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A B S T R A C T   

Tungsten bronze (TB) has potentially high visible light transparency and excellent near-infrared (NIR) shielding 
ability. To fully dig out the concealed optical properties of TB with specific chemical components, in this work, 
hexagonal ammonium tungsten bronze (h-ATB) (NH4)0.33WO3 was fabricated by a one-step solvothermal reac
tion. Through X-ray diffractometer (XRD), scanning electron microscope (SEM), transmission electron micro
scopy (TEM), X-ray photoelectron spectroscopy (XPS), and ultraviolet–visible–near infrared (UV–vis–NIR) 
spectroscopy to characterize h-ATB, which unraveled that controlling crystallinity could adjust the optical 
property of h-ATB. In particular, when the crystallinity of the h-ATB is over 95%, it exhibits the attractive NIR 
light shielding capability, which is in line with the predicted optical property via the first principle calculation 
based on density functional theory (DFT). Given the result, this work can provide a feasible research idea to 
explore the hidden optical properties of TB.   

1. Introduction 

The edges of the WO6 octahedra form triangular, quadrangular, 
pentagonal, or hexagonal channels [1], therefore nonstoichiometric 
tungsten bronzes (TB) are prepared by doping various cations in these 
open tunnels. As known, the general formula of TB is MxWO3, where M 
represents alkali metal ions, alkaline earth metal ions, rare earth metal 
ions, or ammonium ions, whereas, due to the distinctive radiuses and 
binding energies of these ions theoretical range of x is from 0 to 1 [2–5]. 
Because of the cations entering the channels of the WO3, partial W6+ is 
reduced to W5+ or W4+, therefore, tungsten ions with mixed valence 
exist in the TB. 

With these particular structural characteristics and doping cations, 
TB displays attractive properties, such as electronic, magnetic, and op
tical properties [6–11], superconductivity [12,13], gas sensing [14,15], 
absorption [16], photocatalysis [17], medicine [18], electrochemical 
and thermochromic properties [19–21], and so on. 

A spate of the report [22–24] discusses metal ions as doping elements 

more than non-metal ions to prepare TB. Consequently, ammonium ion 
is selected to dope in tungsten oxide to investigate the latent optical 
properties of the corresponding TB. Although employing ammonium ion 
for synthesizing ammonium tungsten bronze (NH4)xWO3 (ATB) has been 
reported [25–27], it lacks systematic investigation from theoretical 
calculation to experimental preparation and characterization analysis. 

Szilàgyi et al. [25] produced ammonium tungsten bronze (ATB) by 
annealing ammonium paratungstate tetrahydrate (APT, (NH4)10 
[H2W12O42]•4H2O) in H2 at 400 ◦C for 6 h. But the dopant element in 
the ATB includes not only ammonium ion (NH4

+) but also NH3 and H2O 
formed as (NH4)0.08(NH3)0.04(H2O)0.09WO2.93, thus, it could not be 
strictly identified as ATB. The authors tried to explain the possibility of 
NH3 and H2O existing in the hexagonal channels by TG (Thermogravi
metric Analysis)/DTA (Differential Thermal Analysis) and NMR (Nu
clear Magnetic Resonance). Nevertheless, these analyses were 
insufficient to explicate what kind of chemical energy binding mode 
made NH3 and H2O stabilize in these channels and how the proportions 
of elements were determined in the compound. Therefore, the 
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mechanism of chemical synthesis remained unknown. Ou et al. [26] 
synthesized ammonium tungsten bronze ((NH4)xWO3) but via a 
two-step solvothermal method. The tungsten trioxide (WO3) powders 
were prepared in advance at 200 ◦C for 12 h using sodium tungstate 
dihydrate (Na2WO4⋅2H2O) and sulfuric acid (H2SO4), then mixed with 
the WO3 and thiourea (CH4N2S) under the same solvothermal treatment 
to obtain (NH4)xWO3. However, whether the intermediate 5 
(NH4)2O⋅12WO3⋅nH2O appeared during the reaction procedure and the 
value x in (NH4)xWO3 is unclear. Luo et al. [27] prepared hexagonal 
(NH4)xWO3 by solvothermal treatment at 200 ◦C for 12 h selecting 
Na2WO4⋅2H2O, CH4N2S, and C6H8O7⋅H2O as raw materials, neverthe
less, if solvothermal time was less than 12 h, several side products 
appeared leading to experimental instability and repeatability re
strictions. Moreover, whether ions release and regenerate according to 
the listed equations from starting materials in a solution leads to the 
rationality of the chemical reaction mechanism being uncertain. 

