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APPENDIX A

The Joint Committee for Powder Diffraction Standards (JCPDS)

SrWOa4, JCPDS file number 00-008-0490 [91]

Name and formula

Reference code: 00-008-0490

PDF index name: Strontium Tungsten Oxide
Empirical formula: 04STW

Chemical formula: SrWQO,

Crystallographic parameters

Crystal system: Tetragonal

Space group: 141/a

Space group number: 88

a: 5.4168 o 90.0000

b: 5.4168 B: 90.0000

c: 11.9510 Y 90.0000

Calculated density: 6.35 VVolume of cell: 350.66
Z. 4.00 RIR: -

Subfiles and Quality

Subfiles: Inorganic, Corrosion, Common Phase, NBS pattern



Quality:
Comments
Color:

Sample preparation:

Analysis:

Temperature:

References

Primary reference:

131

Star (S)

Colorless

Sample precipitated from solutions of SrCl, and
Na;WOy .

Spectroscopic analysis showed <0.1% Ba, Ca, K, Na,
Si; <0.01% Al, Cu, Li, Mg, Sb; <0.001% Ag, Cr, Cs,
Fe, Rb.

Pattern made at 25 °C.

Natl. Bur. Stand. (U.S.), Circ. 539, 7, 53, (1957)

Peak list

No. h k | d[A] 2Theta[deg] I [%]
1 1 0 1 493000 17.978  20.0
2 1 1 2 322300 27.655 100.0
3 0 0 4 298700 29.889 16.0
4 2 0 0 270700 33.065 25.0
5 2 1 1 237300 37.884 8.0
6 B ' B4l B.55300 B3 185 2.0
7 1 0 5 218700 41.246 1.0
8 2 1 3 2.06900 43.716 4.0
9 2 0 4 200700 45.139 30.0
10 2 2 0 191500 47437 14.0
11 3 0 1 1.78600 51.100 2.0
12 1 1 6 1.76800 51.658 20.0



132

132 1 5 170200 53819 4.0
14 3 1 2 1.64600 55.807 30.0
15 2 2 4 1.61200 57.091 14.0
16 0 0 8 1.49300 62.121 4.0
17 3 2 1 149000 62260 4.0
18 3 0 5 144110 64.623 2.0
19 3 2 3 140590 66447 2.0
20 2 1 7 139530 67.018 2.0
21 4 0 0 1.35420 69.336 4.0
22 2 0 8 1.30770 72.179  10.0
23 3 1 6 1.29890 72.746 16.0
24 3 3 2 124880 76.170 8.0
25 4 0 4 123350 77.289 6.0
26 4 2 0 121120 78986 8.0
27 2 2 8 1.17810 81.665 4.0

28 1 1 10 1.14110 840916 4.0
29 4 2 4 1.12260 86.656 8.0
4

30 3 1 1.07900 091.107 2.0

31 3 3 6 1.07490 91.553 4.0

32 5 1 2 1.04620 94.832 8.0

33 4 0 8 1.00330 100.307 4.0
34 0 0 12 0.99590 101.333 1.0
35 4 3 5 098680 102.632 1.0
36 3 1 10 098010 103.615 6.0
37 4 4 0 095760 107.106 2.0
384 2 8 0.94080 109924 6.0

39 5 1 6 093740 110519 6.0

Stick Pattern
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MgWO4, JCPDS file number 00-045-0412 [92]

Name and formula

Reference code: 00-045-0412

PDF index name: Magnesium Tungsten Oxide
Empirical formula: MgOsW

Chemical formula: MgWO4

Crystallographic parameters

Crystal system: Anorthic

a: 5.6079 o 123.170

b: 6.5792 B: 112.7500

c: 8.8475 Y 101.3500
Calculated density: 8.45 Volume of cell: 213.83

Z: 4.00 RIR: -



Subfiles and Quality

Subfiles:

Quality:
Comments

General comments:

Sample preparation:

Unit cell:

References

Primary reference:

Peak list

No. h k | dJ[A]

134

Inorganic, Corrosion

Blank (B)

High temperature form. Cell parameters generated by
least squares refinement.

Prepared by dehydration of MgWO4 -H.0 at 155 °C
for 7 days.

Reference reports: a=5.60, b=6.58, c=8.84, a=123.2,

b=112.7, g=101.4.

Gunter, J., Amberg, M., Solid State lonics, 32, 141,

(1989)

2Theta[deq] | [%0]

1 0 1 -1 6.26000
2 0 0 1 582300

(9]
—

0 -1 537800
4 1 -1 0 4.64800
54 B RLF 1988 i4490

(o BN BN

0 2 -2 3.18800
9 1 -2 1 3.04700

14.136  36.0
15203  22.0
16.470  22.0
19.079  72.0
23.746  31.0

I -1 -1 3.57500 24.886 57.0
3.33300 26.725 7.0

27.965 100.0
29.287  40.0

10 0 0 2 296600 30.106 14.0

11 1 -2 0 274200 32.631 40.0
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12 2 0 -2 270500 33.090 23.0
13 2 -1 0 258100 34.729 11.0
14 1 2 -3 253100 35438 14.0
15 1 2 -2 249200 36.011 15.0
16 1 -1 -2 244300 36.759 20.0
17 -1 2 1 216200 41.745 25.0
18 0 3 -3 213700 42.257 47.0
19 1 -3 1 2.07800 43517 27.0
20 2 -1 -3 1.89700 47915 28.0

Stick Pattern
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MgWO4, JCPDS file number 01-072-2191 [93]

Name and formula

Reference code: 01-072-2191
ICSD name: Magnesium Tungsten Oxide

Empirical formula: MgOsW
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Chemical formula: MgWO4

Crystallographic parameters

Crystal system: Monoclinic

Space group: P2/c

Space group number: 13

a 4.6800 o 90.0000

b: 5.6600 B: 90.3330

(o 4.9200 Y 90.0000

Calculated density: 6.93 Volume of cell: 130.32
A 2.00 RIR: 4.48

Subfiles and Quality

Subfiles: Inorganic, Corrosion, ICSD Pattern

Quality: Calculated (C)

Comments

ICSD collection code: 020470

Test from ICSD: At least one TF missing.

References

Primary reference: Calculated from ICSD using POWD-72++, (1997)
Structure: Kravchenko, V.B., Zh. Strukt. Khim., 10, 148, (1969)
Peak list

No. h k | d[A] 2Theta[deq] I [%]

1 0 1 0 566000 15644 258
2 1 0 0 467992 18948 100.0
30 1 1 371319 23946 964
4 1 1 0 3.60670 24.664 41.1
5 -1 1 1 291504 30.645 809
6 1 1 1 290262 30.779 90.0



7 0 2 0
8 0 0 2
9 0 2 1
10 1 2 0
L2 (00
12 Qo 2
13¢50 2
4%=] 251
15 1 0 2
16 2 1 0
S 41 2
18 1 1 2
9 %2 1K 1
20026 1 W
21 0 3 O
20N 0 21 2
23 2 2 0
24 0 3 1
25 1 3 0
26 -1 2 2
27 1 @22
D& Z R0 2
29 2 g2 _ 1
S0% et 7 %]
31 -1 @& 1
32 1 3 1
33 -2 1 2

34

2.83000 31.589

2.45996 36.497

245312 36.602

2.42166
2.33996
2.25609
2.18270
2.17531
2.17014
2.16245
2.03651
2.02804
1.98359
1.97576
1.88667
1.85659
1.80335
1.76158
1.74982
1.72835
1.72316
1.70038
1.69565
1.69075
1.64979
1.64753
1.62848
1.61983

37.095
38.440
39.928
41.331
41.478
41.581
41.736
44.450
44.646
45.702
45.893
48.194
49.026
50.574
51.861
52.235
52.934
53.106
53.875
54.037
54.207
55.668
55.751
56.461
56.790

137

13.8
23.4
32.1
14.1
11.4
2.3
20.4
14.4
28.8
16.4
5.1
6.2
10.6
14.6
5.1
9.4
9.1
1.3
16.9
4.0
6.9
10.9
18.3
28.1
1.2
1.0
2.0
1.1



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

w -\
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1.57518
1.55997
1.50390
1.49541
1.49037
1.46873
1.45752
1.45131
1.44047
1.43596
1.42735
1.42442
1.41894
1.41500
1.40876
1.40595
1.36616
1.35987
1.35600
1.32089
1.31809
1.31396
1.31009
1.30642
1.30333
1.28632
1.27992
1.26309

58.553
59.180
61.621
62.010
62.243
63.265
63.808
64.114
64.655
64.883
65.323
65.474
65.758
65.965
66.295
66.444
68.644
69.006
69.231
71.347
wrel2
71.782
72.027
72.261
72.459
73.574
74.003
75.158

138

53
2.8
1.3
10.5
8.8
4.8
3.1
343
oyl
8.9
Tl
10.4
8.4
4.8
1.0
0.8
1.9
8.1
5.8
1.1
33
I
9.7
5.6
4.9
1.2
1.0
2.5
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64
65
66
67
68
69
70
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74
75
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78
79
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82
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85
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1.25904
1.23773
1.22998
1.22656
1.21601
1.21060
1.20223
1.19693
1.19529
1.19177
1.18788
1.18564
1.17657
1.17493
1.16998
1.16667
1.16256
1.14576
1.13200
1.12804
1.11730
1.11450
1.11151
1.10533
1.10318
1.10027
1.09797
1.09531

