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ABSTRACT

We report herein a novel synthesis of tungsten trioxide (WO,) nanoplate
and nanosheet by thermal decomposition of tungestic acid prepared by
acidic precipitation. High-resolution transmission electron microscopy
(HRTEM) was used to study the crystal structure and morphology of the
prepared WO, nanocrystals. The structure characterization and phase de-
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composition temperature were investigated by X-Ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR) and differential scanning
calorimetry (DSC). The WO, film with nanosheets structure showed asig-
nificant improved el ectrochromic performance with afast coloration pro-
cessand slow bleaching processwith fast response time for both nanoplates

and nanosheets structures.

INTRODUCTION

Shape-controlled synthesi sof nanocrystalinema:
terialsishighly signiticant, not only in terms of funda-
mental sciencebut alsointermsof technical applica
tiongd¥. Zero-dimensiona (OD) quantum dots, synthe-
sized by variouswet-chemical routes?, have potentia
applicationsin biological imaging and diagnostics, as
magneti c nanoprobes, information storage, chemical
sensors, and ashighly activecatalysts®. 1D nanocrystas
(nanowires, nanorods, nanoneedles, etc.), synthesized
by the vapor-liquid-solid method, the templ ateroute,
or the surfactant-assisted wet-chemical routé, have
important applicationsinlasers, display devices, and
nanoscal ed ectriccircuitd®. Another key category is2D
nanocrystas (nanosheets, nanodi sks, and nanoplates),
the specitic crystal planes of which are highly exposed
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to variousenvironmentsand can be utilized asactive
sites for catalysts and sensord®, as well as in 2D
nanodevicesfor e ectronic, magnetic, and optical ap-
plications”. Some 2D nanocrystals can al so beused
as building blocks to construct complex
nanostructures®. Number of reportson 2D nanocrysta's
is limited compared with those on OD and 1D
nanocrysta 3, thismay beduethat, the successful syn-
thesisof 2D nanocrysta sdependson theintringc char-
acterigticsof thetarget compounds, and requiresmore
fastidious control of the growth parameters®.
Tungsten trioxide (WO,) is one of the best inor-
ganic electrochromic materialsduetoitshigh colora
tion eficiency and relatively low price. The
el ectrochromic materials can be switched from trans-
parent to coloured state by using an external voltage
and aproton source. In thisway, the change of state
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can be described by asimultaneousinjection and ex-
traction of the e ectrons and protong®*9. Thisphenom-
enonisappliedin electrochromic, photochromic and
thermochromic devices, such asenergy savingwindows
(smart windows), solar rooiing, and antiglare rear-view
mirrorsand gases sensorg*y.

For the devel opment of functional electronic and
optical devices, WO, isanideal choice. Itsband gap
can betuned intherange of 2.5-3.7 eV by structural
mani pul ations and doping™?, and can be formed into
nanogructued thinfilmsviavariety methodssuch asther-
mal and el ectron beam evaporation™®, RF sputtering,
chemical vapour deposition (CVD), anodic oxidation,
sol—gel*¥, spray pyrolysiS* and magnetron sputter-
ing .

Inthiswork, WO, nanoplatesand nanosheetswere
prepared by thermal decomposition of H\WO,. Acidic
precipitation from akali tungstate solutionswereused
to prepare H,WO,. Electrochromic characteristics of
thinfilms prepared from these sourceswereinvesti-
gated.

EXPERIMENTAL PROCEDURES

Preparation of WO, nanocrystals

The preparation of tungsten (VI) oxide
nanomaterids(WO,) involvethreekey steps, (i) prepa-
rationof tungstic acid (H,WQ,) by precipitationmethod
according to equation (1), (ii) transformations of
(HWO,) into WO,.H,O nanocrystal shy topochemica
gynthesismethod with different shapes, (iii) thermd treat-
ment to transformation of WO,.H,Ointo monoclinic
phase of WO, single-crystals.

