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Abstract: An alternating layered structure of sodium tungsten bronze and 

cetyltrimethylammonium bromide bilayer micellar template was successfully prepared via a one-pot 

synthesis at 80°C for 2 h. The layered structure was confirmed by X-ray diffraction technique and 

transmission electron microscopy. Intermolecular interaction between the organic bilayer micelles 

and the inorganic tungsten oxide layer was observed. Furthermore, the sintered sample was prepared 

via a conventional method after the removal of the organic templating moiety. Subsequently, its 

thermoelectric properties were measured at temperatures up to 800°C in an Ar atmosphere. An 

improved Seebeck coefficient was achieved as a result of the unconventional morphology in the bulk 

sample. 

 

Keywords: layered structure; sodium tungsten bronze; reduction reaction; self-assembly 
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1.  Introduction  

Nonstoichiometric tungsten oxides (WOx) can form in 

various crystal structures, each of which possesses 

distinguish physical and electrical properties from one 

another and from the stoichiometric tungsten oxides such 

as WO3 and WO2
1-3). Sodium tungsten bronze (NaxWO3) 

is one of the nonstoichiometric tungsten oxides with Na 

ions inserted into the tungsten oxide crystal structure with 

corner-sharing WO6 octahedra framework. By adjusting 

the concentration of the Na ions, not only their crystal 

structures vary from tetragonal to cubic4,5) but also their 

electrical transport properties change from semiconductor 

(x < 0.3) to metallic (x > 0.3)6). The reason is due to the 

donation of electrons from the Na ions to the conduction 

band of the tungsten oxide7,8). It was also reported that the 

effective number of conduction electrons of this type of 

compound increased with the increasing of numbers of 

sodium atoms per unit volume9). So far, this type of 

compound has been studied mainly for near-infrared 

(NIR)-shielding10), electrochromic11), plasmonic12), and 

photocatalytic13) applications. However, with its high 

electrical conductivity, low cost, and nontoxicity, NaxWO3 

can be promising to be studied as thermoelectric materials, 

in which the electrical conductivity is one of the important 

parameters. Furthermore, the microstructure and/or 

nanostructure controls of this material are good strategies 

to tune their thermal conductivity and the Seebeck 

coefficient, which are also key factors to achieve high 

thermoelectric performance. 

NaxWO3 has been synthesized via solid-state reaction14), 

reduction reactions15-17), hydrothermal synthesis18-20), and 

electrolysis growth21,22), out of which hydrothermal 

synthesis is the most well-known technique to achieve 

NaxWO3 nanostructures. These methods are usually 

highly energy-consuming and/or time-consuming. 

However, among these routes, the simple reduction 

reaction between Na2WO4 and NaBH4 in the form of a 

solution has been reported to be done in ambient 

conditions and conveniently yielded the amorphous 

NaxWO3 within only two hours17). Moreover, the amount 

of the Na ions intercalated in the tungsten bronze structure 

is controllable by varying the pH and the reaction time. 

Hence, this reduction reaction provides an effective route 

to prepare NaxWO3 compounds with relatively low energy 

and time consumption, in comparison to other methods. 

Nevertheless, study on the nanostructure controlling 

aspect of this facile route is still lacking.  

A soft template constructed from micellar structures of 

the organic surfactant molecules has been utilized to 

fabricate nanostructures in both top-down and bottom-up 

approaches, especially for metal oxide materials23-26), and 

is normally applied with a hydrothermal process. This 
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molecular self-assembly template is formed at an 

optimum concentration of surfactant molecules in water 

with the presence of metal ions usually bonded to the head 

group of the surfactant molecules. Then, metal oxide 

nanostructures are synthesized under specific conditions 

and concentration ratios. One of the distinct metal oxide 

nanostructures synthesized by this technique was lamellar 

titanium oxide prepared by surfactant bilayer 

templating25). In this case, sodium dodecyl phosphate 

(SDP) was used as a surfactant during the hydrothermal 

treatment at 120 °C. By changing the inorganic layers in 

this structure into highly electrically conductive metal 

oxides, this lamellar structure could yield unconventional 

electrical and/or thermal transport properties that have 

never been reported before. It is also worth noting that 

such a self-assembly structure of surfactant molecules can 

be formed under various conditions even in air at room 

temperature, depending on the types of surfactants. Hence, 

it is possible to employ the self-assembly template by 

selecting a suitable surfactant at the optimum 

concentration ratio and include it into the reduction 

reaction of Na2WO4 to fabricate the NaxWO3 

nanostructure with a long-range order. 