In this study, WO3 and ATB were prepared by an effortless sol
vothermal reaction, a corresponding chemical mechanism was concisely 
deduced, and the proportion x in (NH4)xWO3 was precisely determined. 
It is an intriguing discovery that the optical property of ATB can be 
controlled by adjusting crystallinity and that when the crystallinity ex
ceeds 95%, ATB can obtain the NIR shielding ability. Band structures, 
electronic structures, dielectric functions, and optical properties of h- 
WO3 and h-ATB have been computed based on density functional theory 
(DFT). Phases, morphologies, size, chemical composites, valence states, 
and optical properties of products were respectively characterized by 
XRD (X-ray diffractometer, Cu Kα Radiation, MiniFlex600, Rigaku, 
Japan), SEM (scanning electron microscope, Nova Nano450, FEI, USA), 
TEM (transmission electron microscopy, Tecnai G2 TF30, FEI, USA), XPS 
(X-ray photoelectron spectroscopy, HPI500 VersaProbeII, ULVAC, 
Japan), and UV–vis–NIR (ultraviolet–visible–near infrared spectros
copy, UV-1700PC, Mrcy, China). 

2. Results and discussion 

2.1. Simulation calculation 

The calculations were carried out by employing the plane-wave basis 
function in the framework of density functional theory (DFT) [28,29] 
with ultrasoft pseudopotential [30] and generalized gradient approxi
mation Perdew-Burke-Ernzerhof (GGA-PBE) [31]. The cut-off energy 
was set at 550 eV. The valence states in the calculations were O: 2s2 2p4, 
W: 6s2 5d4, and NH4

+: sp3 (To the NH4
+ Lewis structure, in an excited 

state, there are four unpaired electrons from an N atom, one from the s 
orbit and the other three from the p orbit under hybridization with four 
single electrons from four H atoms, thus a new hybrid orbital sp3 is 
formed.). To invoke geometry optimization, 3 × 3 × 3 K-points mesh 
grid, 2 × 2 × 2 supercell, energy 2 × 10− 5 eV/atom, max force 0.05 
eV/Å, max stress 0.1 GPa, and max displacement 0.002 Å were set. 
Based on the optimized structures, band and electron structures and 
optical properties of h-WO3 and h-ATB were calculated. 

Fig. 1 represents the 2 × 2 × 2 supercell structure of h-WO3 and h- 
ATB along with the c-axis perspective view and comparative structural 
data as shown in Tables 1 and 2. 

2.1.1. Electronic properties 
Figs. 2 and 3 demonstrate the band structures and the densities of 

states of h-WO3 and h-ATB. h-WO3 band structure agrees with what was 
obtained by Yang el al [32]. and Jin el al [33]. Fig. 2(a) shows that the 
conduction band minimum (CBM) and valence band maximum (VBM) of 
h-WO3 are located, respectively, at the Z and G points, relating to the 
indirect transition and determining a band gap of 1.943 eV. Fig. 3(a) 
illustrates that the conduction energy levels around 0eV~5eV mainly 
consist of W 5d states with little O 2p states, therefore, W 5d states decide 
CBM; and the top valence energy levels around − 7.5eV~0eV mainly 
consist of O 2p states with little W 5d states, thus, O 2p states contribute 

to VBM. From this, it can be seen that the electronic transition under 
photon excitation from O 2p states to W 5d states determines the theo
retical optical properties of h-WO3. 

Comparatively, dopant NH4
+ in h-ATB brings its energy levels into the 

band gap, leading CB and VB to combine as a wide valence band; thus, 
the Fermi level locates inside the VB, and the system is converted from 
semiconductor to metallic-like [34], as shown in Fig. 2(b). Fig. 3(b) 
depicts dopant NH4

+ sp states that have been hybridized with W 5d states 
and O 2p states to generate new states inside the band gap. 

