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Recently, defective metal oxides have attracted vast attention for their potential applications arising
from their increased free carrier concentration. In this study, monoclinic MoO3 ¯lms have been
grown on quartz glass substrates by hydrogen °ame synthesis, as a fast and mass-productive
method. The MoO3 ¯lms then were reduced to defective MoO3�x by a °ame-reduction treatment
using a butane torch. After reduction, the localized surface plasmon resonance (LSPR) absorption
band appeared in the NIR region that was employed for NIR-shielding applications. Films were
reduced at a nozzle-to-sample distance ranging from 1 to 4 cm, and the optical properties of these
¯lms were investigated at an optimum distance (2 cm) as a function of reducing duration time
ranging from 1 to 20 s. The increase in the inner and outer temperatures were measured in the heat-
shielding experiment and the optimum reducing condition was determined. Overall, we have
developed a fast, mass-productive and cost-e®ective method for fabrication of heat-shielding devices
based on LSPR e®ect.
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1. Introduction

Mo oxide nanostructures are of signi¯cant impor-

tance for applications such as sensing,1,2 catalysis,3,4

energy storage5 and biological applications.6 Addi-

tionally, the chemical and physical properties of Mo

oxide can be tailored by tuning the carrier concen-

tration through reduction of MoO3.
7–9 Introducing

oxygen vacancies, doping of small ions such as Naþ

and Hþ are the most e®ective ways to control carrier

level in the Mo oxide.9,10 Up to now, several methods

have been developed to reduce Mo oxide in order to

increase the number of oxygen de¯ciency and the free

carrier concentration. Moreover, treatment of MoO3

at di®erent temperatures with reducing chemicals is a

common reduction method.11–13 A prolonged process

and expensive setup requirements limit the extensive

application of these methods.

Alternatively, the °ame-reduction method has

been proposed to induce oxygen vacancy in a fast

and controllable manner in various metal oxides to

enhance the photo-electrochemical performance

without any signi¯cant damage in the morphology

and crystallinity.14,15
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In recent years, the reduced/defective metal oxides

have been deeply studied for solar energy harvesting

in the NIR region and in the smart-windows appli-

cations.16–22 In order to manipulate the solar energy,

the electrochromic (WO3-based) or thermochromic

(VO2-based) have been developed. They are widely

used in smart windows as they can regulate the out-

door vision and heat transfer.19,20 Moreover, plas-

monic metal oxide nanostructures such as tin-doped

indium oxide (ITO), Al-doped zinc oxide (AZO) and

WO3�x have occupied a prominent place in the

infrared shielding applications among the wide variety

of selective electromagnetic absorbers.23–25 Although

NIR photothermal conversion properties of plasmonic

MoO3�x have been reported,26 its infrared heat

shielding performance has not been paid up to now.

In the present work, we have utilized an all-°ame

approach to prepare defective MoO3�x ¯lms in a cost-

e®ective and mass-productive manner. The obtained

MoO3�x exhibited a desirable transparency in the

visible region but strong LSPR absorption in NIR,

motivating us for investigating their NIR-shielding

ability. To our best knowledge, no report exists on

°ame-synthesized Mo oxide using a solid Mo source

for optical applications.

2. Methods

MoO3 ¯lms were prepared by °ame-synthesis method

using premixed hydrogen and oxygen as the fuel and

a Mo plate (2mm width) as the precursor was inser-

ted at 2 cm from the nozzle into the °ame (Fig. 1(a)).

A number of quartz glasses (10� 10mm2) held at

room temperature were used as substrates. Oxidation

of Mo in the °ame provides a streaming down MoOx

vapor, which is deposited onto the quartz substrates.

Flame-reduction of prepared MoO3 ¯lms was done

using a butane torch (JET.TORCH, PIEZO IGNI-

TION) at various nozzle-to-sample distances for 1 to

20 s. Figure 1(a) shows the schematic of the measured

temperatures of the butane °ame using a K-type

thermocouple. XRD was done by Philips XPERT

X-ray di®ractometer (CuK�). Optical spectra were

measured by a Perkin Elmer (Lambda 25) spectro-

photometer. SEM and TEM were conducted by

Hitachi S-4800 and JEOL JEM-2100F, respectively.