1 Yellowtungsticacid (H,WO,) precipitation was
obtai ned according to Zocher’s method™"8, Six
grams of Na,WO,.2H,0 (BDH, England) was
dissolved in 100 ml of distilled water and the
solution was cooled to 5 °C. Also 25 ml of con-
centrated HCI cooled to the same temperature
and then was added in severa doses to the so-
dium tungestate sol ution. The mixturewas stirred
for 1.5 hour in an ice bath then for one hour at
room temperature (25 °C). After decantation, the
precipitate was washed threetimeswith distilled
water, then centrifuged at 2000 rpm for 20 min,
and finally dried at room temperature.
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2 Theobtainedtungstic acid (H,WO,) powder was
dispersed in aHNO, aqueous solution (100 ml
from 55%), stirred for 8 hours at room tempera-
tureto obtain aWQO,.H,O nanoplates (AW1) for
the first sample. The second sample also dis-
persed in aHNO, aqueous solution (80 ml from
55%) and mixed with 20 ml methanol to com-
plete the total volume 100 ml and then stirred
for 8 hours at room temperature to obtain
WO,.H,0 nanosheets (AW2) and then the prod-
uct was washed several times by distilled wa-
ter.

3 The obtained WO,.H,0 samples were sintered
at 500 °C for six hoursin an electric furnace and
then left to be cooled down to room tempera
ture, to get the monoclinic phase of tungsten (V1)
oxide nanomaterials

Na;WO4 + 2HCl — H2 WO, | +2NaCl 1)
Preparation of WO, thin films

Thefilmsof WO,, prepared from WO, nanoplates
(AW4) and WO, nanosheets (AWS) as a powder
sourceinthe present study arethermaly deposited onto
pre-cleaned ITOwith dimensionsof 1x 2x 0.3cm by
using a high vacuum coating unit (model E306 A,
Edwards co. England); the pressureinside the cham-
ber was pumped down to about 10° Pabefore starting
theevaporation process. Thefilmthicknessand rate of
deposition were controlled and monitored during depo-
sition by film thicknessmonitor (FTM4, Edwardsco.
England), wherethe WO, filmsthickness are about ~
200 nm.

WO, nanocrystalschar acterizations

Thecrystal structures of the prepared WO,.H,O
sampleswerecharacterized using X-ray diffractometer
(Philips PW3050/60) with aCu-Ka X-ray source. In-
frared absorption spectrawere taken by JASCO spec-
trophotometer model FT/IR-6100typeA. The phase
decomposition and theweight lossof WO,_.H,O were
collected by Shimadzu DSC 50 thermal analyzer and
Shimadzu TGA-50 whereasthe microstructureswere
examined with ahigh-resol ution transmission e ectron
microscope (HRTEM, FEI PhilipsTecnai G2 S-Twin
operated at 200 keV). Theeectrochromic properties
of WO, films were carried out by using Gamry
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Figurel: XRD patternsof purenano-structured WO,.H,O nanoplates(a) and nanosheets(b) asprepar ed in powder forms
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Figure2: XRD patter nsof purenano-structur ed m-WO, nanoplatelets(a) and nanosheets (b), after annealing at 500°C for 6

hrsin powder forms

Potentiostat / Galvanogtat / ZRAG750 where ITO-back
WO, thinfilmistheworking électrode, 0.1M HCl isan
electrolyte and servesasaH* ion source, the Pt disc
electrode was used as a counter electrode and Ag/
AgCl as areference electrode. The thickness of the
thin films was measured by Stylus method (al pha-
step. Tencor instruments. Germany).

RESULTSAND DISCUSSION

Crystal structure

The crystalline phase of the prepared WO,.H,O
and WO, wereidentified by X-ray powder diffraction
Figures(1) and (2), respectively. Figure (1) showsthe
XRD patternsperformed at room temperaturefor pure
WO,.H,O (platelet-type sample) and (sheet-type
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sample) in powder form. XRD patternsof the products
wereexclusively orthorhombic WO,_.H,O (spacegroup:
Pnmb, a=5.249 A, b =10.71 A, ¢ = 5.133 A,
JCPDS-ICDD 84-0886).

Four intense lines in the Figure (1, a) for the
(platel et-type sample) are 3.476, 5.358, 2.569 and
3.743 A and in Figure (1, b) for the (sheet-type
sample) are 3.476, 5.378, 2.565 and 3.749 A. These
values are consistent with the standard values of 3.47,
5.36, 2.56 and 3.74 A in JCPDS-ICDD 84-0886,
corresponding to (111), (020), (131) and (021)
planes. Theresults suggest that the platel et-type and
the sheet-type nanocrystals exhibit the same crystal -
line phase. The intensity ratio of the peak (021) to
peak (111) for the platelet-type samples is larger
than that of sheet-type samplesand theintensity ratio
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Figure3: a) DSC and b) TGA curveof theuncalcined WO,_.H,O nanoplatesr espectively

of the peak (020) to peak (111) for the sheet-type
samplesis lager than that of platel et-type samples.
This suggests that the preferred oriented planes in
platelet-type WO,.H,O are (021) planes and the
abundant planes in sheet-type WO,.H,O are (020)
planes.