2.1.2. Optical property 
The dielectronic function of photoelectronic materials is as the 

following equation: 

ε(ω)= ε1(ω) + iε2(ω) (1)  

In the equation, the imaginary part ε2(ω) is obtained from the mo
mentum matrix elements between the occupied and empty electronic 
states with the local field in the random phase approximation (RPA) 
[35], and the real part ε1(ω) of the dielectric function is calculated using 
the Kramers–Krönig relation [36]. 

Fig. 4 gives the dielectronic functions of h-WO3 and h-ATB. The peaks 
on the imaginary part ε2(ω) red lines there are at 3.66eV, 8.39eV, 
20.11eV and 42.26eV from h-WO3 in Fig. 4(a) and at 0eV, 4.39eV, 
11.52eV, 20.16eV and 42.30eV from h-ATB in Fig. 4(b). The maximum 

Fig. 1. Perspective view on 2 × 2 × 2 supercell structure of h-WO3 (a) and h- 
ATB (b) along with the c-axis. W atom, O atom, and NH4

+ group ion is indi
vidually labeled by blue, red, and green balls. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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peak of h-WO3 at 3.66eV is attributed to the interband transition from O 
2p states on the VBM to the W 5d states on the CBM as shown in Fig. 4(a). 
As can be seen in Fig. 4(b), the energy is reduced to 0eV because the 
doping NH4

+ group ion increases the free carrier concentration and thus 
decreases the mean free path of electrons, which is approximate 
metallic-phase-like [34]. The corresponding values of intersection 
points between the real part ε1(ω) blue line and black dot lines represent 
plasma energies, deciding the NIR shielding capability of h-ATB [37,38]. 

Based on the dielectric function, transmittance T(ω) can be obtained 
according to the reflectivity R(ω) and absorption coefficient α(ω) by the 
following formulas [39–41]: 

R(ω)=

⃒
⃒
⃒
⃒
⃒

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε1(ω) + iε2(ω)

√
− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε1(ω) + iε2(ω)

√
+ 1

⃒
⃒
⃒
⃒
⃒

2

(2)  

α(ω)=
̅̅̅
2

√
ω
[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2
1(ω) + ε2

1(ω)
√

− ε1(ω)
]1/2

(3)  

T(ω)= (1 − R)2 exp(− αd)
1 − R2 exp(− 2αd) (4)  

where d is the thickness of the material film which set as 20 nm in the 
calculation. 

Fig. 5 indicates the calculated optical properties of h-WO3 and h-ATB. 
In the UV range, h-WO3 blocks 62% within 380 nm, which is higher than 
39% of h-ATB, and the maximum transmittance in the visible range for 
h-WO3 is 98%, which is similar to 94% of h-ATB. Although h-WO3 lacks 
NIR shielding capability, h-ATB performs NIR-preventing ability starting 

Table 1 
Phase data of hexagonal WO3 and ATB.   

Space group a B c α β γ 

h-WO3 P 63 c m (185) 7.5073 Å 7.7275 Å 7.7275 Å 90 ◦C 90 ◦C 120 ◦C 
h-ATB P 63/m c m (193) 7.3920 Å 7.5120 Å 7.5120 Å 90 ◦C 90 ◦C 120 ◦C  

Table 2 
Atomic parameters of hexagonal WO3 and ATB.   

Atom Wyckoff Site x/a y/b z/c 

h-WO3 W0 6c ..m 0 0.48316 0.26103 
O1 12d 1 0.20984 0.42598 0.75103 
O2 6c ..m 0 0.49862 0.50288 

h-ATB O1 12j m.. 0.216 0.423 1/4 
W1 6g m2m 0.48241 0 1/4 
O2 6f ..2/m 1/2 0 0 
(NH4

+)1 2b − 3.m 0 0 0  

Fig. 2. Band structures of h-WO3 (a) and h-ATB (b).  

Fig. 3. Electronic structures of h-WO3 (a) and h-ATB (b).  
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at 800 nm owing to doped NH4
+ making plasma frequencies and energies 

change. 
2.2. Experiment 

2.2.1. Process 
The one-step solvothermal reaction program for preparing h-ATB in 

Fig. 4. The dielectric function of h-WO3 and h-ATB.  