75.442
76.976
77.551
77.808
78.612
79.032
79.692
80.116
80.248
80.534
80.852
81.037
81.794
81.932
82.354
82.639
82.995
84.490
85.762
86.136
87.170
87.444
87.739
88.357
88.574
88.870
89.106
89.380

139

2.6
0.2
1.5
0.8
1.3
1.2
35
A2
0.5
1.4
1.9
0.9
3.1
3.1
2.5
1.4
0.9
0.2
0.7
1.2
1.6
2.0
2.2
25
1.3
1.6
1.3
1.1
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MgMoO4, JCPDS file number 01-072-2153 [94]

Name and formula

Reference code: 01-072-2153

ICSD name: Magnesium Molybdenum Oxide
Empirical formula: MgMoO4

Chemical formula: MgMoO4

Crystallographic parameters

Crystal system: Monoclinic

Space group: C2/m

Space group number: 12

a: 10.2730 o 90.0000

b: 9.2880 B: 106.9600

C: 7.0250 y: 90.0000
Calculated density: 3.82 Volume of cell: 641.14

Z: 8.00 RIR: 3.98



Subfiles and Quality

Subfiles:

Quality:

Comments

ICSD collection code:

References

Primary reference:

141

Inorganic, Corrosion, ICSD Pattern

Calculated (C)

020418

Calculated from ICSD using POWD-12++, (1997)

Structure: Bakakin, V.V., Klevtsova, R.F., Gaponenko, L.A.,
Kristallografiya, 27, 38, (1982

Peak list

No. h k | d[A] 2Theta[deq] I [%]

1 1T 1 0 6.74986 13.106 2.6

2 -1 1 1 532543 16.634 6.8

3 2 0 0 4091311 18.041 03

4 -2 0 1 466743 18.999 242

5 1 1 1 434649 20416 2.2

6 0 2 1 3.82037 23.265 47.8

7 2 0 1 3.50830 25367 224

8 2 2 0 3.37493 26.387 100.0

9 -1 1 2 3.28146 27.153 26.5

10 -2 0 2 3.25000 27.421 1L, 7

11 -3 1 1 3.15529 28.261 15.5

12 3 1 0 3.08896 28.881 2.6

13 1 3 0 295290 30.242 0.1

14 -1 3 1 279278 32.022 13.1

15 0 2 2 272207 32877 49

16 -3 1 2 266900 33.550 8.8



17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

[ =)

2.66272
2.62010
2.56062
2.55272
2.45655
2.32200
2.30791
2.27520
2.26589
2.24995
2.24235
2.19466
2.17325
2.12743
2.11666
2.11001
2.09935
2.08523
2.07894
2.07117
2.06676
2.01744
2.00891
2.00610
1.96491
1.93631
1.92604
1.92185

33.631
34.195
35.014
35.126
36.549
38.749
38.995
39.579
39.748
40.042
40.183
41.096
41.519
42.456
42.683
42.824
43.052
43.358
43.496
43.668
43.766
44.893
45.094
45.161
46.162
46.884
47.149
47.258

142

14.2
1.4
0.6
0.6
7.0
-9
0.9
0.7
1.0
5.1
51
0.4
8.9
2.6
0.5
23
1.2
4.7
8.0
4.9
5.6
2.6
4.9
4.7
4.3
8.9
9.2
6.7



45 0
46 -2
47 -1
48 2
49F 41
50 -4
51de!
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53 4
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D% D
56 3
o/ 11
58 \2
59 %3
60 -6
61 5
62 -4
63 -1
64 6
65 -3
66 3
67 0
68 -6
69 0
70 1
71 4
72 1
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1.91019
1.88933
1.86499
1.84499
1.82527
1.80960
1.78609
1.77514
1.75384
1.73778
1.72009
1.71715
1.71193
1.68747
1.68278
1.67740
1.65867
1.64603
1.64161
1.63690
1.62510
1.61447
1.61206
1.60469
1.57969
1.56861
1.56427
1.55859

47.564
48.122
48.791
49.355
49.924
50.387
51.097
51.435
52.107
52.625
53.208
53.307
53.482
54.321
54.485
54.674
55.344
55.806
55.969
56.145
56.589
56.995
57.088
57.375
58.370
58.822
59.001
59.238
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4.0
1.6
1.9
0.8
0.2
0.1
0.3
0.2
10.4
0.6
2.8
4.7
6.9
7.4
4.6
1.4
4.3
24
2.5
2.1
1.8
5
24
0.6
5.8
1.5
0.8
0.8
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1.55581
1.54800
1.54448
1.53381
1.52492
1.52204
1.51846
1.50849
1.49994
1.49402
1.47645
1.46930
1.46415
1.45699
1.45405
1.44883
1.44451
1.43745
1.42223
1.41626
1.41025
1.40594
1.39949
1.39639
1.39326
1.39018
1.37883

1.37692 68.034

59.354
59.684
59.834
60.293
60.681
60.808
60.967
61.413
61.802
62.074
62.896
63.237
63.486
63.834
63.979
64.237
64.452
64.807
65.587
65.899
66.215
66.445
66.791
66.959
67.129
67.298
67.927

144

0.5
1.5
4.6
6.4
0.8
0.5
0.6
3.8
27
2.6
4.5
1.0
1.3
0.2
0.3
3.8
59
0.8
0.1
0.1
0.4
0.3
4.3
2.6
2.0
2.0
1.7
1.9



101 -6
102 -4
103 5
104 -2
105 -6
106 3
107 6
108 -4
109 -7
110 -7
1 Lo
112 -4
113 -1
114 0
K555
116 -2
117 1
118 7
119 6
120 0
121 -1
122 gl
123 -7
124 -3
125 6
126 4
127 -1
128 2
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1.35972
1.35746
1.34969
1.34458
1.33450
1.33015
1.32748
1.32474
1.32209
1.31681
1.31005
1.30294
1.30005
1.29000
1.28844
1.28559
1.28031
1.27847
1.27636
1.27346
1.27085
1.26572
1.26386
1.25854
1.25642
1.24950
1.24103
1.23849

69.015
69.146
69.601
69.904
70.510
70.776
70.939
71.108
71.273
71.602
72.029
72.485
72.671
73.330
73.433
73.622
73.976
74.101
74.244
74.441
74.620
74.975
75.104
75.477
75.627
76.120
76.734
76.920

145

2.5
2.0
0.7
2.4
0.1
0.3
0.6
1.4
1.0
0.6
1.4
0.1
0.2
1.3
1.8
2.1
0.6
0.6
2.2
2.7

0.1
0.2
0.4
1.7
1.6
1.5
2.0



129 -8
130 -8
131 4
132 8
133 -4
134 1
1391
136 -8
137 -6
138 4
139-7)
140 -7
141 5
142 -4
143 2
144 -2
145 0
146 0
147 -4
148 -7
149 -6
1580 &7
151 -7
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1.23426
1.23029
1.22918
1.22828
1.21597
1.20858
1.20398
1.19798
1.19470
1.18860
1.18588
1.17952
1.17390
1.17189
1.17053
1.16824
1.16313
1.16100
1.15379
1.14891
1.14762
1.14544
1.14444
1.14239
1.13837

77.232
77.528
77.611
77.678
78.616
79.190
198553
80.032
80.296
80.793
81.017
81.546
82.020
82.191
82.307
82.503
82.946
83.132
83.768
84.205
84.322
84.519
84.610
84.798
85.168

146

1.1
1.1
1.0
0.1
0.4
0.2
0.5
1.6
1.7
1.3
0.1
0.3
1.0
1.5
1.3
1.6
1.7
0.2
0.9
0.8
0.8
0.8
0.6
1.0
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Carbon, JCPDS file number 00-001-0640 [100]

Name and formula

Reference code:
Mineral name:
PDF index name:
Empirical formula:

Chemical formula:

00-001-0640
Graphite
Carbon

C

C

Crystallographic parameters

Crystal system:

a:

b:

c:

Measured density:

Z:

Hexagonal

2.4700 o 90.0000

2.4700 B: 90.0000

6.8000 y: 120.0000
2.16 Volume of cell: 35.93
4.00 RIR: -

&
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Status, subfiles and quality

Status:
Subfiles:

Quality:
Comments

Deleted by:

Color:

Optical data:

Additional pattern:

References

Primary reference:

Marked as deleted by ICDD
Inorganic
Mineral

Blank (B)

see SW comments August 31, 1956, 23-64, 25-284
calc.

Black

B=1.93-2.07, Sign=-

To replace 2-456.

