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APPENDIX A

The Joint Committee for Powder Diffraction Standards (JCPDS) [29]

1. WO0s.0.33H,0, JCPDS file number 00-035-0270

Name and formula

Reference code:
PDF index name:

Empirical formula:
Chemical formula:

Crystallographic parameters

Crystal system:
a(?):

b (?):

c(?):

Alpha (?):

Beta (?):

Gamma (?):

Calculated density (g/cm”3):

Volume of cell (1076 pm"3):

7

RIR:

00-035-0270

Tungsten Oxide Hydrate

Hp.6603.33W

WO3 .0.33Hp0

Orthorhombic
7.3590
12.5130
7.7040
90.0000
90.0000
90.0000
6.68
709.41

12.00
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Subfiles and Quality

Subfiles: Inorganic

Quality: Blank (B)

Comments

References

Primary reference: Gerand, B. et al., J. Solid State Chem., 38, 312, (1981)
Unit cell: Ibid., J. Solid State Chem.

Peak list

No. h k 1 d[A] 2Theta[deg] I [%]

1 0 2 0 627000 14.114 19.0
2 1 1 1 490000 18.089 35.0
3 0 0 2 3.84800 23.095 40.0
4 2 0 0 3.67900 24.172 7.0

2 1 3 1 328100 27157 250
6 2 2 0 3.15100 28300 100.0
7 2 0 2 265800 33.692 7.0

8 2 2 2 244000 36.806 40.0
9 2 4 0 237900 37.785 8.0

10 0 3 3 217100 41.564 4.0
11 0 6 0 209500 43.146 4.0
12 3 3 1 203800 44416 7.0
13 2 4 2 202800 44.647 7.0

14 0 0 4 192600 47.150 5.0



15

16

g

18

19

20

21

22

23

86

4 0 0 1.84000 49498 14.0
2 6 0 1.81300 50286 14.0
4 2 0 1.76500 51.753 4.0
3 1 3 175700 52.006 4.0
2 04" 70200 53819 @ 9.0
4 0 2 1.66000 55296 30.0
4420 27 1,60500 57363 3.0
4 4 0 1.58600 58.115 9.0
0 8 0 1.56400 59.013 4.0
Stick Pattern
Intensity [%]
1605 Ref. Pattern: Tungsten Oxide Hyfrate, 00-035- 0270

dy

20

| I
[ [
1] q

Position [?2 Theta]

50

]
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2. WO;, JCPDS file number 00-020-1324

Name and formula

Reference code:
PDF index name:

Empirical formula:
Chemical formula:

Crystallographic parameters

Crystal system:
a(?):

b (?):

e ()

Alpha (?):

Beta (?):

Gamma (?):

Volume of cell (106 pm”"3):

Z:
RIR:

Subfiles and Quality

Subfiles:

Quality:

00-020-1324
Tungsten Oxide
O3W

WO3

Orthorhombic
7.3840
7.5120
3.8460

90.0000
90.0000
90.0000

213,33

8.00

Inorganic
Alloy, metal or intermetalic
Forensic

Indexed (I)
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Comments

General comments: Stabilized with 2% NbyOs.

References

Primary reference: Roth, Waring., J. Res. Natl. Bur. Stand., Sect. 4, 70,
281, (1966)

Peak list

No. h k 1 dJA] 2Theta[deg] I [%]

1 0 0 1 3.85000 23.083 100.0
2 0. 250 %\ 3IS000 2507 . 650
3 2 0 0 3.6900 24.099 95.0
4 0 1 1 343000 25956 2.0

5 1 2 0 335000 26587 10.0
6 1 1 1 3.10000 28.776 25.0
7 0 2 1 268600 33331 35.0
8 2 0 1 266200 33.640 35.0
9 2 2 0 2.63300 34.022 50.0
10 1 2 1 252500 353235 6.0
11 2 2 1 217300 41.524 16.0
12 0 3 1 2.09900 43.059 2.0
13 3 2 0 205600 44.007 2.0
14 1 3 1 201800 44.880 10.0
15 3 1 1 199800 45354 6.0