Fig. 5. Theoretical optical property of (a) h-WO3 and (b) h-ATB.  

Fig. 6. Experimental process of preparing h-ATB.  
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situ is shown in Fig. 6 (the same process is used to synthesize h-WO3 and 
β-WO3). The chemical reagents used in this experiment were of 
analytical-grade purity, with tungsten chloride (WCl6) acting as a 
tungsten source and urea (CO(NH2)2) providing NH4

+ group ion. The 
molar ratios of tungsten chloride to urea (W6+/NH4

+) of 1:0.1, 1:0.165, 
1:0.22, 1:0.33, 1:0.44, 1:0.55, 1:0.66, and 1.077 and the solvothermal 
times of 2 h, 4 h, 6 h, 8 h, 12 h, 16 h, 20 h, and 24 h, were chosen to 
investigate the effects of these variables on the crystalline and optical 
properties of h-ATB. 

The detailed process was as follows: a certain molar ratio of tungsten 
chloride to urea was dissolved in 80 mL of ethanol, keeping mixed so
lution molarity at 15 mM while stirring for 40min. The mixture was 
poured into a 100 mL Teflon-lined autoclave and heated in an oven at 
200 ◦C for a specific solvothermal time. After cooling the mixture to 
ambient temperature, the blue flocs were collected by a centrifuge for 
5min at 8000 rad/min and washed by an ultrasonic disperser with ul
trapure water for 10min, recycling the process three times, then the blue 
deposit was dried in the oven at 60 ◦C for 12 h. The dried solid was 
ground with mortar for half an hour, yielding a blue-gray h-ATB nano
materials powder. 

2.2.2. Mechanism of chemical reaction 
Tungsten chloride (WCl6) was chosen as the raw material because it 

is likely to undergo elementary reactions, thereby eliminating potential 
intermediates, simplifying chemical mechanism analysis, and improving 
product synthesis possibilities. Urea (CO(NH2)2) was used as the raw 
material to produce NH4

+. Meanwhile, compared with other alcohols, 
tungsten chloride and urea are more apt to be soluble in ethanol 

(C2H5OH), which occurs through a dehydration condensation reaction 
to form diethyl ether and water. Based on the preceding analysis, 
reasonable equations for the solvothermal reaction to prepare h-ATB are 
as follows:  

2CH3CH2OH → CH3CH2OCH2CH3 + H2O                                         (5)  

CO(NH2)2 + H2O = CO2↑ + 2NH3↑                                                  (6)  

NH3+H2O ⇌ NH3⋅H2O                                                                    (7)  

NH3⋅H2O ⇌ NH4
+ + OH− (8)  

WCl6 + 3H2O = WO3 + 6HCl                                                          (9)  

WO3 + NH3⋅H2O → (NH4)0.33WO3 + H2O                                       (10)  

2.3. Characterization 

2.3.1. XRD analysis 
Fig. 7 shows all XRD patterns of h-WO3, β-WO3, and h-ATB, and the 

total reflection peaks are indexed to h-WO3 (PDF#33–1387), β-WO3 
(PDF#20–1324), and h-ATB (PDF#42–0542). h-WO3 and β-WO3 were 
synthesized using WCl6 and ethanol at 200 ◦C for 20 h with respective 
solution molarities of 15 mM and 30 mM in Fig. 7(a) h-ATB was pre
pared in two contrastive experimental conditions by employing WCl6, 
urea, and ethanol. One approach involved changing the molar ratio of 
W6+/NH4

+ at 200 ◦C for 24 h in Fig. 7(b), and another method included 
varying the solvothermal time at 200 ◦C with a constant molar ratio of 

Fig. 7. XRD patterns of (a) h-WO3 and β-WO3 prepared at 200 ◦C for 24 h with 15 mol/L and 30 mol/L solution molarity, (b) h-ATB prepared at 200 ◦C for 24 h with 
various molar ratios of W6+/NH4

+, and (c) h-ATB prepared at 200 ◦C for various solvothermal times with 1:0.66 M ratio of W6+/NH4
+ and solution molarity of 15 

mol/L. 
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1:0.66 of W6+/NH4
+ in Fig. 7(c). 