In this study, we report a successfully fabricated 

lamellar cetyltrimethylammonium bromide (CTAB)-

NaxWO3 via a simple reduction reaction assisted by a self-

assembly template. Its layered structure was studied and 

observed by X-ray diffraction technique and transmission 

electron microscopy (TEM). The composition of the 

compound was confirmed by X-ray photoelectron 

spectroscopy (XPS) and energy-dispersive X-ray 

spectroscopy (EDS) on the field-emission scanning 

electron microscope (FE-SEM). In addition, the 

interaction between inorganic and organic layers was 

detected by Fourier-transform infrared spectroscopy (FT-

IR). Moreover, we also report its bulk thermoelectric 

properties after removing the organic templating structure 

and sintering. 

 

2.  Experimental procedure 

2.1 Preparation of lamellar NaxWO3 

Commercially available Na2WO4.2H2O (Fujifilm Wako 

Pure Chemical Corporation, 99.0-100.5%), NaBH4 

(Fujifilm Wako Pure Chemical Corporation), sodium 

dodecyl phosphate (SDP) (Kyoto Chemical Industry co., 

Ltd., >75.0%), and cetyltrimethylammonium bromide 

(CTAB) (Wako Pure Chemical Industries, Ltd.) were used 

as starting materials. 

NaxWO3 was prepared via reduction reaction with and 

without the presence of surfactant molecules. The 

concentration ratio between Na2WO4 and NaBH4 was the 

same in both cases. The reduction reaction is written as 

follows.  

 

Na2WO4 + NaBH4 + (3-x) H2O → NaxWO3 + NaBO2 + 

(2-x) NaOH + (4-0.5x) H2 

The lamellar structure of NaxWO3 was prepared with 

the concentration ratio of the surfactant molecules (SDP 

or CTAB) to the metal ions of 0.3:1. 0.01 mol of 

Na2WO4.2H2O and 0.003 mol of CTAB were dissolved in 

40 mL of deionized water (DI water) at 80 °C under 

moderate stirring. After a homogeneous solution was 

obtained, 1.80 mL of 1M HCl was added, and the mixture 

was stirred continuously for 15 min. Consequently, 0.0250 

mol (excess amount) of solid NaBH4 was added gradually 

into the solution, and it was kept stirred for 2 h. The 

precipitates were separated by centrifugation technique 

and washed with DI water until the pH became neutral. 

Then, the precipitates were dried in a vacuum oven at 

50 °C for 10 h. 

 

2.2 Characterization  

To study the layered structure, powder X-ray diffraction 

(PXRD) data was collected by using a Rigaku MiniFlex 

600 diffractometer (Cu Kα radiation at 40 kV and 15 mA) 

and the 2θ range was from 2° to 90° with a scanning step 

∆2θ = 0.01°. The samples were also observed by Titan 

Cubed G2 (Thermo Fisher Scientific Inc.) operated under 

the scanning transmission electron microscopy (STEM) 

mode. Subsequently, the interplanar distance was 

calculated by using ImageJ software and was compared to 

the value obtained from the XRD data. 

The microstructure and composition of the sample were 

perceived by a JEOL JSM-IT700HR field-emission 

scanning electron microscope (FE-SEM) apparatus 

equipped with energy-dispersive X-ray spectroscopy 

(EDS). The oxidation states of tungsten were evaluated by 

X-ray photoelectron spectroscopy (XPS) on a Kratos 

AXIS-ULTRA with an Al Kα radiation source. The XPS 

measurement was performed at room temperature and the 

binding energies of the spectra were calibrated with the C 

1s peak of graphite at 284.6 eV. Moreover, information on 

the interaction between the organic and inorganic layers 

was also obtained through Fourier-transform infrared 

spectroscopy (FT-IR). The FT-IR measurement was 

carried out in a transmittance mode on a JASCO FT/IR-

4200 apparatus in the wavelength range from 400 to 4000 

cm-1 at room temperature. Optical properties were also 

analyzed on a JASCO V-570 spectrophotometer at the 

wavelength range from 220 to 900 nm. 