16 0 0 2 192300 47.228 20.0



17

18

19

20

21

22

23

24

25

26

27

28

29

30

3l

32

33

1.87800

1.84600

1.82000

1.80600

1.71200

1.70600

1.68800

1.67400

1.66500

1.65700

1.64500

1.59700

1.55300

1.53500

1.52200

1.49300

1.48600

48.431

49.326

50.079

50.494

53.480

53.683

54.302

54.794

55.116

55.404

55.844

57.677

59.472

60.242

60.810

62.121

62.446

89

10.0

20.0

10.0

16.0

10.0

10.0

16.0

10.0

16.0

16.0

6.0

2.0

6.0

10.0

10.0

6.0

6.0
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Stick Pattern

Intens‘rry[%]_
L REf. Pattern: Tungsten Oxide, 00-020-1324
m_
I | Y ,|,,.,h,,l,\,‘\,,,",“nl,,.,,|||,Jl_

30 4 50 60
Position [72 Theta]
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3. WO;, JCPDS file number 00-033-1387

Name and formula

Reference code:
PDF index name:

Empirical formula:
Chemical formula:

Crystallographic parameters

Crystal system:

Space group:

Space group number:

a (?):

b (?):

e (7):

Alpha (?):

Beta (?):

Gamma (?):

Calculated density (g/cm”3):
Measured density (g/cm”3):
Volume of cell (1076 pm”3):
Z:

RIR:

00-033-1387
Tungsten Oxide
O3W

WO3

Hexagonal
P6/mmm
191
7.2980
7.2980
3.8990
90.0000
90.0000
120.0000
6.43
6.36
179.84

3.00



Subfiles and Quality

Subfiles:

Quality:
Comments

General comments:

Sample preparation:

References

Primary reference:
Peak list

No. h k 1 df[A]

92

Inorganic
Alloy, metal or intermetalic

Common Phase

Educational pattern

Indexed (1)

A few weak reflections on electron diffraction patterns
suggested that C should be doubled for the true cell.

Made by dehydration of W03.0.34HO by heating at

290 C.

Gerand, B. et al., J. Solid State Chem., 29, 429, (1979)

2Theta[deg] I [%]

1 1 0 0 6.34000
2 0 0 1 391100
31 1 0 3.65500
4 1 0 1 3.31800
5 2 0 0 3.16500
6 1 1 1 266700
7 2 0 1 245500
8 2 1 0 238800

9 3 0 0 210900

1395% 55.0
22.718  50.0
24333  25.0
26.848  20.0
28.172 100.0
33515 98

36.573  45.0
37637 70

42.845 5.0



10

130

12

13

14

15

16

17

18

19

20

21

22

23

24

29

26

27

28

£l

30

31

32

38

2.04000

1.95300

1.86400

1.85200

1.82400

1.75300

1.72100

1.65900

1.65400

1.59900

1.58100

1.51100

1.46400

1.45300

1.43000

1.37600

1.35800

1.33200

1.30300

1.27400

1.22800

1.21600

1.20000

1.19400

44.370

46.459

48.818

49.156

49.961

52.134

53.178

55.332

55.514

57.598

58.316

61.300

63.493

64.030

65.186

68.085

69.115

70.663

72.481

74.405

77.699

78.613

79.870

80.353

¥3

4.0

6.0

7.0

7.0

20.0

9.0

3.0

30.0

30.0

7.0

13.0

1.0

10.0

1.0

1.0

3.0

1.0

6.0

6.0

1.0

4.0

1.0

1.0

4.0



Stick Pattern
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Intensity [%)
100

Ref. Pattern: Tungste

Oxide, 00-033-1387

.,|...|..,..J..L..l..l.l,.|.1....|J.l....’,....;.,i..l.... Lol
Kl q 50 a0 70 a
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APPENDIX B

Material Safety Data Sheet [46]

j Science Lab.com

Chemicals & Laboratory Equipment

Reactivity 0

Personal
Protection

Material Safety Data Sheet
Tungsten oxide MSDS

Section 1: Chemical Product and Company Identification

Product Name: Tungsten oxide Contact Information:
Catalog Codes: SLT3496 Sciencelab.com, Inc.