The phase transition of tungsten oxide from hexagonal to ortho
rhombic occurs. It could be conjectured that the solution system absorbs 
more thermal energy under high solution molarity at the same sol
vothermal condition, which drives WO3 octahedra to rotate in the 
crystal structure to convert axes at 120◦ to each other to be mutually 
perpendicular. 

Fig. 8 illustrates the crystallinities of products under the two sol
vothermal conditions. One of them was raising the molar ratio of W6+/ 
NH4

+ from 1:0.1 to 1:0.77, which resulted in the crystallinities of h-ATB 
gradually increasing and trending to steady after 1:0.66 as shown in 
Fig. 8(a). It could be surmised that excessive ammonium ion NH4

+

covering the surfaces of nanoparticles weakens the capillary force be
tween nanoparticles and stabilizes solute and thermal energy on crys
talline planes transferring to gradually retard crystal growth. 

Another option was to prolong the solvothermal time from 2 h to 24 
h as shown in Fig. 8(b). Although the crystallinities of h-ATB increased 
with time, the crystallinity of h-ATB at 24 h was lower than that of h-ATB 
at 20 h. It is possible to hypothesize that over 20 h, the consistently 
enhancing crystallization driving force may cause the crystal growth at 
the interface between the solution and solid to lose stability, bringing 
about a decrease in crystallinity. 

The crystallinities of h-ATB were calculated from XRD patterns data 
with the following equation: 

Crystallinity=
Area of crystalline peaks

Area of all peaks (crystalline and amorphous)
× 100 (11)  

2.3.2. XPS analysis 
The chemical composition and chemical state of the h-WO3 and the h- 

ATB nanocrystals were examined by X-ray photoelectron spectroscopy 
(XPS) and the results are shown in Fig. 9. 

Fig. 9(a) and (b) indicate the full range of XPS spectra of the h-WO3 
and the h-ATB nanocrystals. Peaks at binding energies corresponding to 
O, W, and N (NH4

+) elements were observed, and no impurities were 
detected in these spectra. 

For N 1s (N 1s represents NH4
+ because XPS is difficult to detect the 

signal of H [42]), the peak energy of N 1s in h-ATB at 401.8eV 
comparing upshot with h-WO3 without an N atom is illustrated in Fig. 9 
(c). 

The highest point of the photoelectrons from O 1s is around 
530.59eV (h-WO3) and 530.43eV (h-ATB), which is assigned to the ox
ygen atoms bonding with the tungsten atom in the octahedra as shown 
in Fig. 9(d) and (e). Attributing to doping NH4

+, W6+ is reduced to W5+

and W4+, leading to oxygen vacancies [43–45] increasing in the crystal 
structure, therefore, the integration area is shrunk from h-WO3 to h-ATB. 

Fig. 9(f) demonstrates the complex energy distributions of W 4f 

photoelectrons. The W 4f core-level spectra could be fitted into one 
doublet associating with the valence state of W6+ in the h-WO3, and the 
main peaks have W 4f5/2 at 37.52eV and W 4f7/2 at 35.35eV. 

However, due to NH4
+ existing in the h-ATB, the W atoms are in these 

three oxidation states: W6+, W5+, and W4+ in Fig. 9(g), thus the W 4f 
core-level spectra could be fitted into three spin-orbit doublets. 

The first doublet of having W 4f5/2 at 37.80eV and W 4f7/2 at 
35.73eV was attributed to W6+. As for the second doublet, the lower 
energy at 36.83eV for W 4f5/2 and 34.99eV for W 4f7/2 was from W5+. 
Furthermore, the third doublet, obtained at 41.23eV and 38.58eV from 
the emission of W 4f5/2 and W 4f7/2 core-levels, was derived from W4+. 
According to the integration areas proportion between nitrogen (N1s) 
and tungsten core-level (W 4f) in h-ATB and atomic sensitivity factors, 
the value x in (NH4)xWO3 was calculated as 0.33, wherefore the 
chemical formula of the ammonium tungsten oxide could be represented 
as (NH4)0.33WO3. 