 

2.3 Thermoelectric properties 

The lamellar NaxWO3 sample was pressed into a 10 mm 

diameter pellet under a uniaxial pressure of 50 MPa 

followed by a cold isostatic press (CIP) under 100 MPa 

for 1 h and heated in air at 350 ̊C for 2 h to remove the 

organic moieties. Subsequently, the sample was reground 

and pressed into a pellet under the same conditions as the 

previous step. The pellet was then sintered in a tube 

furnace at 800 ̊C for 2 h in an N2 atmosphere. 
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Fig. 1: XRD patterns of NaxWO3 synthesized by a reduction 

reaction (a) with SDP as a surfactant, (b) with CTAB as a 

surfactant, and (c) without surfactant. 
 

Table 1. The d spacings of the samples synthesized with 

different surfactants. 

 

The thermoelectric properties including the electrical 

and thermal properties were measured. The electrical 

conductivity σ, the Seebeck coefficient S, and the power 

factor PF were measured at the temperature range from 

100 to 800 °C in an argon atmosphere on an Ozawa 

Science RZ2001i apparatus using a four-probe method 

and a temperature differential method. The thermal 

conductivity of the sintered samples was obtained using 

the equation κ = αCpds, where α is thermal diffusivity, Cp 

is the specific heat, and ds is the sample density. α and Cp 

were measured in vacuum simultaneously utilizing the 

laser-flash method on a Kyoto Electronics LFA-502. The 

electronic thermal conductivity was calculated following 

the Wiedemann-Franz law κele = σLT, where L is the 

Lorenz number (2.44×10-8 V2K-2). The lattice thermal 

conductivity was obtained from a difference between the 

total and electronic thermal conductivity. 

 

3.  Results and discussion 

3.1 Preparation of lamellar structure 

In order to confirm the existence of the lamellar 

structure, PXRD was utilized as a primary technique to 

detect the long-range ordered structure in the samples and 

the results are shown in Fig. 1. The XRD patterns of both 

samples synthesized in the presence of the surfactant 

molecules clearly showed a series of sharp peaks at low 

angles (2 theta < 10 deg.), which were absence in the case  

 
Fig. 2: STEM images of (a) SDP-NaxWO3 and (b) CTAB- 

NaxWO3. EDS analysis was done on the green areas on each 

image. 
 

of the sample prepared via a normal reduction reaction 

with no surfactant. The first peak at the lowest angle 

represents the diffraction from the first plane, and d001 was 

calculated from the diffraction angle using Bragg’s law. 

The interplanar distances were estimated as shown in 

Table. 1. Although the SDP has shorter aliphatic chain 

with only 12 carbons in comparison to the CTAB with 16 

carbons, the calculated d spacing of SDP-NaxWO3 sample 

is much larger than that of the CTAB-NaxWO3 sample. 

This reflects on the different structures of the organic 

bilayers contained in the two samples. It should be noted 

that the self-assembly bilayer structure can form with 

interdigitated and/or with a tilted angle27) depending on 

experimental conditions.   

Further investigation on the layered structure of the 

surfactant molecules and tungsten oxide was carried out 

by STEM. Alternating bright and dark areas—indicating 

the contrast of electron density inside the compound—

were observed on both samples. The bright area was 

assumed to be the inorganic layer with more intense 

electron scattering, and the dark area was assumed to be 

the organic one. However, the EDS results of the green 

area in Fig. 2(a) revealed that the bright area of the SDP-

NaxWO3 sample contained only P and Na, which are the 

elements found in the hydrophilic head group and the 

counter ion of SDP, respectively. On the other hand, W 

and O were observed in the bright area of the CTAB-

NaxWO3 sample in Fig. 2(b), and the dark area was 

associated with C of the CTAB molecules. Na and N at 

low concentrations unable to be observed on EDS were 

detectable with different techniques as mentioned later.  

It was therefore concluded that the lamellar structure 

constructed with surfactant bilayer and tungsten oxide was 

obtained only for the CTAB-NaxWO3 sample. From this 

point onwards, the discussion will focus exclusively on 

this sample.  

The interplanar distance of the CTAB-NaxWO3 sample 

was also calculated from the STEM image by using 

ImageJ software. The calculated value was 2.37 nm which 

is close to the d spacing value obtained from the XRD 

patterns. Nevertheless, the chain length of a single CTAB 

molecule is normally 1.5-2 nm. If the surfactant molecules 

form a non-interdigitated bilayer structure, the thickness 

without inorganic layer would already exceed 2.37 nm.  