14025 Smith Rd.
CAS#: 1314-35-8 Houston, Texas 77396
RTECS: YO7760000 US Sales: 1-800-901-7247

International Sales: 1-281-441-4400
TSCA: TSCA 8(b) inventory: Tungsten oxide g or.\a o (-?s

Order Online: SciencelLab.com
Cl#: 77901

CHEMTREC (24HR Emergency Telephone), call:

Synonym: 1-800-424-9300
Chemical Formula: WO3 International CHEMTREC, call: 1-703-527-3887

For non-emergency assistance, call: 1-281-441-4400

Section 2: Composition and Information on Ingredients

Composition:
Name | cas# | % by weight
Tungsten oxide | 1314-35-8 | 100

Toxicological Data on Ingredients: Tungsten oxide: ORAL (LD50): Acute: 1059 mg/kg [Rat].

Section 3: Hazards Identification

Potential Acute Health Effects:
Hazardous in case of eye contact (irritant), of ingestion, of inhalation. Slightly hazardous in case of skin contact {irritant).

Potential Chronic Health Effects:
CARCINOGENIC EFFECTS: Not available. MUTAGENIC EFFECTS: Not available. TERATOGENIC EFFECTS: Not available
DEVELOPMENTAL TOXICITY: Not available. Repeated or prolonged exposure is not known to aggravate medical condition
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Section 4: First Aid Measures

Eye Contact: Check for and remove any contact lenses. Do not use an eye ointment. Seek medical attertion.

Skin Contact:

After contact with skin, wash immeciately with plenty of water. Gently and thorough'y wash the contaminated skir with running
water and non-abrasive soap. Be particularly careful to clear foids, crevices, creases and groin. Cover the irritatec skin with an
emollient. If irritation persists, seek medica’ attention. Wash contaminated clothing befere reusing.

Serious Skin Contact: Not avai'able.
Inhalation: Allow the victim 10 rest in a well ventilated area. Seek immediate medical attention.
Serious Inhalation: Not availatle.

Ingestion:

Do nct induce vomiting. Examine the lips anc mouth to ascertain whether the tissues are damaged, a possibie incication that
the toxic material was ingested; the absence of such signs, however. is not conclusive. Locsen tight ciothing such as a cotlar,
tie. beit or waistband. If the victim is not breatning, perform mouth-to-mouth resuscitation. Seek immediate medical attention.

Serious Ingestion: Not available.

Section 5: Fire and Explosion Data

Flammability of the Product: May be combustible at high temperature.
Auto-Ignition Temperature: Nct available.

Filash Points: Not availadie

Flammable Limits: Not availacle.

Products of Combustion: Some metaliic oxides.

Fire Hazards in Presence of Various Substances: Not available.

Explosion Hazards in Presence of Various Substances:
Risks of explosion of the groduct in presence cof mechanical impact: Not available. Risks of explosion ¢f the product in
cresence of static discharge: Not avaiable.

Fire Fighting Media and Instructions:
SMALL FIRE: Use DRY chemical powder. LARGE FIRE: Use water spray, fog or foam. Do not use water jet.

Special Remarks on Fire Hazards: Not available.

Special Remarks on Explosion Hazards: Not available.

Section 6: Accidental Release Measures

Small Spill:
Use apgropriate toois to put the spilled solid in a convenient waste disposal contairer. Finish cleaning by spreading water on
the contaminated surface and cispose of accorcing tc iocal and regional authority requirements.

Large Spill:

Use a shove! to put the material into a convenient waste disposai container. Finish cleaning by spreading water on the
contaminated surface and allow to evacuate through the sanitary system. Be careful that the product is not present at a
concentraticn leve! above TLYV. Check TLV on the MSDS and with loca! authorities.

Section 7: Handling and Storage

Precautions:

Keep away ‘from heat. Keeg away frem scurces of ignition. Emgty contairers pose a fire risk, evaporate the residue under
a fume hood. Grounc ail equipment containing material. Do not ingest. Do not breathe dust. Avoic contact with eyes Wear
suitacle protective ciothing In case of insufficient ventilation, wear suitatle respiratory equipment if ingestec, seek medical
advice immediately and show the container or the label.

