71-2450. This large amount of oxygen vacancy is 
caused by lattice oxygen escaping and WO6 octahedron unit cell rearrangement under inert 
atmosphere at high temperature. The appearance of the product shows a dark blue which is also 
widely different with that of other three samples. 
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Figure 1. XRD patterns of obtained products at different temperatures. 

Figure 2 shows the SEM images of these tungsten oxides obtained in various conditions. The 
morphology of tungsten oxide obtained at 700 °C was basically consistent in air or N2, which shows 
nanoplate morphology with a 200 nm radius and 50 nm thickness. When the annealing temperature 
reached up to 900 °C, the morphology of tungsten oxide turns to be larger particles whose size is 
larger than 1 um. This is also evidenced by the result of its XRD shown in Figure 1c. The sharper XRD 
peaks also reveal a larger particle size. It’s interesting that the morphology turns out to be nanorods 
when the annealing treatment was 900 °C in N2. This is also consistent with other reported W18O49 
material which has preferential growth in b axis direction. It should be noted that N2 surrounding 
differs the reduced atmosphere as H2 or H2/N2 mixed atmosphere. In a strong reduced atmosphere, 
a large amount of lattice oxygen in WO3 would be eliminated so as to form many other phases such 
as WO2.9, WO2.83 or mixed phases and so on [24]. However, in an inert atmosphere, the result shows 
that the lattice oxygen in WO3 is stable even at 700 °C and lattice oxygen escape occurred at 900 °C so 
as to the formation of W18O49. Thus, we proposed a new method to synthesize W18O49 at 900 °C in N2. 
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Figure 2. SEM images of tungsten oxide. (a)700 °C air, (b) 700 °C N2, (c) 900 °C air, and (d) 700 °C N2. 

As the lattice oxygen in tungsten oxide escaped at high temperature in N2, large amounts of 
oxygen defect generated which drive the WO6 octahedron unit cell rearrangement to form a more 
stable phase W18O49. Thus, XPS was conducted to survey the oxidation state of W in the new 
generated product. Figure 3 shows the XPS spectrum of W 4f orbital in the dark blue sample. The 
broad shoulder peak in Figure 3 reveals a mixed oxidation state of W. The doublet peaks at about 
37.8 and 35.7 eV are assigned to W 4f5/2 and W 4f7/2 of W6+, respectively. The lower binding energy 
peaks at 36.4 and 34.3 eV belong to W 4f5/2 and W 4f7/2 of W5+, respectively [25]. The percentage of W5+ 
is calculated to be 32.5% according to the integral areas of the peaks. The XPS spectra of other three 
tungsten oxide samples do not have a shoulder peak. Its high symmetrical peak reveals the absence 
of reduced tungsten state (W5+). Thus, the temperature and atmosphere are both critical for the 
synthesis of W18O49. 

 

Figure 3. W 4f orbital XPS spectrum of tungsten oxide obtain at 900 °C in N2. 
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The appearance of these tungsten oxides obtained in various conditions was extremely different. 
The reduced tungsten oxidation state (W5+) is often regarded as the color center in tungsten oxide. 
Therefore, the oxygen deficient product exhibits a dark blue appearance which differs from that of 
other tungsten oxides. As shown in Figure 4a, the green line shows a broad adsorption during the 
whole UV-Vis range while the products obtained at 700 °C only shows a slight adsorption during the 
visible light range. The red line also exhibits partial adsorption in visible range due to its increased 
crystallinity. The partial red light adsorption results in a green appearance of this tungsten oxide 
powder. The band gap of these tungsten oxides was calculated according to the absorbance. As 
shown in Figure 4b, the black line and red line represents the sample obtain at 700 °C, demonstrated 
to be a similar band gap about 2.5 eV [26,27]. The blue line shows a smaller band gap due to its higher 
crystallinity. A more orderly arrangement of WO6 units causes more absorbance. However, the strong 
absorbance during the whole UV-Vis range of W18O49 reveals its “quasi-conductor” property which 
comes from its high concentration of free carries. These results are similar to the previous reported 
research, the light adsorption capability increases with the increment of free carriers in transition 
metal oxide semiconductor [28]. A self-floating evaporator with a stable photothermal conversion 
performance of W18O49 coupled with carbon foam has been reported and applied in solar steam 
generation [29]. Here, a fine designed hydrophilic gel was adopted to play a crucial dual role as a 
“water channel” and “thermal barrier” so as to significantly increase the evaporation efficiency. 