Figure (2) showsthe XRD patternsfor puretung-
stentrioxidein powder forms, sintered at 500°C for six
hours. AsFigure(2, a) showsthe XRD patternsof the
WO, (platelet-type sample) after annealed WO,.H,O
nanoplates at 500°C for six hours; there are intense
peaks at 20 = 23.11°, 23.58° and 24.34°, and these
diffraction peaks can readily be indexed to (0 0 2),
(020) and (2 0 0) reflections of monoclinic WO,
phase. No peaks associated with other compounds
were detected, indicating that the WO, product isa
pure phase. The diffraction lines are completely
matched with XRD card number (space group: P21/
n,a=7306A,b=7.540 A, c=7.692 A, JCPDF —
ICDD 72-0677). According to its XRD results, the
cell parameters of the WO, nanoplates are calcu-
lated tobea=0.7306 nm, b=0.7545nm, C=0.7701
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34 @ s exo
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nm, and a=90.809 (°), which arecloseto theliterature
values (a=0.7306 nm, b = 0.7540 nm, C = 0.7692
nm, and a=90.881 (°))

Figure (2, b) also shows the monoclinic phase
of WO, (sheet-type sample) after annedled WO,.H,O
nanosheetsat 500°C for six hours, and also have the
same matched XRD card (space group: P21/n, a=
7.306 A, b=7.540 A, c=7.692 A, JCPDF — ICDD
72-0677) corresponding to theintense peaks at 2¢ =
23.11°, 23.58° and 24.34°. No H,WO, peaks are ob-
served, implying the precursors have been compl etely
convertedinto m-WQO, viahest treatment. In addition,
thecell parameters of the WO, nanosheets are cal cu-
lated to bea=0.7298 nm, b =0.7560 nm, C = 0.7696
nm, and a=90.709 (°).

Thermal analysis

In order to determine the appropriate temperature
for thermal conversion of the precursor WO, H,Ointo
WOQO,, the thermal behavior of the precursor wasin-

vestigated. Thethermo gravimetric analysis (TGA)
and differentia scanning calorimetric (DSC) curvesof
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Figure4: a) DSC and b) TGA curveof theuncalcined WO,.H,O nanosheetsr espectively
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Figure5: FT-IR spectraof WO,.H,O nanoplates(a) and WO,.H,O nanosheets(b)

the precursor are shownin Figures(3, b & 4, b) and
(3,a& 4, a), respectively. Masslosses of ~ 6.7% and~
6.3% for nanopl ates and nanosheets, respectively, as
shown from Figures (3, b & 4, b) areassociated to the
dehydration precursor and which areinagreement with
the theoretical calculation (7.2%) for the WO,-H,O
structure®®l.

The temperature of onset water loss was found
to bemorphologica dependent. It was observed be-
tween 195-211 °C for nanoplates and 188-200 °C
for nanosheets and occurs in several steps corre-
sponding water loss of physically adsorbed water
and tungsten acid decomposition.

Thelarge and sharp endothermic pesk at 224°Cin
Figure (3, @ and 222°C in Figure (4, a) can be as-
cribed to the WO,-H,O decomposion and theloosely
bound coordinated water. Therelaively small exother-
mic peak at about 400°C for WO, H,O nanoplates
and 330°C for WO, H,,O nanosheets probably comes
from the phase transformation of the samples from
orthorhombic WO,-H,O to monoclinic WO,. Based
on TGA/DSC results, samplesweretreated at 500°C
for 6 hrsto ensurethefully transformationto m-WQO..

Fourier transformsinfrared (FT-IR) analysis

Theinfrared technique has been used to confirm
the molecular structure of tungsten oxide hydrates
WOQO,.H,0 and tungsten trioxide (WQ,). Figure (5)
shows the FT-IR spectra of as-deposit pure
WOQO,.H,0 nanoplates and nanosheets. Large broad
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intensity peak around 3398 cm* for WO,.H,O
nanopaltes and 3391 cm™* for WO,.H,O nanosheets
have been observed and assigned as v (OH) stretch-
ing modes of surfaceadsorbed water molecules. The
bandslocated at 1618 cm™* for WO,.H,O nanopl ates
and 1617 cm* for WO,.H,O nanosheets are assigned

as §(H,0) bending modes of water molecules.