Storage:

Keep container dry. Keep in a cool place. Ground all eguipment containing material. Keep container tightly closed. Keep in a
cool, well-ventilated place. Combustibie materials should be stored away from extreme heat and away from strong oxidizing
agents.
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Section 8: Exposure Controls/Personal Protection

Engineering Controls:

Use process enciosures, local exnhaust ventilation, or other engineering controls to keep aircorne levels below recommended
exposure limits. If user cperations generate dust. fume or mist, use ventilation to keep exposure to airborne contaminants
below the expesure limit.

Personal Protection:
Spiash goggles. Lab coat. Dust respirator. Be sure to use an approvedicertified respirator or equivaient. Gloves.

Personal Protection in Case of a Large Spill:

Solash goggles. Full suit. Dust respirator Bocts. Gloves. A self containec breathing apparatus should be used to avoid
inhaiation of the product. Suggesied protective clothing might not be sufficient; consuit a sgecialist BEFORE handiing this
product.

Exposure Limits:
TWA: 5 STEL: 10 {mg/m3) Consuit local authorities for acceptable exposure fimits.

Section 9: Physical and Chemical Properties

Physical state and appearance: Sclic
Odor: Not available.

Taste: Not available.

Molecular Weight: 231.85 g'/mole
Color: Not availatle.

pH (1% solniwater): Nct applicatle.
Boiling Point: Not available.

Melting Point: 1473°C (2883.4°F)
Critical Temperature: Not availatle.
Specific Gravity: 7.16 (\Water = 1}
Vapor Pressure: Not applicable.
Vapor Density: Not avaiiatle.
Volatility: Not available.

Odor Threshold: Not avaiabie.
Water/Oil Dist. Coeff.: Not avaiiable.
lonicity (in Water): Not available.
Dispersion Properties: Not available.

Solubility: Insolub‘e in colc water.

Section 10: Stability and Reactivity Data

Stability: The product is stable.

Instability Temperature: Not availacle.

Conditions of Instability: Not available.

Incompatibility with various substances: Not availasle.
Corrosivity: Non-corrosive in presence of glass.

Special Remarks on Reactivity: Not availabe

Special Remarks on Corrosivity: Not availacle.

Polymerization: No.
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Section 11: Toxicological Information

Routes of Entry: Eye contact. inhalation. ingestionr.
Toxicity to Animals: Acute cral toxicity (LDS50): 1059 mg/kg [Rat].
Chronic Effects on Humans: Not available.

Other Toxic Effects on Humans:
Hazardous in case of ingestion, of inhalation. Siigntly hazardous in case of skin contact (irritant].

Special Remarks on Toxicity to Animals: Not available.
Special Remarks on Chronic Effects on Humans: Nct available.

Special Remarks on other Toxic Effects on Humans: Not avaiatle.

Section 12: Ecological Information

Ecotoxicity: Not available.
BODS and COD: Not available.

Products of Biodegradation:
Possibly hazardous short term degradation products are not likely. However, iong term degradation products may arise.

Toxicity of the Products of Biodegradation: The products of degradation are as toxic as the criginal product.

Special Remarks on the Products of Biodegradation: Not availatle.

Section 13: Disposal Considerations

Waste Disposal:

Section 14: Transport Information

DOT Classification: Not a DOT controiiec material {United States).
Identification: Not appiicabie.

Special Provisions for Transport: Not appiicabie

Section 15: Other Regulatory Information

Federal and State Regulations: TSCA 8{b) invertory: Tungster oxice
Other Regulations: Not availatle..

Other Classifications:

WHMIS (Canada): Not controiiec uncer WHMIS {Canaca).

DSCL (EEC):
R22- Harmfui if swaliowed. R38- Irritating to eyes.

HMIS {U.S.A.):
Health Hazard: 2
Fire Hazard: !
Reactivity: 0
Personal Protection: E
National Fire Protection Association (U.S.A.):
Health: 2
Flammability: 1
Reactivity: O
Specific hazard:

Protective Equipment:
Gloves. Lab coat. Dust respirater. Be sure to use an approvedicertified respirator or equivalert. Splash goggles.
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Section 16: Other Information

References: Not available.