Hanawalt. et al., Anal. Chem., 10, 475, (1938)

Unit cell: Dana's System of Mineralogy, 7th Ed.
Peak list
No. h k | d[A] 2Theta[deq] I [%]
1 0 0 2 338000 26.347 100.0
2 1 0 0 212000 42.612 5.0
31 0 1 2.02000 44.833 10.0
4 0 0 4 1.69000 54.233 10.0
5 1 1 0 123000 77.549 18.0
6 1 0 5 1.15000 84.107 9.0
7 0 0 6 1.12000 86.907 1.0

S * Dy B0F %] 1.05000 94.381 1.0
9 1 1 4 0.99000 102.170 3.0
10 1 1 6 0.83000 136.273 1.0
11 2 1 1 0.80000 148.678 1.0
12 3 0 1 0.71000 189.744 1.0
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1 8 0.70000 191.528 1.0
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Name and formula

Reference code:

ICSD name:

Empirical formula:

Chemical formula:

SrMoOs, JCPDS file number 01-085-0586 [128]

01-085-0586

Strontium Molybdenum Oxide

MoO4Sr

SrMoO4

Crystallographic parameters

Crystal system:

Space group: 141/a

Space group number: 88

a:

b:

C:

5.3944

5.3944

12.0200

Tetragonal

oL

B:

Y-

90.0000

90.0000

90.0000
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Calculated density: 4.70 Volume of cell: 349.78

Z: 400 RIR: 1021

Subfiles and Quality

Subfiles: Inorganic, Corrosion, ICSD Pattern
Quality: Calculated (C)
Comments

ICSD collection code: 023700
Test from ICSD: No R value given.
References
Primary reference:  Calculated from ICSD using POWD-12++, (1997)
Structure: Guermen, E., Daniels, E., King, J.S., J. Chem. Phys.,
55, 1093, (1971)
Peak list

No. h k | d[A] 2Theta[deqg] I [%]

I 1 0 I 492150 18.010 2.8
2 1 1 2 322053 27.677 100.0
3 0 0 4 300500 29.706 13.7
4 2 0 0 269720 33.189 18.1
SN 2 S 2 R.460YS B0.484 B B0%
6 2 1 1 236528 38.012 24
VRS N4 236049 ¥88.002. 8 K32
8 1 0 5 2.19582 41.073 0.2
9 2 1 3 206673 43766 0.9
10 2 0 4 200724 45.134 254

11 2 2 0 190721 47.643 9.9
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13

14

15

16

17

18

19

20

24

22

23

24

25

26

27

28

29

30

31

32

§3

34

35

36

37

1.81787

1.77360

1.70286

1.64104

1.63624

1.61027

1.50250

1.48468

1.43990

1.40161

1.39796

1.34860

1.31588

1.31258

1.29879

1.29641

1.27023

1.24394

1.23038

1.20622

1.18025

1.17097

1.16845

1.14643

1.12803

1.11941

50.142

51.483

53.790

55.990

56.169

57.158

61.685

62.508

64.683

66.677

66.874

69.666

71.661

71.869

72.753

72.908

74.663

76.522

77.521

79.376
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APPENDIX B

Camera constant used for the indexing of SAED pattern

Table appendix B. TEM constant (L) at 200 kV

L (cm) D111Au (mm) | ri11Au (mm) | D111Auv (A) | LA (mm.A)
40 8.70 4.35 2.355 10.2442
60 132 6.60 2.355 15.5430
80 17.2 8.60 2.355 20.2530
100 21.2 10.60 2.355 24.9630
120 25.2 12.60 2.355 29.6730
150 315 15.75 2.355 37.0912
200 415 20.75 2.355 48.8662
250 51.8 25.90 2.355 60.9945
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SrMoO, hierarchical nanostructures were successfully produced by a one step of 270 W microwave-hydrothermal process of one of
the solutions containing three strontium salts [Sr(NO,),, Sr(CH;CO,),, and SrCl,-6H,0] and (NH,),Mo,0,,-4H, O for different
lengths of time. The as-produced products were characterized by X-ray diffraction, electron microscopy, and spectroscopy. In
this research, they were primitive tetragonal structured donut-like SrMoQ,, with the main 881 cm™ », (A,) symmetric stretching

vibration mode of [MoO,]*” units and 3.92 eV energy gap.

1. Introduction

Alkaline earth scheelite structured molybdate has been
very attractive material for a wide variety of applications
such as scintillating materials, laser-host materials, cryo-
genic detectors, heterogeneous catalysts, photoluminescence,
optical fibers, solid-state optical masers, and electrochromic
materials [1, 2]. One of them is SrMoO, which is very
attractive for using as optoelectronic and electrochromic
materials. It was produced by different methods: irregular
aggregates of particles and microdisks by an electrochem-
ical process [1], films of micrograins by a nonreversible
galvanic cell method [2], hierarchical crystallites by simple
precipitation [3], round nanoparticles with uniform sizes by
coprecipitation at room temperature [4], spheres and dumb-
bells by simple aqueous mineralization [5], nanocrystals by
microwave-assisted synthesis [6], nanostructured material by
solvothermal-mediated microemulsion [7], and powders by
coprecipitation and microwave-hydrothermal combination
[8].

In this research, hierarchical nanostructures of SrMoO,
with donut shape were produced by microwave-hydro-
thermal method for different lengths of time without using

surfactants, complexing agents, and other additives. The
process is very simple, attractive, and novel for large scale
synthesis.

2. Experimental Procedures

To produce donut-like SrMoO,, 5mmol each of stron-
tium salts [A = Sr(NO,),, B = Sr(CH;CO,),, and C =
SrCl,-6H,0] and 5mmol ammonium molybdate tetrahy-
drate [(NH,)sMo,0,,-4H,0] were separately dissolved in
25 mL distilled water to form strontium and molybdenum
solutions, which were mixed, stirred for 10 min at room tem-
perature, and processed by a 270 W microwave-hydrothermal
method for 5, 15, 30, and 90 min (encoded as 1, 2, 3, and
4 in sequence) to form precipitates. In this research, the
products were encoded as Al, A2, A3, A4, Bl, B2, B3, Cl, C2,
and C3. The A2 product implied that it was produced from
Sr(NO;), + (NH,)¢Mo,0,,-4H, O for 15 min, the C3 product
from SrCl,-6H,0 + (NH,)sMo,0,,-4H,0 for 30 min, and
similarly for other products.

The products were characterized by an X-ray diffractome-
ter (XRD, SIEMENS D500) operating at 20 kV and 15 mA
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FIGURE 2: Simulated XRD pattern and crystal structure of SrtMoO,.

to create Cu-K, line for the analysis; a scanning electron
microscope (SEM, JEOL JSM-6335F) operating at 15kV; a
transmission electron microscope (TEM, JEOL JEM-2010),
high resolution transmission electron microscope (HRTEM),
and selected area electron diffractometer (SAED) operating
at 200kV; a Raman spectrometer (HORIBA Jobin Yvon
T64000) using a 50 mW and 514.5 nm wavelength Ar green
laser; and a UV-visible spectrometer (PerkinElmer Lambda
25) using a UV lamp with the resolution of 1 nm.

3. Results and Discussion

Comparing XRD patterns (Figure 1) to the JCPDS no. 85-
0586 [9], they were specified as primitive tetragonal scheelite
structured SrMoO, [1-3, 5]. No other characteristic peaks
of impurities were detected. The Sr** cations were mixed
with [Mo,0,,]° anions to form intermediate complexes
at room temperature. Upon processing the complexes by
the microwave-hydrothermal combination, they were grad-
ually transformed for a few steps into SrMoO, precipitates.

tion containing Sr(NO;), and (NH,)sMo,0,,-4H,0O by the
microwave-hydrothermal reaction for 30 min were compared
with that obtained by simulation [11] (Figure 2). The 26 Bragg
angles and peak intensities obtained from the experiment,
simulation, and JCPDS database were in good accordance.
Crystal growth rates along the x-, y-, and z-directions
could be different. The simulated scheelite-type tetragonal
structured SrMoO, (Figure 2) belongs to I4,/a space group
with two SrMoO, formula units with inversion centers per
primitive unit cell. The Sr and Mo sites have S, point
symmetry. The O sites have only a little symmetry and reside
as almost tetrahedral coordination surrounding each of the
Mo sites, composing as [MoO,]*~ tetrahedral configuration.
Each Sr atom shares corners with eight adjacent O atoms
of [MoO,]*" tetrahedrons. Sr** cations form bond with
[M0O,]*" anions to produce SrMoO, crystal structure with
« — 2, including the [MoO,]* units with strong Mo-O
covalent bonds [4, 5, 8].

SEM images (Figure 3) show some examples of the hier-
archical architectures of SrMoO, produced using different
strontium salts and (NH,);Mo,0,,-4H,0 by microwave-
hydrothermal reactions for different lengths of time. The hier-
archical architectures with donut-like or flower-like shape
were composed of a number of SrMoO, nanosheets with 2-
3nm thickness for the products produced using Sr(NO;),
or SrCl,-6H,0 and (NH,)sMo,0,,-4H,0, and of SrMoO,
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FIGURE 4: (a, b) TEM and HRTEM images and (¢, d) SAED and simulated patterns of the A3 product.

nanorods with 100-150 nm length for the product produced
using Sr(CH;CO,), and (NH,)4;Mo,0,,-4H,0. Different
morphologies seemed to be obtained from different interme-
diate complexes, influenced by different anions of Sr salts.
They were continuously enlarged and densely populated and
their sizes were increased with the increase in the processing
time. At these stages, the nanosheets and nanorods were
squeezed and their shapes lack symmetry, due to the stress
developed inside.

The donut-like product was confirmed by the TEM image
(Figures 4(a) and 4(b)) of the A3 product, appeared as
dark spherical area around the middle white one. A number

of the (112) planes with 0.322 nm apart were detected. An
ED pattern (Figure 4(c)) with electron beam in the [0 —
1 0] direction belongs to the SrtMoO, crystalline nanosheet.
This interpreted pattern was in good accordance with the
simulated one (Figure 4(d)), although some spots of the
simulated pattern did not appear on the interpreted one. To
simulate the pattern, intensity and size of the spots (planes)
were mutually related. The stronger intensity was used, the
larger size was achieved. The intensity and size of the spots
were limited by a saturated intensity used for simulation. Thus
the spots of the simulated pattern with low intensity were
absent from the interpreted one.
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When Sr and Mo solutions were mixed, the intermediate
complexes formed. Subsequently, they were processed by
the microwave-hydrothermal reaction and gradually trans-
formed for a few steps into hierarchical nanostructures of
SrMoO, with donut-like or flower-like shape:

St + (M07024)6_ — intermediate complexes

— SrMoO, (molecules)

SrMoO, molecules nucleated and grew to form nanopar-
ticles. Furthermore, these nanoparticles selectively grew to
form nanosheet petals for the Al to A4 and Cl to C3 products
and nanorod petals for the Bl to B3 products on top. As
the processing time passed, the petals were enlarged and
squeezed each other. Some petals were bent and some were
broken to release stress energy. The flowers (donuts) became
more complete as well. In the end, the particles became
completely donut-like shape (Figure 5).