The CTAB bilayer formed in these conditions is hence 

Sample 
2 theta / 

deg. 

𝒅𝟎𝟎𝒍 

/ nm 

D 

/ nm 

SDP-NaxWO3 

2.34 3.77 (001) 3.77 

4.76 1.85 (002) 3.70 

7.18 1.23 (003) 3.69 

CTAB-NaxWO3 

3.68 2.40 (001) 2.40 

7.30 1.21 (002) 2.42 

10.64 0.830 (003) 2.49 
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likely to be interdigitated. 

Microstructure and elemental composition of the CTAB-

NaxWO3 sample was studied by FE-SEM-EDS. A stack of 

plate-like structures was observed. The size of one 

unbroken plate is as large as 4 µm2. The EDS mappings of 

the sample also showed a homogenous distributions of Na, 

O, and W elements in a micrometer scale. Moreover, the 

atomic percentage of each detected element is shown in 

Table 2, and the atomic ratio of Na:W was calculated as 

0.12:1. Although N was not detected by the FE-SEM-EDS 

due to a low concentration of N in the sample and peak 

overlapping with that of C, the presence of N was affirmed 

in XPS and FT-IR.  

 

 
Fig. 3: FE-SEM images of (a) CTAB-NaxWO3 and (b) 

NaxWO3 synthesized without surfactant. EDS mappings of 

CTAB-NaxWO3 also shows distributions of 4 elements, 

including C, O, Na and W. 

 

Atomic percentages of C, O, Na, W, and N were also 

estimated from their peak areas on the wide range XPS 

spectra. Na:W ratio calculated from this technique is 

0.18:1 which is slightly higher than the ratio obtained 

from the EDS analysis. In addition, the number of 

surfactant molecules per one metal ion approximated from 

the ratio between N and W atomic percentages is around 

1.  

Overall, the results suggest that lamellar structure of 

NaxWO3 was successfully prepared with a long-range 

order via CTAB self-assembly template assisted reduction 

reaction. 

 
3.2 Inorganic-organic interlayer interaction  

The inorganic part of CTAB-NaxWO3 consisting of 

nonstoichiometric tungsten oxide framework was studied  

on XPS. The XPS spectra of W 4f (W 4f7/2 and W 4f5/2) 

and O 1s were obtained and fitted with constraints (Fig. 

4(a)), including equal full width half maximum (FWHM) 

value for each W 4f and O 1s core-level spectrum, fixed 

peak area ratios (W 4f7/2 : W 4f5/2 = 4 : 3), and fixed peak 

positions (∆BE(W 4f5/2 –W 4f7/2) = 2.1 eV). Degree of 

asymmetry was also assumed to be zero between two  

 
Fig. 4: XPS spectra fitting of (a) W4f7/2 and W4f5/2, and (b) 

O 1s of CTAB-NaxWO3 sample. 
 

splitted W peaks. Shirley type background was utilized to 

analyze the W 4f spectra. As a result, the W 4f core-level 

spectrum was fitted with three spin−orbit doublets 

corresponding to the three different oxidation states of the 

W atoms. The fitted results confirmed a successfully 

reduced sample with the presence of WV and WIV species. 

The percentages of WVI, WV, and WIV were calculated 

from their peak area to be 71.77%, 17.66%, and 10.56%, 

respectively. The peak position of WVI 4f7/2 (35.35 eV) 

shifted from that of the pure WO3 (36.00 eV)28) to the 

lower binding energies, which is due to the weaker O-W-

O bond. Meanwhile, WV
 and WIV appeared at the lower 

binding energy regions than that of the WVI, as expected. 

In addition, the peak positions of WV 4f7/2 (35.10 eV) and 

WIV 4f7/2 (32.96 eV) shifted slightly to the higher binding 

energies, in comparison to that of the sample synthesized 

without surfactant molecules. This is owing to an 

interaction with the organic part containing an electron-

attracting trimethylammonium head group (N+Me3). A 

similar situation was observed in the O 1s spectra (Fig. 