Other Special Considerations: Not availasle.
Created: 10/10/2005 12:1* AM

Last Updated: 11/01/2010 12:00 PM

The information above is believed to be accurate and represents the best information currently available to us. However, we
maks no warranty of merchantability or any other warranty. express or implied, with respect to such information, and we assume
no fiability resulting from its use. Users shouid make their own investigations to determine the suitability of the information for
their particular purposes. In no event shall Sciencelab.com be liable for any claims, losses, or damages of any third party or for
lost profits or any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if Sciencelab.com
has been advised of the possibiiity of such damagss.
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ARTICLE INFO ABSTRACT

Article history: Ortherhombic tungsten oxide (0-WO;) was synthesized by 200°C, 24 h hydrothermal reactions of
Received 6 Sept_ember 2010 ammonium metatungstate hydrate solutions containing different volumes of 1 M HCl and cetyltrimethy-
Received in revised form 25 October 2010 lammonium bromide (CTAB) cationic surfactant. The as-synthesized products were characterized by
Accepted 28 October 2010

X-ray powder diffraction (XRD), Fourier transform infrared (FTIR) and Raman spectroscopy, and scan-
ning and transmission electron microscopy (SEM, TEM), including UV-visible and photoluminescent
(PL) spectroscopy. These analyses showed that their phases and morphologies were controlled by the
acidity of the solutions. In 7.50ml 1 M HCl-added solution, the product was 0-WO; microflowers, with
microsquare layers growing out of their cores. FTIR and Raman vibrations of W=0, 0-W-0, and W-0-W
stretching modes were detected, and showed typical crystalline WO, Their optical properties showed a
maximum absorption at 275 nm in the UV region and a maximum emission peak at 375 nm. The possible
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formation mechanism of 0-WO3 microflowers was also proposed according the experimental results.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Presently, many chemists and materials scientists are paying
close attention to the study of nanostructured oxides - includ-
ing zero-dimensional (0D) quantum dots, one-dimensional (1D)
nanowires and nanorods, and two-dimensional (2D) nanosheets
and nanodisks - because these materials have novel physical and
chemical properties which are different from their correspond-
ing bulks [1-3]. Among the different oxides with nanostructures,
tungsten oxide (WO3) has received wide attention owing to its
unique photochromic and electrochromic properties. It is consid-
ered to be a promising material for multiple potential applications,
including semiconductors for gas sensors, electrodes for secondary
batteries, solar energy converters, and photocatalysts [3-6). Anum-
ber of synthetic methods have been developed for WO; such
as a hydrothermal/solvothermal route [2,3,5,7), thermal process-
ing (4], electric heating in vacuum [6), and physical/chemical
vapor deposition process [8,9). Among these, synthesis under
hydrothermal conditions is a low-temperature, environmentally
benign and low-cost route for preparation of nanosized oxide
materials, and is becoming an increasingly attractive method
[10].

* Corresponding authors. Tel.: +66 D 53 943344- fax: 56 053 592277,
E-mail addresses: trpthongtem@yahoo.¢om (T. Thongtem].
phuruangrat@®hotmail.com (A Phuruangrat).

03925-8388/S - see front matter © 2010 Elsevier BV. All rights reserved.
doi:10.1016/j.jallcom.2010.10.208

In the present research, orthorhombic tungsten oxide (0-WO0,)
microflowers were synthesized using a CTAB-assisted hydrother-
mal method. The as-synthesized 0-WO; products were further
characterized by X-ray powder diffraction (XRD), Fourier transform
infrared (FTIR) and Raman spectroscopy, and scanning and trans-
mission electron microscopy (SEM, TEM), including UV-visible
(UV-vis) and photoluminescent (PL) spectroscopy.