Several different vibrations were detected on Raman
spectra of the SrtMoO, crystals (Figure 6). The Raman peaks
at 881cm™" were specified as the v1(Ay) symmetric stretch-

ing vibration mode of [MoO,]*” units. Those at 838-841
and 788-790 cm ™ corresponded to the v3(Bg) and v3(Eg)

3
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FIGURE 7: UV-visible absorption and the (ahv)? versus hy plot of the
C3 product.

antisymmetric stretching vibration modes, respectively. The
peaks at 368 and 328-330 cm™', respectively, corresponded
to the v,(B,) antisymmetric and v,(A,) symmetric bending

modes, including the 181-183 cm ™ to the v, (F,) free rotation
modes. Those at 118, 141, and 163 cm ™" were specified as the
external vibration modes of Sr** cations and [MoO4]2" units.
These vibration modes were very close to those reported
by other researchers [3, 5, 8] and provided the evidence of
scheelite structure.

UV-visible absorption (Figure7) of the hierarchical
SrMoO, architecture of the C3 product synthesized by the
270 W and 30 min microwave-hydrothermal process indi-
cated an exponential decreasing of the UV-visible energy
attenuated through the crystalline C3 product. During atten-
uation, the absorption was controlled by two photon energy
(hv) ranges. For hv < E,, the absorption was linearly
increased with the increasing of photon energy. The steep
inclination of the linear portion of the curve was caused by
the UV absorption for charged transition from the topmost
occupied state of valence band to the bottommost unoccu-
pied state of the conduction band. For hv < E, the absorption
curve became different from linearity, caused by the UV
absorption for charged transition relating to defects. Band
gap of the product is related to its absorbance and photonic
energy. Thus the combination of absorbance and photonic
energy was used to determine the photonic band gap. By
extrapolating the linear portion curve (tail of the curve) of the
(ahw)* versus hv plot to zero absorption, its direct energy gap
was determined to be 3.92 eV for the hierarchical architecture
of the C3 product. This energy gap was very close to the
3.98eV of SrMoO, powder processed by the microwave-
hydrothermal reaction at 413 K for 5 h reported by Sczancoski
etal. [8].

4. Conclusions

SrMoO, hierarchical nanostructures were successfully pro-
duced by the one-step microwave-hydrothermal process. In



this research, the products were tetragonal scheelite crystal
with donut-like or flower-like SrMoO,. Their main vibration
modes were detected at 881cm™' and the energy gap of
3.92eV.
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Mixtures of (CH3;C00);Mg - 4H,0 and (NH4)sM05024 - 4H,0 containing 0.7, 1.0 and 1.3 g of poly(vinyl
alcohol) (PVA, 125,000 MW) were electrospun by + 15 kV direct voltage to form fibrous webs. In the
present research, the fibrous web of the 1.3 g PVA was characterized by a thermogravimetric analyser
(TGA), and calcined at 400-600 “C for 3 h. MgMoO, contained in the fibrous webs was characterized by
X-ray diffraction (XRD), morphologies of the webs by scanning and transmission electron microscopy
(SEM, TEM) and atomic force microscopy (AFM), and their vibration modes by Fourier transform
infrared (FTIR) and Raman spectrometry. The 5.15 eV direct energy gap, caused by the electronic
transition in the (MoQ4)?~ complex, was determined by UV-visible absorption. Formation mechanism
of the fibrous webs was also proposed according to the experimental results.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, a considerable attention has been paid on AMoO,
(A=Mg, Mn, Fe, Co, Ni, and Zn) which have two main structural
types: o and B, with (MoO4)?>~ complex as prime constituents
[1-3]. Among them, MgMoO, is able to be used for a variety of
applications: light emitting diodes [1], scintillation bolometers
[4], and catalytic precursors [5,6].

In the present research, MgMoO4-PVA electrospun fibers were
firstly produced by a lab-made electrospinning equipment. They
were subsequently calcined at high temperature to form MgMoO,4
nanofibers. To the best of our knowledge, there are no MgMoO,
nanofibers ever been produced by the present process. It is
therefore for us to use the mixture of inorganic and organic
materials to produce the inorganic material-polymer electrospun
fibers, which would be transformed into nanofibrous inorganic
material by subsequent calcination at high temperature. The
success in producing the solid nanofibrous material may lead to
new industrial process by a direct high voltage electrospinning
process.

* Corresponding author at: Department of Chemistry, Chiang Mai University,
239 Huay Kaew Road, Muang, Chiang Mai 50200, Thailand.
Tel.: +66 053 943344; fax: +66 053 892277.
E-mail addresses: ttpthongtem@yahoo.com,
ttpthongtem@gmail.com (T. Thongtem).

0022-3697($ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jpcs.2013.01.002

2. Experiment

(CH3CO00);Mg - 4H,0 and (NH4)sMo7024-4H;0 each 4.5 mmol
was dissolved in 30 ml deionized water, which was subsequently
divided into three solutions with equal volume. Then 0.7, 1.0 and
1.3 g of PVA (125,000 MW) were added to form M1, M2, and M3
mixtures. Each was electrospun through a horizontal plastic syringe,
biased with +15KkV direct voltage, to form a fibrous web on a
ground flat aluminum foil, placed 15 cm apart. The webs produced
from the M3 mixture were also calcined at 400, 500 and 600 °C, held
at each of these temperatures for 3 h, and cooled down to room
temperature. All the final webs were further characterized using
different methods.

3. Results and discussion
3.1. TGA and XRD

The weight loss of PVA (Fig. 1a) exhibited the degradation
process for three steps: 10.5 wt% due to the evaporation of loosely
bound water at 32-200 °C, 79.3 wt% predominantly caused by the
decomposition of PVA structure at 200-420 °C, and 8.3 wt% by the
breaking of PVA backbone at 420-490 °C. Its weight tended to be
constant upon further heating above 490 °C [7]. For the M3 as-
spun fibrous web, it weight loss (Fig. 1a) was 33.5 wt% associated
with water evaporation at 32-226 °C, 41.2 wt% caused by the
decomposition of PVA at 226-420°C, and 7.7 wt% seemed to
be the oxidation and decomposition of the PVA main chain at
420-519 °C. These last two steps were attributed to the loss of
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Fig. 1. (a) TGA curves of PVA and the M3 as-spun fibrous web, and (b) XRD spectra of the M3 fibrous webs with 400-600 “C and 3 h calcination.

PVA and organic compound blended in the fibrous web. Above
519 °C, there was no significant change in its weight.

XRD spectra (Fig. 1b) of the M3 fibrous webs after calcination
at 400, 500 and 600 °C for 3 h corresponded to the monoclinic
structured MgMoQO4 and C2/m space group (JCPDS database no.
72-2153) [8]. The temperatures played a role in the crystalline
degree and purity of the MgMoO, fibrous webs. At 400 °C, the
fibrous web was not perfectly pure MgMoO,, containing some
residual PVA at 20 of approximately 22.5° [9], and graphite
(JCPDS database no. 01-0640) at 20=26.3 ° of the (002) crystal-
lographic plane [8]. Upon increasing the calcination temperatures
to 500 and 600 °C, the spectra became sharper and the XRD
intensities were stronger. The crystalline degree of the fibrous
webs was considerably improved. No PVA and graphite were
detected. At 600 °C calcination, the fibrous web was the best
pure crystal. Its crystalline degree was the highest, and the
atoms resided in the perfect crystal lattice. By using the Scherrer
formula [10], crystallite sizes of the M3 fibrous webs after 400,
500 and 600 °C calcination for 3 h were 23.1, 25.9, and 52.0 nm,
respectively.

3.2. SEM, TEM, HRTEM, and AFM

SEM images (Fig. 2a-c) of the as-spun products of the M1, M2,
and M3 mixtures were composed of fibers and electrospun like
spiders’ webs with smooth surfaces. Some beads were also
detected on the M1 and M2 fibrous webs, controlled by viscosity
and density of the mixtures. When the content of PVA was as high
as 1.3 g, the beads were no longer detected. It was exactly right to
eject the mixture with sufficiently high viscosity and density out
of the hollow needle to form the bead-free web. In the present
research, the MgMoO, nuclei blended in the fibrous webs were
invisible. When the M3 fibrous webs were calcined at 400, 500
and 600°C for 3 h, the fibers were thinned—caused by the
evaporation of PVA and volatile components. The MgMoOQ,4 nuclei
also grew up to be nanoparticles. At 400 °C and 3 h calcination,
the fibrous surface (Fig. 2d) was smooth, showing that some PVA
coating remained on the surface. Upon increasing the calcination
temperatures from 400 °C to 500 °C (Figs. 2e and 3a) and 600 °C
(Figs. 2f and 3c), their surfaces became roughened. At 600 °C and
3 h calcination, the fibers were of 50-100 nm diameters, and were
composed of 20-50 nm nanoparticles. External surfaces of the M3
fibers were also characterized by AFM (Fig. 4). Before and after

600 °C and 3 h calcination, their high profiles (rms) were 1.12 nm
and 4.36 nm, respectively. A number of the (021) and (-111)
crystallographic planes of typical nanoparticles (Fig. 3b and d)
with 500 °C and 600 °C calcination for 3 h were detected by
HRTEM-revealing the presence of MgMoO, contained in the
fibrous webs.