4(b)) with the main peak located at 530.32 eV. The largest 

O 1s peak is assigned to that of the lattice O2- (O-W). The 

slight shift from that of the sample with no surfactants to 

the higher binding energies is also ascribed to the 

intermolecular bonding between the N+ head group of the 

CTAB molecule and O from the tungsten oxide. The 

interaction between organic and inorganic parts was 

further examined by FT-IR.  

 

Table 2. Elemental analysis of the CTAB-NaxWO3 sample. 

Elements Mass% Atomic% 

C 60.10 ± 0.02 86.95 ± 0.03 

O 9.05 ± 0.02 9.83 ± 0.02 

Na 0.45 ± 0.00 0.34 ± 0.00 

W 30.40 ± 0.06 2.87 ± 0.01 

 

 
Fig. 5: FT-IR spectra of CTAB-NaxWO3 sample and pure 

CTAB at (a) low and (b) high frequency regions. 
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The FT-IR spectra of the CTAB-NaxWO3 sample 

showed different spectra profile from that of the pure 

surfactant (Fig. 5). Broad bands at low and high-frequency 

regions are the most distinguishable bands observed only 

in the lamellar sample. However, some signature bands of 

CTAB are still present in the layered sample.  

At the low-frequency region, the appearance of 

δas(N+Me3) and ν(C-N+Me3) bands at 956 and 927 cm-1, 

respectively, indicated the presence of the surfactant 

molecules with quaternary ammonium ions inside the 

sample29). Shifting of ν(C-N+Me3) band in the sample to 

the lower frequencies than that of the pure CTAB (937 cm-

1) was a consequence of the interaction between the 

organic head group (N+Me3) and the inorganic part, which 

weakens the bond between C and N+Me3 in a CTAB 

molecule. The information obtained from the low-

frequency region was in a good agreement with the XPS 

results discussed in the previous paragraph. Additionally, 

medium to strong broad peaks at 797 and 892 cm-1 –

corresponding to the ν(O-W-O) and ν(W=O) modes, 

respectively—agreed well with the XPS and FE-SEM-

EDS results in the existence of the tungsten oxide 

structure. 

  

 
Fig. 6: A model of lamellar CTAB-NaxWO3 formed via 

self-assembly molecular template assisted reduction reaction. 
 

In comparison to the ν(O-W-O) band of tungsten oxide 

(WO3) and layered tungstic acid (H2WO4), the peak 

position of CTAB-NaxWO3 sample was in between these 

two compounds (between 824 and 740 cm-1)30). Hence, it 

is possible that the O-W-O bond strength and/or the 

alignment of the tungsten oxide layer in the sample is 

between that of WO3 and H2WO4. Likewise, the ν(W=O) 

band found at a lower frequency than that of H2WO4 (950 

cm-1)30) demonstrated the weaker W=O bond in the 

lamellar sample than that of the H2WO4. This is in 

accordance with the XPS spectra of W 4f and O 1s 

indicating the intermolecular bonding between O of the 

W=O and the N+Me3 head group of CTAB. The inorganic 

layer could consist of more than one layer of corner-

sharing [WO6] with some intercalated H2O molecules as 

the ν(O-H) broad band was also present at 3410 cm-1. 

 

 
Fig. 7: (a) Diffuse-reflectance UV-Vis (DRUV) spectra and 

(b) the Tauc plots of CTAB-NaxWO3 and NaxWO3 without 

surfactant. 
 

At the high-frequency region, the presence of the 

terminal quaternary ammonium ions was further 

confirmed by the ν(N+Me3) band at 3036-3039 cm-1. The 

shift of this band to the higher frequencies suggests a 

stronger bond between N+Me3 and O than that of the Br--

N+Me3 in pure CTAB. Moreover, splitting of the δ(-CH2-) 

peak into two peaks at 1471 and 1488 cm-1 indicates 

lateral interchain interactions between contiguous CH2 

groups, specifically in the interdigitated structure27). 

Therefore, these results and the interplanar distance 

calculated from the XRD patterns and the STEM image 

support the CTAB-NaxWO3 model with an interdigitated 

bilayer structure (Fig. 6).  