2. Experiment

A 1.38 g of ammonium metatungstate hydrate {{NHs \sHaW1204g xH0)was dis-
solved in 20ml deionized water; 0-7.50ml 1M HCI was subsequently added to
form Hy; WO, with 30 min continuous stirring. CTAB surfactant (D.36 g} was added
to each solution with an additional 30 min of continuous stirring. The mixtures were
transferred into homemade, Teflon-lined, stainless steel autoclaves. These were
tightly closed. heated at 200°C for 24 h, and naturally cooled to room temperature.
Finally, light-green precipitates were synthesized, separated by filtration, washed
with deionized water and ethanol, and dried at 70=C for 12h.

The products were characterized and recorded on a Philips X'Pert MPD Xeray
diffractometer (XRD) equipped with a graphitic monochromatar of Cu Ko radiation
(2=0.1542 nm), using a scanning rate of 0.02*/s over the 28 range of 10-60~. FTIR
spectra were recorded on PerkinElmer Spectrum RX FTIR Spectrometer with KBr
as a diluting agent and operated in the range of 400-4.000cm=" with the resolu-
tion of 4cm=". Raman vibrations of the products were detectad by 2 HORIBA JOBIN
YVON T64000 Raman spectrometer with 50 mW and 514.5 nm wavelength Ar laser.
Field-emission scanning electron microscopic (FE-SEM) images were taken by a [EOL
JSM-6335F operated at 15.0kV beam energy. Transmission electron micrascopic
(TEM) images, and selected area electron diffraction (SAED] pattern were taken on a
JEOLJEM-2010, employing at an accelerating voltage of 200 kV. UV -visible and pho-
toluminescent spectra were carried out by a Lambda 25 spectrometer using UV lamp
with the resolution of | nm, and LS50B Fluorescence Spectrometer, PerkinElmer, at
450W Xe-lamp with the 0.2 nm resolution and 200nm excitation wavelength at
room temperature.



3. Results and discussion

Fig. 1 shows the XRD patterns of the products synthesized by
200°C, 24 h hydrothermal reactions using [NHy s H,W,,04, xH,0
and CTAB as a tungsten source and surfactant, with 0-7.50ml 1 M
HCl added. In the HCl-free solution, the product was an amor-
phous phase. When 2.50 ml 1 M HCl was added to the solution, both
orthorhombic W03.0.33H,0 {JCPDS No. 35-0270} and WO, phases
{JCPDS No. 20-1324) [ 11] were detected. These products became
pure orthorhombic W03 {0-WO3) in the 5.00m! and 7.50ml 1 M
HCl-added precursor solutions, The analysis implies that HC! has
an influence on the synthesis of pure 0-WO3 phase.

SEM images {Fig. 2a and b} show 0-WOj; in the shape of

~8 um microseeds in numerous sguare layers in the 5.00ml
1M HCl-added solution. By increasing 1M HCl from 5.00 mi to
7.50 ml, these microsquare layers grew out of the microseed cores

to form microflower-like particles (Fig. 2¢ and d), composed of

2-3 pum x 100-300nm x 100-300 nm petals with very smooth sur-
faces.

In general. 0-WOj4 has a distorted ReOjy-type structure consist-
ing of a three-dimensional network of WOz octahedrons linked
by their oxygen corners {5,12]. The vibrations are in the infrared
{IR) range, and are classified into three regions: 600-300C. 200-400
and <200cm~'. corresponding to 0-W-0 stretching and bending
maodes, and lattice vibration, respectively | 13]. In this research. the
products {Fig. 3) were further characterized by FTIR spectroscopy in
the range of 400-4000 cm~*, and the vibrations compared to those
of CTAB. Some bands were detected at 2800-3020cm-!, which can
be attributed to the CTAB surfactant. The FTIR spectrum of CTAB
shows two intense bands at 2918 and 2846 cm™!, corresponding to
the asymmetric and symmetric stretching vibrations of C-CHy in
the methylene chains. The sharp bands at 1450-1500cm~* were
specified as the deformation of -CH;- and -CHa, and the weak
band at 3011 em~" as the C-CHj asymmetric stretching and N-CHs
symmetric stretching vibrations of the solid surfactant {14-17}].
In case of the as-synthesized products, broad bands between 590
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Fig. 1. XRD patterns of the products syathesized by the hydrothermai reaction at
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Fig. 3. FTIR spectra of {a) CTAB, and (b-d) the products synthesized by the
hydrothermal reaction at 200°C for 24 h in the soiutions containing 2,50 ml, 5.00 mi,
and 7.50 ml of 1 M HC, respectivealy,