These results are in accordance with Daniel’s®? IR
data reported on tungsten oxide hydrates. These
peaks must be disappeared in WO, IR spectra but
this occurred.

We observed that asmall-intensity peak at 3439
cm* for WO, nanoplates and also at 3438 cm* for
WO, nanosheets, these are assigned as (OH) stretch-
ing modes of surface adsorbed water molecules
(moisture content), and thisisdueto insufficient dry-
ing of the sample before measurement (see Figure
6).

Figure (5, 8) showstwo sharp intensebands at 939
cm, 686 cm! for WO,.H,O nanoplates, the former
939 cm'! can be ascribed to the symmetric stretching
vibrational modeof termind (W=0) bond. AlsoinFig-
ure (5, b) we havetwo bands at 941 and 666 cm* for
WO,.H,0O nanosheets, the band at 941 cm* is also
assigned to (W=0) stretching modg!8 20and21],

These peaks at (W=0) does not observed in m-
WO, spectraas expected. Two peaksat 686 and 666
cmrt arise from the stretching modes of (O-W-O)
bridging oxygen®, thesebandsare assigned tothe O-
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TABLE 1: Assignment and vibrational band frequencies (v ) obtained from (WO,.H,O) nanomaterialsand (m-WO,)

nanomaterials

Nanomaterials WO3.H,0 WO3.H,0 Nar\:\(golgtm WO, Reference of Reference of
Nanoplates Nanosheets (cn?‘l) Nanosheets WO3.H,0 WO;
Attribution (cm™) (cm™) (cm™)
v (OH) 3398 3391 3439 3438 [18, 20,21]
o0(H,0) 1618 1617 [18, 20,21] --
v (W=0) 939 941 -- -- [18, 20,21] [23]
817 816 [18, 20,21] [20, 23]
O-W-0 686 666 e
v ) 754 753 [20, 23]
=
®
o
=
8
=
= 754
(E -
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3438 (b)
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Figure6: FT-IR spectraof WO, nanoplates(a) and WO, nanosheets (b)

W-O bridging mode of the W-O, corner sharing spe-
cied? and these peaks are strongly affected by heat
treatment at 500°C. Figure (6, @) and (6, b) showsthe
spectrahave abroad band with two weak maximaat
817 and 754 cm™ for m-WO, nanoplates and at 816
cm* and 753 cm™* for m-WO, nanosheets correspond-
ing to crystalline WO,**#1. All the IR data for
WO,.H,0and m-WO, arereported in TABLE 1.

Mor phology and microstructure

To investigate the overall morphologies of the
samples, the obtained samples are investigated by
HRTEM. Figure 7(a& b) shows TEM images of the
sample synthesized by dispersion of WO, H,Oina
HNQO, aqueous solution. Clearly, the TEM micro-
graphs of Figure 7(a & b) revealed that the as pre-
pared WO_.H,O sample has irregular square

nanoplates. After calcined at 500°C Figure7(c & d) it
can be seen that the nanoparticles adhere each other
and agreat variety of the morphol ogy happened from
irregular square shape to ovoid shape and that is
occur asaresult of the calcination temperature.
Figure 8 (a-c) shows the TEM micrographs of
the sample synthesized by dispersion of WO_.H,O
inaHNO, agueoussolution (80 ml from55% HNO,
and mixed with 20 ml methanol a cohol to complete
thetotal volume 100 ml). Thelow magnification of
TEM image showsthat the WO,_.H, O in theirregu-
lar square shapetransformed to therectangul ar shape
to be a rectangular nanosheets according to the
shadow cross area of two sheets as shownin Figure
(8b) and theimagesincluding some nanorods. After
calcinations at 500°C, Figure 8 (d & €) show that
there is no change in the morphology of the
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Figure7: (aand b) TEM imagesof theasprepared tungstic acid WO,.H,O nanoplates, (cand d) the WO, nanoplatesafter

calcination at 500°C and (€) SAED of thesample(inset in d)

nanoparticleswhich still in the shape of rectangular
nanosheets, whereas the nanorodes disappeared. The
SAED patterns (theinset in Figure 7(d) and Figure
8 (e).) shows the uniform, wide and ordered dif-
fraction spots can be assigned to a single-crystal-
line WO, nanoplates and nanosheets, respectively.
Electrochromism characterization