3.3. FTIR and Raman analyses

Fig. 5a shows FTIR spectra of PVA and the M3 fibrous webs
before and after calcination at 400, 500 and 600 °C for 3 h.
Obviously, the major vibrational modes associated with PVA were
the following. The O-H stretching of alcohol and residual water
was detected at 3600-3200cm~'. The vibrational mode at
2943 cm ' corresponds to the C-H stretching of alkyl groups.
The C=0 stretching mode was detected at 1721 cm~', CH,
bending mode at 1448 cm ', and C-O stretching mode of
carboxyl at 1098 cm ' [11,12]. When the M3 as-spun fibrous
web was characterized by FTIR, additional four asymmetric
stretching modes of Mo-O-Mo were detected at 970, 893, 835,
and 736 cm ' [5], and bending mode of Mo-0 at 427 cm ™~ '. Once,
the M3 as-spun fibrous webs were calcined at 400, 500 and 600 “C
for 3 h, the PVA evaporated and decomposed. At higher tempera-
tures, the vibrational modes of PVA became weakened, and those
of MgMoO, were stronger until at 500 and 600°C and 3 h
calcination, where the vibrations of PVA were no longer detected.
The vibrations of MgMoO, were the strongest at 600 °C and 3 h
calcination.

Raman spectrum of the M3 fibrous web with 600 °C and 3 h
calcination is shown in Fig. 5b. The strong peaks at 962 and
949 cm~' were assigned to the vi(Ag) symmetric stretching
modes. Those at 904, 870, and 848 cm ' belonged to the v,
(A¢/Bg) modes, which were similar to the two split triply degen-
erate v3 modes. The splitting could be as large as 150cm ™.
Comparing the v; and vj vibration modes, the first have stronger
intensities and higher frequencies (wavenumbers) than those of
the second. The Raman shifts at 423, 386, 370, 335 and 279 cm !
were unable to be specifically identified among the two v, and v4
bending and lattice vibration modes equal in intensities, due to the
strong interaction between the tetrahedrons and the coupling with
the Mg-0 stretching modes. The remaining ones at 205, 177,
and 156cm~' corresponded to the lattice vibrations of Ag/B,
modes [3].
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Fig. 2. SEM images of (a)-(c) the as-spun fibrous webs produced from the M1, M2, and M3 mixtures, and (d)-(f) the M3 fibrous webs after 400, 500 and 600 ‘C

calcination for 3 h.

3.4. Formation mechanism

A formation mechanism of MgMoO, fibrous webs was proposed
as follows. Mixtures of (CH3CO0),Mg - 4H,0, (NH4)sM070-4 - 4H,0
and PVA were ejected out of a hollow needle with + 15 kV biased
voltage, and deposited on ground aluminum foils. During electro-
spinning, the fibers were heated up by the direct high voltage.
(CH3C0O0),Mg - 4H,0 reacted with (NH4)sMo0,0,4 - 4H,0 to produce
MgMoO, molecules, which nucleated and blended in the PVA
template:

7Mg?* +(M070,4)° +4H,0 - 7MgMo0, +8H* M

At this stage, MgMo04-PVA electrospun products formed
and deposited as fibrous webs on the grounded aluminum
foils. Upon calcination at 400-600 °C for 3 h, PVA and residual
water evaporated and decomposed. MgMoO,4 nuclei in the PVA
template grew to form nanoparticles. The rates of evaporation

and decomposition increased with the increasing in the
calcination temperatures. At 600 °C and 3 h calcination, PVA
and water were no longer detected. A number of the nano-
particles with the highest crystalline degree joined together
and a fibrous web was produced.

3.5. UV-visible absorption

UV-visible absorption of the M3 fibrous web with 600 °C and
3 h calcination is shown in Fig. 5c. For photon energy (hv) greater
than energy gap (E;), the relationship between the square absor-
bance and the hv for direct interband transitions was linearly
increased with the increasing of hv [13]. Its direct energy gap
was 5.15eV, due to the absorption spectrum in the vicinity
of the fundamental absorption edge, caused by the electronic
transition in the (MoO4)>~ complex. This energy gap is in
accordance with that reported by Spasskii et al. [4]. Particle sizes
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Fig. 4. AFM images and height profiles of the M3 fibers (a) before and (b) after calcination at 600 "C for 3 h.

and morphologies were found to play a role in the absorbance
characteristics [14], which have an influence on the energy gap
as well.

4. Conclusions
(CH5C00),Mg - 4H,0 and (NH4)sMo07024 - 4H,0 mixtures con-

taining different contents of PVA were electrospun by a direct
high voltage to form fibrous webs of MgMoO,-PVA, which was

followed by high temperature calcination to form fibrous web of
MgMoO, nanoparticles. Weight loss of the M3 MgMoO4-PVA
fibrous web tended to terminate at 519 °C and above. At 600 °C
and 3 h calcination, the web was the best pure MgMoO, crystals,
with 50-100 nm fibrous diameters and 20-50 nm particle sizes.
FTIR asymmetric stretching modes of Mo-O-Mo were detected at
970, 893, 835, and 736cm~', and two strong v;(A;) Raman
symmetric stretching modes at 962 and 949 cm ~'. The direct Eg
of the M3 MgMoO, fibrous web was determined to be 5.15 eV—a
promising material for a variety of applications.
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Mixtures of magnesium acetate tetrahydrate ((CH;CO0);Mg-4H,0), ammonium tungstate tetrahydrate
((NH4)sW7024-4H,0), and poly(viny! alcohol) with the molecular weight of 72,000 were electrospun
through a +15kV direct voltage to form fibers on ground flat aluminum foils. The electrospun fibers of
1.5, 3.0, and 4.5 mmol of each starting material containing 1.3 g poly(vinyl alcohol) were further calcined
at 500-700 °C for 3 h constant length of time. At 500 and 600 “C calcination, both monoclinic and anorthic
phases of MgWO, particles with different sizes connecting as fibrous assemblies were detected. Upon
increasing the calcination temperature to 700 °C, only monoclinic phase of facet nanoparticles intercon-
necting along the fibrous axes with 4.19 eV indirect band gap and 461 nim photoemission was synthesized.
In the present research, formation of MgW0, molecules as well as nucleation and growth of nanoparticles

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Two majorities of AWO, (A%* =divalent cations) naturally crys-
tallized on Earth are tetragonal scheelite (/44 /a space group) with
large cationic radii (>0.099 nm: Ba, Ca, Sr, Pb, Eu), and monoclinic
wolframite (P2/c space group) with small cationic radii (<0.077 nm:
Co, Cd, Fe, Mn, Mg, Ni, Zn). For the first, each W&* jon is surrounded
by four 0~ ions forming (W04)?~ tetrahedral unit, But for the sec-
ond, each W6* jon is surrounded by six 02~ ions forming (WOg )6~
octahedral complex [1-6]. MgWOy, is a semiconducting material,
containing both light (Mg and O) and heavy (W) elements. It is very
interesting for different technological applications: luminescence,
scintillation [7,8], tunable microwave applications [9] and tunable
solid state lasers [10]. Thus the study of photonic absorption and
emission of MgWO, particles interconnecting as fiber-like assem-
blies became increasingly attractive for a number of applications.

Basically, electrospinning equipment is composed of three com-
ponents: a direct current (d.c.) power supply, a long hollow needle
and an electrical conducting screen. During electrospinning, a drop
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0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2012.01.133

of polymeric solution at the tip of the hollow needle is charged by
a positive d.c. high voltage. The mutual positive charge repulsion
on the polymeric droplet is created. When the applied d.c. voltage
is increased, the liquid droplet is stretched to be a conical shape,
known as Taylor cone. Upon further increasing the d.c. voltage until
itis sufficiently high, the repulsive force overcomes the surface ten-
sion of the polymeric liquid, and the jet of liquid is ejected out of
the Taylor cone. Meanwhile, the liquid jet evaporates and solidi-
fies, leaving behind the polymeric fibers deposited on the ground
conducting screen [11,12].

There are several parameters playing the role in electro-
spun fibers: (a) variable parameters of electrospinning equipment
(applied voltage at the needle tips as well as electric field inside
fibers, pressure used to push the liquid out of the hollow nee-
dles, and a distance between the needle tip and ground conducting
screen), (b) solution properties (viscosity, surface tension, elastic-
ity and conductivity) and (c) ambient parameters (temperature,
humidity and wind blow). These can play the role in the surface
morphologies of electrospun fibers, fibrous diameter, number of
beads including their shape and size, and defects (pores) on fibers
[11,12]. Inclination (vertical or horizontal) of the hollow needle also
has the influence on electrospun fibers.