 

3.3 Optical properties  

The diffuse-reflectance UV-Vis (DRUV) spectra of the 

lamellar NaxWO3 sample were obtained at the range of 

wavelength from 220 to 900 nm in comparison to that of 

the NaxWO3 synthesized without surfactant. As both 

samples are yellowish to brownish in color, their DRUV 

spectra show similar profiles with high reflectance 

percentage at longer wavelength. To determine the optical 

bandgap (Eg), the Tauc plots of both samples were plotted 

following this expression: hνα1/n = A(hν-Eg), where h is 

Planck’s constant, ν is the frequency of light, α is the 

absorption coefficient, Eg is the band gap, A is a 

proportional constant, and n is nature of sample transition 

(n=1/2 was used in this calculation). As shown in Fig. 7, 

Eg was calculated from the slope of a particular region on 

the plot marked with the red dashed line. The obtained Eg 

value of the lamellar NaxWO3 sample and the NaxWO3 

synthesized without surfactant is 3.00 eV and 2.27 eV, 

respectively. The increase of Eg is due to the nano-sized 

organic layer between each tungsten oxide bronze layer, 

and hence, possibly widen the band gap of the bulk 

counterpart. As the optical bandgap is usually lower than 

the transport bandgap, we can expect the electrical 

bandgap to be larger than 3.00 eV for the lamellar 

NaxWO3 sample.  
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Fig. 8: An SEM image and EDS mappings of CTAB-NaxWO3 after being heated at 350 ̊C for 2 h in air. 

 

Table 3. Elemental analysis of CTAB-NaxWO3 after sintering. 

Elements  Mass%  Atomic%  

C  9.67 ± 0.01  42.47 ± 0.04  

O  9.15 ± 0.01  30.17 ± 0.04  

Na  2.03 ± 0.01  4.65 ± 0.02  

W  79.16 ± 0.08  22.72 ± 0.02  

 

Table 4. Elemental analysis of CTAB-NaxWO3 after sintering. 

Elements  Mass%  Atomic%  

C  2.34 ± 0.00  14.73 ± 0.03  

O  8.89 ± 0.01  42.48 ± 0.05  

Na  2.31 ± 0.01  7.59 ± 0.02  

W  86.46 ± 0.07  35.60 ± 0.03  

 

3.4 Thermoelectric properties 

The EDS mappings suggested that almost all of the 

organic part was successfully removed after heating the 

sample at 350 ̊C for 2 h (Fig. 8). Moreover, the Na to W 

ratio of 0.2:1 was obtained from the EDS mappings (Table 

3 and 4) for the sintered sample. The XRD patterns of the 

sintered sample showed the presence of WO2, NaxWO3, 
and W metal (Fig. 9). The fractions of each phase were 

calculated as 61.06, 34.02, and 4.92% for WO2, NaxWO3, 

and W, respectively. Thus, the x value in the sodium 

tungsten bronze phase (NaxWO3) is 0.58. The SEM 

images also revealed stacks of plate-like morphology 

distributing randomly in the porous sintered sample (Fig. 

10 and 11). Hence a bulk sample of WO2-NaxWO3 mixture 

with partially ordered structure was prepared. 

 
Fig. 9: XRD patterns of CTAB- NaxWO3, CTAB-NaxWO3 after 

being heated at 350 ̊C for 2 h in air, and CTAB- NaxWO3 after 

sintering. 
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Fig. 10: SEM images and EDS mappings of CTAB-NaxWO3 after sintering. 

 

 
Fig. 11: SEM images and EDS mappings of CTAB-NaxWO3 after sintering. 

 

The maximum electrical conductivity of ~4.1 × 102 S 

cm-1 was obtained (Fig. 12(a)). The range of values is 

considerably low in comparison to those of the reported 

WO2
2) and NaxWO3

5,31) compounds. The main reason 

could be the low density (4.5 g cm-3) and porous structure 

of the samples. The electrical conductivity also exhibited 

hysteresis, possibly due to oxygen vacancies or defects in 

the material that trap electrons as the temperature 

decreases. Consequently, lower electrical conductivities 

were observed during the cooling cycles of both samples 

before gradually approaching the values obtained during 

the heating cycles toward the end. However, the Seebeck 

coefficient of the sintered sample (Fig. 12(b)) was proven 

to be higher than that of the bulk WO2 (-7 to -20 µV K-1)2) 