(a) Cyclic-voltammetry (CV)

Cydlicvoltammetry (CV) wasused to achievethe
electrochemica propertiesof WO, thinfilmsunder oxi-
dation state. Thee ectrochromic propertiesof WO, thin
filmswerestudied by using athree el ectrode e ectro-
chemical cell containing 0.1M HCI from (33% HCI)
electrolyte solution (buffer solution), the WO, filmson
ITO substrateswere used astheworking electrode, a
Pt disc auxiliary €l ectrode used asacounter electrode
and Ag/AgCl asareference electrode. The processes
of ionintercal ation and deintercal ation wasnoted after
activating theworking e ectroded ectrochemicaly prior

flano Soienoe and flano Teohnology

to measurements by applying 10 cyclic scansfrom -
0.6V t00.6V withasweeprate 100 mV/Sasshownin
Figure(9) for different WO, thinfilm systems.

The current resulting from this scan ratewas mea-
sured during both the ion intercalation and
deintercalation denoted as cathodic spike current
density (J,.) and anodic peak current density (J,),
respectively. Thediffusion coefficient (D) of H* ions
during intercalation and deintercal ation can be cal-
culated from the Randles - Sevcik equation®, de-
pending on the cathodic and anodic peak current den-
sity (J,.and J.).

j, =272x10°n*2 D2 C_§*2 (2)

where D isthediffusion coefficient, nisthe number
of electrons transferred in unit reaction, C_ is the
concentration of activeionsin the solution and 6 is
thescanrate. Theeffectivediffusion coefficientswere
calculated from equation (2) to be 1.52 x 10*and
8.56 x 10" cm?s*for intercalation and deintercalation
processes, respectively, form WO, thinfilm prepared
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Figure 8 : (a-c) TEM images of the as prepared tungstic acid WO,.H,O nanosheets; (d and €) the WO, nanosheets
after calcination at 500°C and (f) SAED of the sample (inset in €)

from (platel et-type sample) AW4 asapowder source.
Also, thecdculated D-vduesareformedtobe 1.30x 10r
Band 7.69 x 10" cm?s? for intercalation and
deintercal ation processes, respectively, for WO, thin
film prepared from (sheet-type sample) AWS asapow-
der source.

Figure (9, b) aso reveals that multiplication of
the current density for the WO, thin film leads to
increasetheintercal ation and deintreca ation of H* ions
into and out thefilm. Thismeansthe enhancement of
oxidation and reduction processes (redox), which con-
firmther perfect electrochemica propertiesof thewo,

thin film prepared from (sheet-type sample) AW5 asa
powder source.

(b) Chronoamperometry (CA)

Figure (10) showsthe dataon switching response
of the current-time dependence under application of
step voltage-0.6V and +0.6V for WO, thinfilms. It
was observed that the time duration was 10 seconds
for all samples, but for WO, thin film prepared from
(sheet-type sample) AWS, the current density ishigher
than that of nanoplates WO, thinfilm Figure (10, b).
Thisisin agreement with thecyclic voltammetry (CV)
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Figure 10: Chronoamperometry of WO, nanoplates(AW4) (a)
with thescan rate 100 mV/s

resultsdiscussed beforein section (4.7.1).
CONCLUSIONS

Synthesisof single-crystalline WO, nanocrystal's
through atopochemica method had been devel oped by
conversion process of the obtained H,WO, nanopl ates
into WO, nanoplatesand H,WO, nanosheetsinto WO,
nanosheets, respectively, viacacinationsat high tem-
peratureinair. Thissynthetic method issimple, mild,
controllable, andit providesanovel method for prepa
rations of two-dimensiona nanostructures. TheWO,
thinfilmwith nanosheets structures exhibited aunique
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and WO, nanosheets(AWS5); (b) in 0.1M HCl from (33% HCL)

€l ectrochromic property because of quantum size con-
finement of nanosheets. Furthermore, thenanosheetsfilm
exhibited afast col oration processand dow bleaching
processand that isal controlled by adiffusion mecha
nism. The electrochromic tlms based on WO,
nanosheetswith auniquee ectrochromic property may
tind potential applications in special energy-saving win-
dowsand other instruments.
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