To the best of our knowledge, no MgWO, nanofibers have ever
been synthesized by electrospinning and high temperature calci-
nation. It is therefore for us to use the mixture of inorganic and
organic salts dissolving in poly(vinyl alcohol) (PVA) to synthesize
inorganic-polymeric fibers, which would transform into nanofibers
by subsequent calcination at high temperature. This success may
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Table 1
Product codes of the present research.
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Product code (CH3C00);Mg-4H,0 (mmol) (NH4)sW7024-4H,0 (mmol) PVA (g) Calcination temperature (°C)/time (h)
P1 1.5 15 09 None
P2 15 1.5 1.1 None
P3 1.5 1.5 13 None
P3C1 15 1.5, 13 500/3
P4 3.0 3.0 13 None
P4C1 3.0 3.0 13 500/3
P5 4.5 4.5 13 None
P5C1 45 4.5 13 500/3
P5C2 4.5 45 13 600/3
P5C3 4.5 4.5 13 700/3

lead to new industrial process by direct high voltage electrospin-
ning.

2. Experiment

Different contents of magnesium acetate tetrahydrate
((CH3C00);Mg-4H,0), ammonium (meta) tungstate tetrahydrate

((NH4)6W5024-4H,0), and poly(vinyl alcohol) (PVA, 72,000 MW)
were thoroughly mixed by dissolving in 30 ml deionized water
each with 30 min stirring. Each of these mixtures was electrospun
through a horizontal plastic syringe, biased with a +15kV direct
voltage to form fibers on a ground flat aluminum foil placed 15cm
apart. The fibers were also calcined at 500, 600, and 700°C for
3h constant length of time, and left them cool down to room

(a) = : Monoclinic MgWO,(72-2191)
. . . : Anorthic MgWO, (45-0412)
-
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Fig. 1. (a) XRD spectra of the P5C1, P5C2 and P5C3 products, compared with the anorthic and monoclinic MgWO4 phases. (b) Simulated XRD pattern and crystal structure

of monoclinic MgWO,.
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Fig. 2. SEM images of the (a) P1, (b) P2, (c) P3, (d and e) P3C1, (f) P4, (g) P4C1, (h) P5, (i and j) P5C1, (k) P5C2 and (1) PSC3 products.

temperature. The products synthesized from different contents of
the starting materials with and without subsequent calcination
at high temperatures were summarized and encoded (Table 1).
These products were further characterized by X-ray diffractometer
(XRD, SIEMENS D500) operating at 20kV 15 mA, and using Cu-Kq
line, in combination with the database of the Joint Committee
on Powder Diffraction Standards (JCPDS) [13]; scanning electron
microscope (SEM, JEOL JSM-6335F) operating at 15kV; transmis-
sion electron microscope (TEM, JEOL JEM-2010), high resolution
transmission electron microscope (HRTEM) and selected area
electron diffractometer (SAED) operating at 200 kV; atomic force
microscope (AFM, NanoScope Illa, MMAFML N, Veeco) with silicon
tip driven at a frequency of 200-300 kHz tapping mode; UV-visible
spectrometer (Lambda 25 PerkinElmer) using a UV lamp with the
resolution of 1 nm; and photoluminescence (PL) spectrometer (LS
50B PerkinElmer) using a 290 nm excitation wavelength at room
temperature.

3. Results and discussion

3.1. XRD

XRD spectra (Fig. 1a) of the P5C1, P5C2 and P5C3 products show
that chemical reactions of the starting materials were completed.

MgWO, with anorthic (JCPDS no. 45-0412) and monoclinic
(JCPDS no. 72-2191) [13] were successfully synthesized. During
electrospinning by a +15kV direct voltage, (CH3C00),Mg-4H,0
reacted with (NH4)gW-024-4H,0 to synthesize MgWO4 molecules,
blended in the PVA template.

TMg?* +(W7024)% +4H,0 — 7MgWO, + 8H* (1)

(CH3C00);Mg-4H,0 and (NH4)sW7024-4H,0 could remain
in the template but their concentrations were too low to be
detected by XRD. By calcination at 500°C for 3h, PVA evapo-
rated and decomposed. The PVA was no longer detected at 494 °C
and above [14]. At the same time, the (CH3C00),Mg-4H,0 and
(NH4)§W7024-4H;,0 residues combined to form MgWO, molecules,
which nucleated and grew to be particles (mixed phases)
with different orientations. Upon increasing of the calcination
temperature to 600 °C, the anorthic phase became lessened, with
the greater extent of the monoclinic one. At 700°C and 3 h cal-
cination, only the monoclinic crystal structure was detected, and
the product was the best crystal — the atoms resided in perfect
crystal lattice. Its calculated lattice parameters [15] (Table 2) were
very close to those of the standard values [13], which supported
the presence of MgWO, with monoclinic crystal system. By using
the Scherrer formula [15], crystallite sizes of the P5C1, P5C2 and
P5C3 products were calculated and summarized in Table 2. Crys-
tallite sizes of both anorthic and monoclinic phases were increased
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Fig. 3. TEM and HRTEM images, and SAED and simulated patterns of the (a) P3C1, (b and c) P5C1 and (d-f) P5C3 products.

with the increasing in the calcination temperatures, but the rate
of increasing for the first was slower than that for the second. It
should be noted that the anorthic crystallites were smaller than
the monoclinic ones.

XRD pattern of monoclinic MgWO,4 was simulated [16] as shown
in Fig. 1b. In the present research, the 26 Bragg's angles and
peak intensities of the experiment, simulation and JCPDS database
were in good accordance. Simulated crystal structure of mon-
oclinic MgWOy (inset of Fig. 1b) was explained as network of

Table 2
Lattice parameters and crystallite sizes of the P5C1, P5C2 and P5C3 products.

Product Lattice parameter (nm) Crystallite size (nm)
a b c Anorthic Monoclinic
P5C1 - - - 15.0 23.0
P5C2 - - - 29.6 68.8
P5C3 0.465 0.564 0.490 - 69.8

interconnecting zigzag chains of alternate MgOg and WOg distorted
octahedrons running along the [0 0 1] direction, with Mg ions in the
O ion polyhedrons [10].

3.2. SEM, TEM, HRTEM, SAED and AFM

SEM, TEM and HRTEM images (Figs. 2 and 3a-d) show exter-
nal surfaces of the products electrospun from different contents
of the starting materials, before and after calcination at 500, 600,
and 700 C for 3 h constant length of time. Before calcination, some
beads were detected on the P1 and P2 products (Fig. 2a and b)
but no longer detected on the P3 product (Fig. 2c). Upon increas-
ing the amount of PVA, the beads became lessened. Finally, they
were no longer detected. These showed that the increase of viscos-
ity of the mixtures played the role in the absence of beads on the
electrospun fibers. The mixture of 1.5 mmol (CH3;CO0),Mg-4H,0),
1.5 mmol (NH4)sW-0324-4H,0 and 1.3 g PVA has the viscosity and
density high enough to form the bead-free electrospun fibers. By
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Fig. 5. (a) PL emission of the P5C1, P5C2 and P5C3 products, and (b) UV-visible absorption of the P5C3 product.

increasing the amount of the starting materials but keeping the
amount of PVA constant at 1.3 g, the products were still to be
bead-free electrospun fibers (Fig. 2f and h). MgWO4 molecules and
nanoparticlesin the fibers became denser, proved by the P3C1, P4C1
and P5C1 products (Figs. 2d, e, g, i, j, and 3a-c). Surfaces of the fibers
were roughened. The products were composed of interconnecting
of facet nanoparticles along the fibrous axes. Upon increasing the
calcination temperature of the P5C1 product from 500 “C to 600 °C
(P5C2)and 700 °C (P5C3) (Figs. 2k, 1, and 3d), both the nanoparticles
and fibers were enlarged. A number of the (0 10) crystallographic
planes of typical nanoparticles of the P3C1 and P5C1 products
(insets of Fig. 3a and b) were detected by HRTEM - revealing the
presence of crystalline MgWOy in the fibers. A SAED pattern of the
P5C3 product (Fig. 3e) corresponded to the database of the mono-
clinic MgWOy, [13], and the pattern obtained by simulation (Fig. 3f)
[16].

AFM images and surface roughness of the P4C1 and P5C1
products are shown in Fig. 4. After 500°C and 3 h calcination,
the fibers were very rough and uneven, which reflected on
their surface energy. Root mean square (RMS) values and max-
imum heights were 19.671 nm and 60.275nm for the first, and
4.761 nm and 27.421 nm for the second, respectively. Each of these
products contained particles with different sizes connecting as
fiber-like assembly - in accordance with the above SEM and TEM
analyses.

3.3. PL emission and UV-visible absorption

By using 290 nm excitation wavelength, PL emissions (Fig. 5a)
of the P5C1, P5C2 and P5C3 products were detected at 461 nm —
in accordance with the report of Danevich et al. [8]. The differ-
ent emission was caused by the distorted (WOg)®~ octahedrons,

Jahn-Teller effect, and the perturbation of (W0,4)2~ tetrahedrons
induced by defects [17].

UV-visible absorption (Fig. 5b) of P5C3 indicated an exponential
decreasing of photonic absorption attenuated through the prod-
uct. Its indirect Eg was determined, by extrapolating linear portion
of the curve to zero absorption, to be 4.19eV - very close to that
reported by Lacomba-Perales et al. [1], and Kim et al. [18]. Particle-
sizes and morphologies could play the role in the absorbance
characteristics [19,20], having the influence on the energy
gap.