(a)

(b) (c)

Fig. 1. (Color online) (a) Schematic of hydrogen °ame synthesis, °ame-reduction and di®erent °ame regions, (b) optical
absorption spectra of ¯lms treated at di®erent nozzle-to-sample distances. Photographic images of as-prepared and reduced
(blue) samples. (c) Corresponding optical band gaps and LSPR positions.
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To evaluate NIR-shielding performance, a sealed

polystyrene box was constructed where Mo oxide

coated quartz substrate were used as the window. An

IR source (250mWcm�2) was used to illuminate the

box through the window.

3. Result and Discussion

3.1. Characterization

The optical absorption spectra of the pristine MoO3

and °ame-reduced ¯lms (MoO3�x) are shown in

Fig. 1(b). As-prepared and samples reduced at 4 cm

have no absorption peak, but LSPR absorption peaks

centered at 800–830 nm appear as a result of heat

treatment at 1–3 cm nozzle-to-sample distance. The

LSPR peak positions and optical band gaps are

plotted as a function of nozzle-to-sample distance in

Fig. 1(c), indicating reduction treatment at 2 cm

provides higher absorption, smaller band gap and

shorter LSPR wavelength, while the distance 4 cm

acts an oxidizing zone. Appearance of LSPR band at

NIR region is related to the formation of oxygen

vacancy. The better LSPR properties at 2 cm zone is

attributed to its higher temperature and reducing

ability, hence 2 cm distance was chosen for the further

investigations.

Figure 2(a) shows the XRD patterns of pristine

MoO3 and reduced ¯lms at di®erent reducing condi-

tions. The pristine sample could be indexed to

monoclinic MoO3 phase (JCPDS no. 47-1320). In

contrast, the XRD pattern of reduced ¯lms (MoO3�xÞ
can be broken into patterns of monoclinic MoO3 and

H0:31MoO3 (for 3 and 5 s) or monoclinic MoO2 (for

20 s). Furthermore, the XRD peak width increases in

reduced samples indicating decrease in the crystallite

size. Most probably, H0:31MoO3 and MoO2 both are

as intermediate products of reduction of MoO3 to Mo

in °ame reduction process. To give more evidence for

the importance of the nozzle-to-substrate distance, a

typical XRD pattern of a °ame-treated sample at

(a) (b)

(c) (d)

Fig. 2. (Color online) (a) XRD patterns of ¯lms treated at di®erent reducing conditions, (b and c) SEM, TEM images and its
size distribution histogram of pristine MoO3 ¯lm.
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4 cm for 3 s, is assigned to a well-crystalline mono-

clinic MoO3, indicating the oxidizing nature of the

°ame tip.

The surface morphology of the pristine MoO3 ¯lm

is shown in Fig. 2(b). The resulting MoO3 ¯lm

represents a homogenous self-assembly of cauli°ower-

like structures, which at higher magni¯cation image

(Fig. 2(c)) are revealed as agglomerates of particles

with a nanoscale porosity. The TEM image

(Fig. 2(d)) of as-prepared MoO3 sample, with size

distribution histogram, reveals the formation of

nanoparticles with dimension 2–20 nm and 5 nm

average size.

3.2. Heat shielding

In Fig. 3(a), the UV-Vis-NIR transmission spectra of

as-prepared and °ame-reduced Mo oxide ¯lms at

distance of 2 cm are shown for 0, 5, 10 and 20 s re-

ducing durations. The pristine sample has about 70%

transmission in the visible and NIR region, the rest of

which is often scattered from the porous surface.

While there is no obvious absorption for the pristine

sample, an LSPR absorption band centered at 827 nm

appears for 5 s treatment. This is attributed to for-

mation of oxygen vacancy after exposing to reduction

zone of the °ame. The absorption value of this band

reduces and red-shifts when the reduction duration

increases to 10 and 20 s. It can be seen that the re-

duced samples can transmit visible light up to 60%

but the absorption edge and the plasmonic band ab-

sorb the UV and part of NIR light more than 76%,

respectively, which motivate us to investigate their

potential for low-cost UV/NIR shielding devices.