and bulk Na0.47WO3 (-10 to -22 µV K-1) materials. This 

behavior contradicts to the general trend of the Seebeck 

coefficient in the NaxWO3 system, in which the 

compounds with higher x usually exhibit lower absolute 

values of the Seebeck coefficient32). It is possible that the 

remaining ordered structure in the sintered sample played 

an important role in this enhancement. The power factor 

of the samples is shown in Fig. 12(c) with the highest 

value of 3.8 × 10-5 W K-2 m-1. Furthermore, low thermal 

conductivity was also illustrated in Fig. 8(d) with the 

lowest values of 2.2 and 1.7 Wm-1K-1 for the total and 

lattice thermal conductivities, respectively. The samples 

exhibited thermal conductivities at least five times lower 

than those reported for the NaxWO3 (x=0.51-0.86) single 

crystals (> 10 W m-1 K-1)33) at 300K. Additionally, the 

samples also showed lower total thermal conductivity than 

that of the WO2 (12–22 W m-1 K-1)2), WO2.72 (>10 W m-1 

K-1)2), and WO2.90 (3.5–4.5 W m-1 K-1)2) within the same 

temperature range. The low thermal conductivity of the 

samples could be attributed to the samples' high porosity, 

retained nanostructures, and increased phonon scattering 

caused by small grain sizes (Fig. 10 and 11). 
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Fig. 12: Temperature dependence of the thermoelectric properties of the sintered sample measured along the directions parallel and 

perpendicular to the pressure; (a) the electrical conductivity, (b) the Seebeck coefficient, (c) the power factor, (d) the thermal 

conductivity, and (e) the ZT value. 
 

The thermal and electrical conductivities of the 

samples, measured in two different directions, exhibited 

an anisotropic effect. Notably, after undergoing the 

conventional sintering process in the furnace, the pellet 

experienced shrinkage, particularly in the same direction 

as the measurement, as indicated by the blue circle 

symbols in Fig. 8. Furthermore, SEM images (Fig. 10 and 

11) did not reveal any distinct grain alignment differences 

between the two directions. Thus, this suggests that the 

slightly higher thermal and electrical conductivities 

observed in one direction could be attributed to a higher 

degree of densification in that specific orientation. 

However, the calculated ZT values showed no significant 

difference between the two directions. Due to the low 

electrical conductivity and hence low power factor, in 

comparison to that of other well-known oxide 

thermoelectric materials34-36), relatively low ZT values 

with the maximum value of 0.015 was obtained at 800 ̊C. 

 

4.  Conclusions 

The lamellar sodium tungsten bronze was successfully 

fabricated via a fast and simple reduction reaction of 

Na2WO4 in the presence of CTAB as a suitable surfactant 

for bilayer micellar template. The concentration ratio 

between CTAB and metal ions before the reaction was 

0.3:1. As a result, interplanar distance obtained from XRD 

patterns (around 2.42 nm) agrees well with the value 

estimated from the STEM image. The organic part 

consists of an interdigitated CTAB bilayer with a free 

N+Me3 head group. The existence of a tungsten oxide layer 

was also confirmed by the presence of W and O on STEM-

EDS, and the presence of ν(O-W-O) and ν(O=W) bands 

in the FT-IR spectra. Moreover, the XPS spectra and the 

FT-IR results suggest that there is an intermolecular 

bonding between N+Me3
 head group of CTAB and O of 

the tungsten oxide layer with the atomic ratio of the 

surfactant molecules to the tungsten ions as 1:1.  The 

optical bandgap energy of 3.00 eV was obtained for the 

lamellar sample, which is higher than that of the NaxWO3 

synthesized via the same method but without the 

surfactant.  

This fabrication technique provides a facile bottom-up 

approach to prepare a distinct lamellar structure of 

NaxWO3 in one step. This fabricating route could also 

allow us to achieve a tunable interplanar distance by 

changing the chain length of surfactant molecules. 

Moreover, the same method could be applied to different 

tungsten bronze compounds, for example, CsxWO3, 

RbxWO3, and KxWO3.  

As proven by the improvement in the Seebeck 

coefficient, this type of structure possesses 

unconventional electrical transport properties even after 

the removal of the organic templating moiety. The layered 

structure shows high potential in improving 

thermoelectric properties, especially in the materials 

possessing high electrical conductivity, but low Seebeck 

coefficient. In addition, achieving higher density and 

higher electrical performance while maintaining partially 

ordered structure should be realized to further improve the 

overall thermoelectric properties of the samples. 

 

Nomenclature 

δas Asymmetric bending mode 

δ Bending mode 
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νas Asymmetric stretching mode 

ν Symmetric stretching mode 
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