4. Conclusions

The mixture of 4.5mmol (CH3C00);Mg-4H,0, 4.5mmol
(NH4)sW7024-4H,0 and 1.3g PVA was electrospun through a
+15kV direct voltage to form MgWO,4-PVA fibers, which were fol-
lowed by 700°C calcination for 3 h to form interconnecting facet
nanoparticles of MgWO, along the fibrous axes with 4.19 eV indi-
rect band gap and 461 nm PL emission - the promising nanofibers
for a variety of applications.
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Abstract

Mixtures of strontium acetate, ammonium metatungstate hydrate, and different contents of poly (vinyl alcohol) (PVA, 125,000 MW) were
electrospun by a +15 kV direct voltage to synthesize S'WO,—PVA spiders’ webs. The spider’s web, synthesized from the solution containing 1.3 g
PVA, was further calcined in air at 300-600 “C for 3 h. The SrWO,~PVA spider’s web was analyzed by thermogravimetric analyzer (TGA) to
specify the evaporation and decomposition of PVA and volatile components. In addition, the SrtWO,-PVA and SrWQO, spiders’ webs were
characterized by X-ray diffractometer (XRD), selected area electron diffraction (SAED), scanning and transmission electron microscopes (SEM,
TEM), and ultraviolet (UV)-visible and photoluminescence (PL) spectrometers, including the vibration modes by Fourier transform infrared
(FTIR) and Raman spectrometers. A possible formation mechanism of SrWO,—PVA and SrWO, spiders’ webs was also proposed according to the

experimental results.
(© 2011 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: A. Electrospinning; B. Electron microscopy: C. Optical properties; E. Sensors

1. Introduction

Strontium tungstate, one of scheelite-type tetragonal metal
tungstates, is very interesting for a variety of applications, such
as photoluminescence, light emitting diodes (LEDs), solid state
Raman lasers, optical fibers, scintillating materials, humidity
sensors, and catalysts [1-5]. [t belongs to 14,/a space group with
two formula units per primitive cell. Each of W atoms is
surrounded by four equivalent O atoms composing the
[WO4]2’ tetrahedral configuration, and each divalent strontium
atom shares corners with eight adjacent O atoms of [WO4]2’
tetrahedrons [3,4]. It is very interesting and attractive phosphor
material, due to its structural properties, great potential and
promising applications, excellent thermal and hydrolytic

? Corresponding author at: Department of Chemistry, Faculty of Science,
Chiang Mai University, Chiang Mai 50200, Thailand. Tel.: +66 (0) 53 943344,
fax: +66 (0) 53 892277.

E-mail addresses: ttpthongtem@yahoo.com, ttpthongtem @hotmail.com
(T. Thongtem).

stability, strong absorption in the near ultraviolet range, and
good mechanical property and Raman gains [2,3,5].

Nanomaterials have very interesting properties, which are
different from their bulks. These properties are controlled by
uniform shape and narrow size distribution [6,7]. There are a
variety of methods used to synthesize metal tungstates, such as
high temperature solid state reaction in ambient air [2,3], spray
pyrolysis [7], co-precipitation [4], sonochemistry [1,8], and
Czochralski method [9].

Basically, there are three components used to synthesize
electrospun fibers by the electrospinning process: a direct
current (d.c.) power supply, a long hollow needle, and an
electrical conducting screen. During electrospinning, a drop of
polymeric solution at the tip of the hollow needle is charged by
a positive direct high voltage. The mutual positive charge
repulsion on the polymeric droplet is created. When the applied
d.c. voltage is increased, the liquid droplet is stretched to be a
conical shape, known as Taylor cone. Upon further increasing
the d.c. voltage until it is sufficiently high, the repulsive force
overcomes the surface tension of the polymeric liquid, and the
jet of liquid is ejected out of the Taylor cone. Meanwhile, the

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2011.06.005
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liquid jet evaporates and solidifies, leaving behind the
polymeric fibers deposited on the ground-conducting screen
[10].

There are several parameters that have the influence on the
electrospun fibers: (a) variable parameters of the electrospin-
ning equipment (applied voltage at the needle tip as well as
electric field inside the fiber, pressure used to push the liquid out
of the hollow needle, and distance between the needle tip and
the ground conducting screen), (b) solution properties
(viscosity, surface tension, elasticity, and conductivity), and
(c) ambient parameters (temperature, humidity, and wind
blow). These can play the role in the morphologies of the
electrospun fiber, like fibrous diameter, number of the beads
including their shape and size, and defects (pores) on the fiber
[11]. Inclination (vertical or horizontal) of the hollow needle
has the influence on the fiber as well.

StWO,-PVA spiders’ webs are very novel and promising
products for a variety of applications. They are able to be
synthesized by a high d.c. voltage electrospinning process. To
the best of our knowledge, no SrWO,—PVA spiders’ webs have
ever been synthesized by this process. In the present research,
the mixture of inorganic and polymeric materials were used to
synthesize the inorganic material-polymer electrospun fibrous
webs, which would transformed into nanofibrous inorganic
material webs by subsequent calcination at high temperatures.
Moreover, the success in synthesizing the solid nanofibrous
webs may lead to a new process for industrial scale production.

2. Experiment

In the present research, 4.5 mmol strontium acetate
[Sr(CH5C00),], 4.5 mmol ammonium metatungstate hydrate
(Ha6NgO40W2:xH20), and different contents of poly (vinyl
alcohol) (PVA, 125,000 MW) were separately dissolved in
10 ml deionized water each, mixed, and vigorously stirred at
80 °C for 30 min. These mixtures were encoded as M10, M11,
MI12, and MI3 for using 1.0, 1.1, 1.2, and 1.3 g PVA,
respectively. Each of them was electrospun by a horizontal
syringe needle biased with +15 kV from a d.c. power supply, to
synthesize StWO,—PVA spiders’ webs on a grounded vertical
flat aluminum foil. The SftWO,—PVA spider’s web synthesized
from the M13 mixture was selected to be calcined in air at
300 °C, 400 °C, 500 °C and 600 °C for 3 h, to synthesize
SrWO, nanoparticles joined together as a spider’s web. These
products were characterized using thermogravimetric analyzer
(TGA, Shimadzu TGA-50 analyzer, Japan) using a heating rate
of 5°C/min; X-ray diffractometer (XRD, SIEMENS D500,
Germany) operating at 20 kV, 15 mA, and using Cu-Ka line, in
combination with the database of the Joint Committee on
Powder Diffraction Standards (JCPDS) [12]; scanning electron
microscope (SEM, JEOL JSM-6335F, Japan) operating at
15 kV; transmission electron microscope (TEM, JEOL JEM-
2010, Japan), high resolution transmission electron microscope
(HRTEM) and selected area electron diffractometer (SAED)
operating at 200 kV; Fourier transform infrared spectrometer
(FTIR, Bruker Tensor 27, Germany) with KBr as a diluting
agent and operated in the range of 4000—400 ¢m™'; Raman

spectrometer (T64000 HORIBA Jobin Yvon, U.S.A.) using a
50 mW and 514.5 nm wavelength Ar green laser; UV-vis
spectrometer (Lambda 25 PerkinElmer, U.S.A.) using a UV
lamp with the resolution of 1 nm; and photoluminescence (PL)
spectrometer (LS 50B PerkinElmer, U.S.A.) using a 245 nm
excitation wavelength at room temperature.

3. Results and discussion
3.1. TGA

Fig. 1 compares TGA curve of the M13 spider’s web to that
of PVA. The weight loss of pure PVA exhibited the evaporation
and degradation processes for three steps over the temperature
range of 32-494 “C. First, the weight loss of 9.5% was caused
by the evaporation of loosely bound water at 32-194 °C.
Second, the large amount of weight loss of 79.7% was
predominantly due to the decomposition of PVA structure at
194-415 °C. Third, the 9.3% weight loss was by the breaking of
PVA main chains at 415-494 °C. The weight loss tended to
terminate upon further heating at above 494 °C [13].

Consider TGA curve of the M13 spider’s web, the weight
losses were divided into three different steps. The first weight
loss at 32-218 °C was 15.8%, and associated with water
evaporation. The second weight loss of 25.5% at 218—-405 °C
was caused by the decomposition of PVA. The final weight loss
of 18.2% at 405-520 °C seemed to be the oxidation and
decomposition of the PVA main chains. These last two steps
were attributed to the loss of PVA and organic compound
blended in the fibers. At a temperature above 520 °C, there was
no significant change in their weight.

3.2. XRD

Fig. 2 shows XRD patterns of StWO,-PVA spider’s web,
synthesized from the M 13 solution, after calcination at 300 °C,
400 °C, 500 °C and 600 °C for 3 h. Comparing with the JCPDS
database no. 08-0490 [12], they were specified as the crystalline
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Fig. 1. TGA curves of (a) a spider’s web synthesized from the M13 solution,
and (b) PVA.
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Fig. 2. XRD patterns of StWO,-PVA spider’s web, synthesized from the M13
solution, after calcination at 300 °C, 400 °C, 500 °C and 600 °C for 3 h.

phase of tetragonal system (a = b =5.4168 A, c=119510A,
and @ = B=y=90") of ST'WOy, structure. At 300 °C calcina-
tion, the peaks of SrWO, were quite broad. This product
contained very small contents of residual PVA at 20 =22.5°
[14], and graphite at 26 = 26.3° of JCPDS database no. 01-0640
[12] caused by the decomposition of PVA. The product has the
color of light grey, due to some graphite residue. Upon
calcination at 400 °C, both residual PVA and graphite were
reduced, due to the evaporation of PVA and oxidation of
graphite to be its oxides in gaseous form. Until at 500 °C and
600 “C calcination, they were no longer detected by the XRD.
In addition, the XRD peaks became narrower and sharper,
implying the improvement of products’ crystalline degree and
purity. At 600 °C calcination, the product was the best pure
white crystalline STWO,.