2.3.3. SEM and TEM analysis 
Fig. 10 shows SEM, TEM, HRTEM, and SEAD (selected area electron 

diffraction) pattern images of h-ATB, which was synthesized at 200 ◦C 
for 20 h with a W6+/NH4

+ molar ratio of 1:0.66 and the solution molarity 
of 15 mM. The SEM images in Fig. 10(a) and (b) indicate that the 
product in the aggregative state is predominantly composed of nanorods 
with few nanoparticles. The TEM image in Fig. 10(c) demonstrates these 
nanorods are around 10–25 nm in diameter and 30–50 nm in length. 
And corresponding SAED patterns are shown in Fig. 10(d), indicating 
that the Miller index of the ring set has been indexed according to the h- 
ATB crystal phase, which is in agreement with XRD in Fig. 7(b) and (c). 
The HRTEM image in Fig. 10(e) illustrates the single crystalline nature 
of prepared h-ATB nanorods with a lattice spacing of 0.3703 nm and 
0.3125 nm, which are respectively corresponding to the (002) and (200) 
crystal planes shown in Fig. 10(f). 

2.3.4. Optical property measurement 
Fig. 11 demonstrates the transmittance spectra of h-WO3, β-WO3, and 

h-ATB. These mixed solutions for optical characterization were prepared 
by ultrasonically diffusing and magnetically stirring these sample 
powders in ethanol for 20 min. 

Fig. 11(a) shows that h-WO3 and β-WO3 have similar optical char
acteristics, effectively blocking UV around 300 nm, transmittance 
gradually increasing in the visible light range from 380 nm to 780 nm, 
but failing to shield on NIR light, which is accordant with previously 
calculated results in Fig. 5(a). 

Fig. 11(b) and (c) illustrate that basically, h-ATB has optical prop
erties similar to these of h-WO3 and β-WO3 from UV to visible light, and 
the optical curve distribution is related to crystallinity in Fig. 8(a) and 
(b). However, it is intriguing to note that when the crystallinity of h-ATB 

Fig. 8. (a) crystallinity of h-ATB prepared at 200 ◦C for 24 h under solution molarity of 15 mol/L with various molar ratios of W6+/NH4
+ and (b) crystallinity of h-ATB 

synthesized at 200 ◦C for various solvothermal times with the molar ratio 1:0.66 of W6+/NH4
+and solution molarity of 15 mol/L. 
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Fig. 9. Full range XPS spectra of (a) h-WO3 and (b) the h-ATB, (c) N 1s XPS spectrum of h-WO3 and the h-ATB, O 1s XPS spectrum of (d) h-WO3 and (e) the h-ATB, W 
4f XPS spectrum of (f) h-WO3 and (g) the h-ATB. 
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is increased up to 95% in Fig. 8 (b), the transmittance peak of h-ATB 
appears at 800 nm and exhibits a shielding feature on NIR light as shown 
in Fig. 11(c), which complies with the pre-computed consequence in 
Fig. 5(b). 

It can be surmised that increasing crystallinity will promote photon 
penetrating depth on lattice planes, guiding and intensifying photon- 
electron oscillations between crystal faces; meanwhile, increased elec
tron concentration interacting with SPPs (surface plasmon polaritons) 
due to doping NH4

+ will further boost plasmon resonance frequency, 
which makes it possible to scoop out the potential shielding properties of 
NIR light of h-ATB. Based on analyses from Figs. 8 and 11, the 
assumption is confirmed that a connection between the optical property 
and crystallinity of h-ATB exists. 

Based on the Drude model and Kramers–Krönig relation, the wave 
vector of propagating surface plasmon polaritons on the interface of 
semiconductor media and air along a horizontal direction is approxi
mated by the following formula: 

k=
ω
c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εaεd

εa + εd

√

=
ω
c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εaε′d

εa + ε′d

√

+ i
ω
c

(
εaε

′

d

εa + ε′d

)3/2 ε′′d
2(ε′d)

2 (12)  

Where ε′d and ε′′d are the real and imaginary parts of the dielectric 
function of the semiconductor separately, and εa represents the dielec

tric function of the air. The real part k′

= ω
c

̅̅̅̅̅̅̅̅̅
εaε

′

d
εa+ε

′

d

√

decides the wave

length of SPPs (λSPPs) which is expressed by the following equation [46]: 