and 949cm~! were detected. They are attributed to the stretch-
ing of short W=0 bonds, while the bands at 817 and 728cm™!
were assigned to be the O-W-0 stretching modes. The vibrational
bands centered at659 and 590 cm~! were attributed to the W-0-W
stretching modes {5]. The asymmetric and symmetric stretching
vibrations of CH; in the methylene chains of the incorporated
CTAB were also detected at the same wavenumbers as those of the
solid surfactant - implying that no intermolecular interaction was
enhanced due to the capping effect, and the conformation of methy-
lene chains remained unchanged. Their intensities are weakened,
because CTAB was not completely removed by washing with deion-
ized water and ethanol, and remained as the adsorbed head groups
on the surfaces of these products - as was also found in previous
reports [14,15.17}.

The Raman spectrum of the as-synthesized WO, microflow-
ers over the range of 50-1200cm~! is shown in Fig, 4. Generally,
the 850-1050cm~" Raman wavenumbers of the transition metal
oxide are assigned to be the symmetric stretching modes of metal
and oxygen bonds (short terminal W=0, v5{W=0) terminal bands),
and 750-950cm~" bands were either the antisymmetric stretch-
ing of W-0-W bonds {v,{W-0-W)) or symmetric stretching of

and Cam
and Cor

mpounds 305 {2611 2294-2259

intensity (Arbitrary Unit)
e

100 200 300 400 500 600 700 800 900 100011001200
Wavenumber (cm'1)

Fig. 4. Ramarn spectrum of ¢-WO0s microfiowers, synthesized by the hydrothermai
reaction at 20C+C for 24 k in the solution containing 7.530 ml 1 M HCL

-0-W-0- bonds {vs{-0-W-0-}}. The Raman spectrum of the as-
synthesized W03 microflowers detected vibrational peaks at 806,
718,686,326,274, 134,76 and 60 cm™~'. The two main intense peaks
at 806 and 718cm™}, and the shoulder at 686cm-!, are typical
Raman peaks of crystalline WOy, which correspond to the stretch-
ing and bending vibrations of the bridging tungsten and oxygen

toms. They are assigned to be the W-0 stretching { v}, W-0 bend-
ing () and O-W-0 deformation { ) modes, respectively. Two peaks
at 326 and 274cm™? are assigned to be the bending 8/0-W-0)
vibrations. Those below 200 cm~! modes were attributed to the lat-
tice vibrations. All these peaks are in good accordance with those
of other reports {1,5,12,18.19],

Detailed morphology of the as-synthesized o0-WO0a structure
was proved by TEM images {Fig. 5}, which show the product shape
to be microflowers 6-8 um in diameter; these are composed of
a large number of petals with lengths up to several micrometers.
Some petals were released from the microfiower cores by uitra-
sonic vibrations during preparation of the samples for TEM analysis.
Fig. 6a and b presents high-magnification TEM images with the x-
axis of Fig. 5b tilted. These 0-WO1 petals are straight and smooth.
with uniform dimension along their axia! direction. The selected
area electron diffraction patterns (Fig. 6¢ and d) were indexed and
specified as orthorhombic WO, phase (JCPDS No. 20-1324) [11],

(a)

| pm

(b)

1 um

Fig. 5. TEM images of 0-WO; microflowers, synthesized by the aydrothermal reaction at 200 °C for 24 h in the sclution conzaining 7.50 ml { M HCL.



104

ays and Cempounds 509 {2011} 2254-2299
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Fig. 7. Schematic diagram for the formarion of 0-W03 microfiowers.
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Fig. 8. (a)UV-visible spactrum, and (o) theiafivi? versus hy plotof 0-W0; micreflowers. synthesized by the hydrothermal reaction

7.530ml 1 M HCE

in accordance with the XRD analysis. They show the (020},(220}
and (200} diffraction planes with the electron beam in the (00 -1}
direction. It should be noted that the growth direction of the petals
is normal to the {020) plane of the microsquare layers - imply-
ing that the 0-W0; microsquare layers are aligned along the (020}
direction.