 

Figure 4. (a) Adsorption spectra of the tungsten oxide obtained in various conditions, (b) calculated band gap of 
these tungsten oxides. 

Figure 5 shows the FTIR spectrum of the composite gel. The PVA chains are rich in hydroxyl 
groups, which could be cross-linked by glutaraldehyde in acid condition results in the formation of 
three-dimensional interpenetrating network structure. The molecular with a head-to-tail dialdehyde 
structure is often used to crosslink the long chain polymer with hydroxyl groups [30–32]. This 
interconnected PVA structure could serve as thermal barrier in ISSG evaporators due to its low 
thermal conductivity. Moreover, it also reserves partial hydroxyl groups (as shown the strong 
adsorption at ~3500 cm-1). This reservation of hydroxyl groups ensures its hydrophilicity which is 
critical to the water transportation in ISSG technology. Therefore, the composite gel plays a crucial 
dual role as a “water channel” and “thermal barrier” in ISSG evaporators due to its unique three-
dimensional network structure. 
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Figure 5. FTIR spectra of the W18O49@PVA gels. 

The solar steam generation test was conducted under 1 sun irradiation to estimate the practical 
performance of this well-designed composite gel. The mass change represents the amount of 
evaporated water, which was recorded by 1 min interval. It is obvious to see that the vapor generation 
with composite gel is more efficient than that of pure water or pure PVA gel. All the experimental 
data of solar vapor generation are calibrated to dark-condition evaporation data. The black line 
represents the evaporation rate of pure water, which was calculated to be 0.39 kg/m2. The evaporation 
rate of the cross linked PVA gel was 0.53 kg/m2 which is faster than that of pure water. The heat loss 
decreases due to its polymer nature of low thermal conductivity. Whereas the surface heat generation 
was limited due to the lack of effective photothermal conversion material. When the PVA gel coupled 
with oxygen deficient rich material W18O49, the vapor generation rate was remarkably improved. 
Furthermore, the evaporation rate also accelerates as the amount of W18O49 increases. The max 
evaporation rate of 5wt% W18O49@PVA gel reaches up to 2.65 kg/m2, which is more than 6 times to 
the pure water. The temperature of this evaporation surface is less than 40 °C due to the fast water 
evaporation. This also reveals that the localized heat generation was almost used in the phase change 
of water and there is no much heat loss. It could be concluded that a suitable water supply couples 
the localized heat generation results in a high solar utilization and water evaporation rate. This fast 
evaporation rate was benefit from the reduced vaporization enthalpy, which comes from the water 
cluster theory. This theory reveals that water can be evaporated as either a single molecule or in small 
clusters consisting of a few to tens of molecules. Thus, this hydrophilic PVA gel plays two key roles 
as a “water channel” and “thermal barrier”, which resulting a reduced vaporization enthalpy so as 
to improve the water evaporation rate. 
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Figure 6. Solar steam generation test under 1 sun irradiation (inserted image was the W18O49@ PVA gel irradiated 
by simulated solar light). 

3. Conclusions 

A highly efficient interfacial solar steam generation system was well designed by insertion 
W18O49 into PVA base gel. The photothermal conversion material of W18O49 was successfully 
synthesized through direct annealing at 900 °C in N2. The PVA gel still keeps hydrophilic nature after 
cross linked by glutaraldehyde which is essential for its water transportation. The composite 
W18O49@PVA gel exhibits a fast water evaporation rate 2.65 kg/m2 which is more than 6 times of pure 
water. This enhancement is attributed to the coupling efficient light absorption and heat conversion 
properties of W18O49 nanorods and the water transportation of PVA gel, which significantly improve 
the overall performance of the composite gel. This type of solar steam evaporator might be used for 
many other applications, including environmental cooling, seawater desalination, and pollution 
abatement. 