λSPPs =
2π
k′ =

2πc
ω

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εa + ε′d
εaε′d

√

= λ0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εa + ε′d
εaε′d

√

(13) 

The imaginary part k′′ = ω
c

(
εaε

′

d
εa+ε

′

d

)3/2 ε′′d
2(ε′d)

2 = k0

(
εaε

′

d
εa+ε

′

d

)3/2 ε′′d
2(ε′d)

2 de

termines propagation length of SPPs (LSPPs) using the following equation: 

LSPPs =
1

2k′′
= λ0

(
ε′d
)2

2πε′′d

(
εa + ε′d
εaε′d

)3/2

(14) 

The penetration depth of SPPs (δd) in the semiconductor is given by: 

δd =
1
k0

⃒
⃒
⃒
⃒
⃒

εa + ε′d
(ε′d)

2

⃒
⃒
⃒
⃒
⃒

(15) 

Simplifying equations (14) and (15) with equation (13) as the 
following formulas: 

Fig. 10. (a) and (b) SEM images of h-ATB, (c) TEM image and (e) HRTEM image of h-ATB, (d) and (f) corresponding SAED patterns respectively indexing to 
polycrystalline and single crystal h-ATB. 
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Fig. 11. Optical properties of (a) h-WO3 and β-WO3 prepared at 200 ◦C for 24 h with 15 mol/L and 30 mol/L solution molarity, (b) h-ATB prepared at 200 ◦C for 24 h 
with various molar ratios of W6+/NH4

+, and (c) h-ATB prepared at 200 ◦C for various solvothermal times with the molar ratio 1:0.66 of W6+/NH4
+ and solution 

molarity of 15 mol/L. 

Fig. 12. Simulating possible interaction of photon and internal and surficial electron in the crystal structure of (a) h-ATB with high crystallinity and (b) h-ATB with 
low crystallinity, measured optical properties of (c) h-ATB with high crystallinity and (d) h-ATB with low crystallinity. 
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LSPPs =
1

2k′′
=

(
ε′d
)2

2πε′′dλ0
2(λSPPs)

3 (16)  

δd =
εa

k0ε′dλ0
2(λSPPs)

2 (17) 

It is observed that LSPPs and δd affecting the near-infrared properties 
of the semiconductor [47,48] are proportional to λSPPs. 

Therefore, a regulation model is proposed in which h-ATB at high 
crystallinity, like a grating, has significant periodicity in the crystal 
structure, as shown in Fig. 12(a), which can reinforce the interaction of 
photon and electron in the crystal structure to keep λSPPs persistence, 
which is more probable to dig out the near-infrared shielding nature of 
h-ATB in Fig. 12(c). In contrast, h-ATB at low crystallinity, like a sieve, 
lacks periodicity in the crystal structure, as shown in Fig. 12(b), which 
makes it impossible to sustain the electron-photon resonance for long, 
causing λSPPs to break in continuity, which is adverse to developing the 
potential optical feature of h-ATB in Fig. 12(d). 

3. Conclusion 

The work outlines a facile solvothermal reaction procedure for syn
thesizing h-WO3, β-WO3, and h-ATB in situ. Based on the first principle, 
the potential optical properties of h-WO3 and h-ATB have been predicted 
through analysis and calculation of their electronic structures and 
dielectric functions. XRD testified that changing solution molarity can 
cause h-WO3 and β-WO3 phase transitions, and that varying molar ratio 
or solvothermal time can control the crystallinities of h-ATB. XPS vali
dated that the value x in (NH4)xWO3 is 0.33. SEM and TEM combining 
with diffraction pattern calibration observed that the synthesized h-ATB 
nanorods possess dimensions of 10–25 nm in diameter and 30–50 nm in 
length, and an interplanar spacing of 0.3703 nm and 0.3125 nm along 
the (002) and (200) crystal planes. It is attractive that h-ATB can obtain 
NIR absorption ability when crystallinity exceeds a threshold (95%), 
comparable to calculated results. It suggests that the change in crystal
linity can adjust the optical properties of doped metal oxides. 
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