It can be seen that sample of 5 s exhibits higher

transmittance at visible light but lower at NIR com-

pared with a sample of 10 s. Although sample of 20 s

has higher visible transmittance than sample 5 s, it

has considerably lower LSPR absorption in NIR light.

This is attributed to MoO2 part of ¯lms (see XRD

patterns) which is a non-plasmonic phase. Therefore,

it is expected that a 5 s reducing duration provides

better heat shielding ability.

In order to exploit the shielding properties of

°ame-reduced ¯lms, a heat shielding simulator box

was made of window of bare quartz as a reference

and MoO3�x coated quartz substrates. Figures 3(b)

and 3(c) shows the heat insulation curve of bare

quartz and quartz coated with reduced Mo oxide

¯lms. Before light illumination, the samples remain at

room temperature (21�C). The sun's light radiation

on a surface can be re°ected, transmitted or absor-

bed. The absorbed light energy is then transformed

into heat via photothermal phenomena. The contact,

conduction, and radiation mechanism govern the

absorbed heat transmitted inward and outward of the

box. Therefore, the analysis of the evolution of tem-

perature inside the box seems to be an ideal method

for evaluating the thermal protection capability of

reduced MoO3�x ¯lms.26

Upon light exposure, the inner temperature goes

up with increasing time and then represents a slow

increase to about 36, 29.5, 31.3 and 31.8�C at 60min

for bare and reduced Mo oxide coated quartz associ-

ated with 5, 10 and 20 s, respectively. One can see

that the ¯lm-covered window associated with 5 s

exhibits a slower temperature increasing rate.

Figure 3(c) shows the outer (surface of window)

(a) (b) (c)

Fig. 3. (Color online) (a) UV-Vis transmission of ¯lms reduced at 2 cm for di®erent treatment times, (b, c) inner and outer
temperature rise curves in heat-shielding experiment, respectively. For comparison, standard solar spectrum is also plotted.
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temperature dependence on irradiation time curves of

surface of bare quartz and MoO3/quartz samples,

where an increase followed by a slow increase in

temperature is observed for all the sample windows.

The heating rate of sample 5 s at window surface is

highest and that of blank quartz is lowest among the

samples. This e®ect arises from the photothermal ef-

fect of MoO3�x nanoparticles. Therefore, the sample

of 5 s treatment exhibits best heating insulating per-

formance in which an inner temperature di®erence of

8.5�C could be attained attain which is attributed to

its better LSPR absorption in NIR region compared

to other samples.

In comparison to reduced CsWO3�x nanoparticles

with plasmonic peak at �1450,26 our °ame-reduced

MoO3�x has a plasmonic absorption peak at

�800 nm. Therefore, a better vision transparency

and heat-shielding performance is expected for

CsWO3�x ¯lms. The thermochromic e®ects in VO2

induced a strong NIR absorption but commonly suf-

fer from the less favorable brownish-yellow color and

therefore lower visible transmittance of only 30–40%

than our °ame reduced MoO3�x with 60% transmit-

tance.27 In addition, toxicity of some vanadium oxi-

des is an important issue in achieving large-scale

applications of VO2.
20 Although the transparent

conductive materials such as ITO and AZO have a

stronger re°ection of NIR light, they can only shield

NIR light with a wavelength longer than 1500 nm,

which restricted its performance in temperature rev-

olution of simulated house by only 11%, as reported

in literature.28,29 Apart from the device e±ciency, the

°ame synthesis and reduction of MoO3�x introduce a

simple, low cost, and mass-productive approach for

preparing heat shield windows, which deserves fur-

ther studies.

4. Conclusion

Based on °ame techniques, as a fast and mass-pro-

ductive synthesis approach, plasmonic Mo oxide ¯lms

have been prepared on quartz glass for NIR-shielding

applications. Hydrogen °ame for ¯lm growth and

butane °ame for reduction of grown ¯lms were con-

ducted subsequently. For the experimental condition

of this work, a sample-to-nozzle distance of 2 cm and

a 5 s reducing duration provide an optimum condition

for reduction of MoO3 to defective MoO3�x with a

desirable LSPR absorption in NIR region, for which

the best heat-shielding characteristic was also

achieved. These e®ects were associated with some

structural changes in MoO3 ¯lms as a result of oxygen

vacancy formation during the reduction process.
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