4. Materials and Methods 

4.1. Materials 

Tungsten(VI) oxide, WO3 (purity lager than 99.8%) was purchased from Aladdin (Shanghai, 
China). Poly(vinyl alcohol)(PVA) Mw=31000-50000 and Glutaraldehyde 50% in water (Analytical 
Reagent) were also purchased from Aladdin (Shanghai, China). There was no need to purify before 
use. HCl was diluted to 1M to catalysis the cross linking reaction. High purity N2 (99.999%) was 
purchase from Cixi Qunying Gas Co., Ltd. Deionized water (conductivity less than 10 µS/cm) was 
self-made to wash the gel. 

4.2. Procedures of the Composite Gel Synthesis 

4.2.1. The Synthesis of Tungsten Oxide 

Position the commercial yellow tungsten trioxide powder at the center of the tubular furnace. 
Initially, purge high-purity (99.999%) nitrogen into the tube for 30 minutes to extrude the air. 
Subsequently, heat the powder to the setting temperature at a ramping rate of 10°C/min and keep for 
2 hours. Allowing it to cool down to room temperature, oxygen deficient tungsten oxide product was 
obtained. For the purpose of comparing the impact of different atmospheres on the products, 
tungsten oxide materials were also prepared under identical heat treatment conditions in air for 
comparative analysis. The prepared series products were labeled as N2-700, N2-900 and Air-700, Air-
900 for different tungsten oxide, respectively. The Air-700 and Air-900 tungsten oxide are yellow 
powders and the N2-700, N2-900 shows a pine green and dark blue appearance, respectively. 

4.2.2. Preparation of PVA Gel 

PVA (1 g), glutaraldehyde (125 μL, 50%wt in DI water) and Dl water (10 mL) were mixed 
together by sonication (solution C). Then HCl (50 μL, 1.0M) were added to 10 mL of solution C, the 
gelation was carried out for 12 h, the obtained cross-linked gel was immersed into DI water overnight 
to remove the impurity. The purified composite gel was frozen by liquid nitrogen and then thawed 
in DI water at a temperature of 30 °C, The freezing-thawing process was repeated for 5 times. Finally, 
the obtained HNG sample was freeze-dried. 

4.2.3. Preparation of W18O49@PVA Composite Gel 

In a typical synthesis, PVA (1 g), glutaraldehyde (125 μL, 50%wt in DI water) and Dl water (10 
mL) were mixed together by sonication (solution C). Then HCl (50 μL, 1.0M) and a certain amount of 
W18O49 (1wt%, 3wt% and 5wt% according to the mass of PVA) were added to 10 mL of solution C, 
the gelation was carried out for 12 h, the obtained composite gel was immersed into DI water 
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overnight to remove the impurity. The purified composite gel was frozen by liquid nitrogen and then 
thawed in DI water at a temperature of 30 °C, The freezing-thawing process was repeated for 5 times. 
Finally, the obtained HNG sample was freeze-dried. 

4.2.4. Experiment of Solar Steam Generation 

The solar steam generation test was conduct at 25 °C irradiated by simulated solar light(AM1.5 
without condensing lens, irradiation power 1 kW/m2). The distance from the gel surface to the 
simulated light keeps 20 cm. The outer space of the container was totally contact with the 
surrounding, which is without the covering of thermal insulation foam. The mass change was 
recorded by 1 min interval during the solar irradiation. The mass change of the system without 
irradiation was also recorded by 1 min interval to represent the dark-condition water evaporation. 
And thermal camera was used to record the gel surface temperature, which directly demonstrates 
the water evaporation effect. 

4.3. Characterization 

The XRD patterns were recorded by using PANalytical B.V. Empyrean X-ray powder diffraction 
(Malvern Panalytical, Enigma Business Park, Grovewood Road, Malvern, WR14 1XZ, United 
Kingdom) with Cu Kα radiation over a range of 10–70° (2θ) with 0.02° per step, scanning rate 10°/min. 
SEM images were obtained with a JSM-6700F electron microscope (JEOL, 1-2 Musashino 3-chome, 
Showa City, Tokyo), operating voltage 5 kV, working current 10 mA. X-ray photoelectron 
spectrometer was recorded by ESCALAB 250 (Thermal Fisher, America). UV-Vis spectra was 
recorded by Lambda 950 (PerkinElmer, America). The FTIR spectrum was recorded by Fourier 
Transform Infrared Spectrometry FTIR-650. The mass change was recorded by electronic analytical 
balance (FA2004). 
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