The formation of 0-W0; microflowers can be explained by poly-
condensation, electroneutral and dehydration reactions from the
polyoxotungstate anions, as shown below:

HoW15040% +6H™ + (8 + mH,0 - 12H, WO, - nH,0 (13
HaWO4 - nH;0 — 0-WOs{nuclei} + {n + 1}H;0 {2}
0-WO4(nuclei) - WOy {microflowers} (3}

When {(NHilsH;W;;040 xH20 was dissolved in deionized
water, followed by the addition of HCI, the colorless solution of
HaW;2048- anions changed to H;WO4nH,0 yellow precursor
precipitates. Upon the 200 *C hydrothermal reaction, H, WO0,.nH, 0
was further decomposed to produce 0-WQ; {nuclei} {20-22}, con-
taining in microsquare layers of {WOs|~ octahedrons [5.12] lying
in the [200] direction. At this stage, CTAB - which is a posi-
tively charged cationic surfactant {CTA*) with a long hydrophobic
tail {142324] - was attracted by the four negatively charged
oxygen atoms in the planar surface of [WOg|®-, due to the
stereochemical effect. The [CTA-WOQg [~ bonds orientated par-
allel to the [020] direction inhibited growth in the |200] and
[002] directions because of the CTA* hydrophaobic tails [21,23].
The [CTA-WOg}4~ petals grew out from cores to form 0-WO0,
microfiowers, and the CTAB molecules were washed out, as shown
in Fig. 7.

UV-vis absorbance for 0-W0O3 microflowers {Fig. 8a} shows an
absorption band in the 200-450nm range and a strong band at
275nm, attributed to the high UV spectrum [25]; this might be
a consequence of the confined nature of electrons in the (010}
direction [1]. No absorption band in the visible range was detected.
This result is in accordance with those reported by Nataraj and co-
workers | 18], and Xu and co-workers [25]. The direct band gap {Eg)
of 0-WO0j; microfiowers was determined by Eq. (4}:
ahy ={hy - ) (4}
where «, h, v, and Eg are the absorbance, Planck constant, pho-
ton frequency, and optical band gap, respectively. The parameter
is & pure number associated with the different types of electronic
transitions: n=1/2,2,3/2 or 3 for direct-allowed. indirect-allowed,
direct-forbidden and indirect-forbidden transitions, respectively
[26]. Its direct energy gap was determined by extrapolation of

T T T T T T T T T T T |
150 175 2,00 225 250 275 300 325 350 375 400 425 450
hv (eV)

121 200°Cior 24 ninthe sciunion containing

Intensity (Arbitrary Unit)

L §
650

T T T | TR T ]
350 400 450 500 S50 600 700

Wavelength (nm)

T T
200 250 300

Fig. 9. PL spectrum of 0-%0s microtlowers.

the linear portion of the curve {Fig. 8b) to «=0, corresponding
to 4.10eV. It should be noted that the change of absorption was
controlled by two photon energy (hv) ranges - the high and low
energies. When the photon energy is greater than the energy band
gap (£} absorption was linearly increased with the increasing of
photon energy. But for the photon energy with less than Eg, the
absorption became different from the linearity, due to the dominant
photonic absorption relating to defect levels between the valence
and conduction bands of the product.

The PL spectrum ({Fig. 9} of the as-synthesized 0-WO3
microflowers was recorded using 200 nm excitation wavelength
at room temperature. The emission peak presents a broad band
at 275-575 nm with a maximum emission at 375 nm in the violet
region by Gaussian curve fitting, due to the electronic transition of
WO3. This PL emission is in accordance with the report of Lee and
co-workers [27 1.

4. Conclusions

in summary, 0-WO3 microflowers composing of long petals
{Eg =4.10eV) were successfully synthesized by the CTAB-assisted
hydrothermal reaction at 200 °C for 24 h. Their microsquare layers
grew along the {02 0] direction to form the petals. UV spectrum
shows a maximum absorption at 275nm. and PL emission at
375nm.
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