Their average lattice parameters, calculated from the plane-
spacing equation for tetragonal structure and Bragg’s law for
diffraction [15], were a = b = 5.388 A andc=11.898 A—very
close to their corresponding standard values [12]. For scheelite
structured STWOy, each Sr divalent ion was surrounded by eight
O ions with each W ion in the tetrahedrons of O ions [4,16].

3.3. FTIR

The FTIR spectra (Fig. 3) were provided further insight into
the structure of PVA, and SrWO,-PVA spider’s web
synthesized from the M 13 solution, before and after calcination
at 300 °C, 400 °C, 500 “C and 600 °C for 3 h. Consider the PVA
spectrum, a broad strong O-H stretching mode of alcohol and
residual water was detected at 3600-3200 cm™'. It was the
stretching of hydroxyl groups with strong hydrogen bonding of

(b)

(d)

(e)

(f)
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Fig. 3. FTIR spectra of (a) PVA, and (b)—(f) StWO,-PVA spider’s web, synthesized from the M 13 solution, before and after calcination at 300 “C, 400 “C, 500 “C and

600 °C for 3 h, respectively.
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intra- and inter-types. Two strong vibration modes at 2945 and
2909 cm ' corresponded to the asymmetric and symmetric C—
H stretching of alkyl groups, respectively. The C=0 stretching
mode at 1656 cm™' was caused by the carbonyl functional
groups of the acetate remaining in PVA by the hydrolysis of
polyvinyl acetate and oxidation process during manufacturing.
The C=C stretching mode at 1566 cm™ ' was caused by cross-
linking of the PVA during heating. The presence of C=0 and/or
C=C stretching modes implied that PVA molecules have the
same resonant structures: alkene < alkane, and C=0 « C-
O, or the presence of hydrogen bonds with oxygen of C=0
groups. The 1439 cm™' was specified as the CH, bending
mode, the 1342 cm™ "as the C—CHj; deformation vibration, and
the 1241 cm ™ as the CH, wagging mode. The C—C and C—O-C
stretching vibrations, recognized as the crystallization sensitive
modes, were detected at 1147 cm™'. The vibration at
1096 cm™ " was specified as the C-O stretching, and at
851 cm ! as the C—C stretching [17]. Once, the as-synthesized
SrWO,-PVA  spider’s web was characterized by FTIR,
additional modes of SrWO, were detected. For Ty4-symmetry,
vibration frequencies of [WO,]*~ tetrahedrons were vy(A)),
v(E), va(Fp) and wy(F>) [18]. In lattice space, the site
symmetries became S,. The correlation of the two point
groups (Tg — Sy) is the following: A} — A, E— A+ B and
F> — B + E. Only the modes corresponding to v,, v and vy
were detected [18]. Main transmittance mode (v3) specified as
W-0 anti-symmetric stretching vibration of [W04]2’ tetra-
hedrons in lattice space [18] was detected at 638—1003 em
Sometimes it split into two modes, sometimes it did not [18—
20]. In the present research, they appeared as the strong broad
band. The vy split into two modes at the wavenumbers of less
than 400 cm ™' [18]. When the Sr'WO,—PVA spider’s web was
calcined in air at 300—600 °C for 3 h, the PVA and residual
water began to evaporate and decompose. Additional weak
peaks of W-O vibrations for 300 °C, 400 °C, 500 °C, and
600 °C were also detected at 410 cm ™", specified as v, bending
modes [18,21]. At higher temperatures, the FTIR intensities
were strengthened. The evaporation rates of PVA and water
became faster, and their residues were lessened. Until at 600 “C
calcination, the vibrations of PVA and water were no longer
detected. The v; anti-symmetric stretching and v, bending
modes became the strongest, and the product was really StWO,
electrospun nanofibrous web.

3.4. Raman analysis

The Raman vibrations of SrWQO, were divided into two
groups, the internal and external [22]. The internal mode was
the W—O vibration within the [WO,4]*~ tetrahedral units with
immobile mass centers. The external or lattice phonon mode
corresponded to the vibration of Sr** cations relative to the rigid
[WO,]* tetrahedral units. In free space, [WO,]*~ tetrahedrons
have T4-symmetry [22,23]. Their vibrations were specified as
four internal modes of vi(A), va(E), v3(F>) and v4(F,), one free
rotation of v¢.(F;), and one translation (F,) [22]. In lattice
space, they have S;-symmetry. All degenerative vibrations were
split [22,23] due to the crystal field effect and Davydov splitting

[22]. According to group-theory calculation, there are 26
different modes for tetragonal scheelite primitive cell with zero
wavevector (E = 6): three for A, and B,,, and five for A, B,, E,
and E, each. All modes of A, B, and E, were Raman-active.
Four of five A, and E, modes were IR-active, and their remains
were acoustic vibrations. Three vibrations of B, were silent
modes [22,24]. In the present research, six different modes of
vi(Ay), v3(By), vi(Ey), va(By), va(A,) and free rotation were
detected on the Raman spectrum (Fig. 4) at 912, 831, 791, 373,
334 and 187 cm ™~ '—in accordance with those of the previous
reports [22,23]. This spectrum provided the evidence of
scheelite structure of SftWO, [22,23] spider’s web. Comparing
to Ar laser (A =514.5nm), a great deal of energy was lost
during the inelastic scattering process.

3.5. SEM, TEM, HRTEM, and SAED

The SrwWO,-PVA spiders’ webs synthesized from the
solutions containing different contents of PVA are shown in
Fig. 5a—d. The spiders’ webs of the M10, M11, M12, and M13
solutions, respective containing 1.0, 1.1, 1.2, and 1.3 g PVA,
were composed of fibers woven like spiders’ webs. Some beads
were also detected; especially, those synthesized from the
mixtures of less than 1.3 g PVA. The number of beads was
lessened in sequence with the increase of the PVA masses, and
was no longer detected for 1.3 g PVA (M13) solution. The
content of PVA can also play the role in the viscosity of the
mixtures, which influenced the stability of the solution jets. For
1.3 g PVA, it was exactly right to eject the inorganic material-
polymeric solution through the syringe out of the hollow
needle, and the web was composed of the bead-free fibers.
These implied that the fibers and beads were influenced by the
stability of the jet of inorganic material-polymeric solutions,
and PVA contents [11,25]. The M13 spider’s web was then
selected for further studies.

When the SftWO,—PVA spider’s web was calcined at 300
600 °C for 3 h (Figs. Se-h and 6a, b, e and f), the fibers became
thinner, due to the evaporation and decomposition of PVA and

Intensity (Arbitrary Unit)

-

200 300 400 500 600 700 800 900 1000
Wavenumber (cm™)

Fig. 4. Raman spectrum of SrWO, spider’s web, synthesized from the M13
solution.
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Fig. 5. SEM images of (a)-(d) SrtWO,~PVA spiders’ webs synthesized from the M10, M11, M12, and M13 solutions, and (e)-(h) StWO,~PVA spider’s web
synthesized from the M13 solution after calcination at 300 “C, 400 “C, 500 “C, and 600 “C for 3 h, respectively.

volatile components. STWO, nuclei also grew to form larger
nanoparticles. Upon increasing the calcination temperatures,
the evaporation and decomposition rates of PVA, as well as the
growth rate of SrWO, nanoparticles, were increased. It was
more than likely that PVA did not remain in the products with
500 °C and 600 °C calcination. These products were composed
of nanoparticles with different sizes and orientations joined
together like a spider’s web. For close examination on a
nanoparticle calcined at 500 °C, a number of parallel crystal-
lographic planes were detected by HRTEM (Fig. 6b). They
were specified as the (1 0 1) plane of tetragonal structured
SrWO,, implying that the nanoparticle was really a single
crystal. SAED patterns were interpreted [26], and specified as

the (101), (1 12) and (01 1) planes (Fig. 6¢) with electron
beam in the [11 1] direction, and the (2 0 0), (2 2 0) and (0 2 0)
planes (Fig. 6g) with electron beam in the [0 0 1] direction for
the nanoparticles of 500 °C and 600 °C calcination, respec-
tively. They corresponded to the JCPDS database for tetragonal
structured StWOy [12]-in good accordance with the above
XRD analysis. Diffraction patterns of these products (Fig. 6d
and h) were also simulated [27] using the corresponding
electron beams. They are in systematic and symmetric order,
with the a*, b* and ¢* reciprocal lattice vectors for both patterns
in the [1 00], [010], and [0 O 1] directions. For one crystal
structure, the corresponding reciprocal lattice vectors were the
same although the electron beams were different. Comparing
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Fig. 6. TEM and HRTEM images, and SAED and simulated patterns of StWO,~PVA spider’s web, synthesized from the M13 solution, after calcination at (a)—(d)

500 °C, and (e)—(h) 600 °C for 3 h.
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Fig. 7. (a) and (b) Distributions of fibrous diameters and particle sizes of the StWO4~PVA spider’s web, synthesized from the M13 solution, before and after

calcination at 600 “C for 3 h, respectively.

between the corresponding interpreted and simulated patterns,
they are in good accordance.

3.6. Distributions of fibers and particles

Distributions of fibrous diameters and particle sizes of the
spider’s web, synthesized from the M13 solution, before and
after calcination at 600 °C for 3 h are shown in Fig. 7. These
fibrous diameters and particle sizes were started to be counted
and arranged from the smallest to the largest values. Their
distributions fitted very well with normal curves over the ranges
of 60-320 nm with the average of 185.6 nm diameter, and 20—
150 nm with the average of 82.3 nm particle size.

3.7. Formation mechanism

During electrospinning, electric field from a +15 d.c. kV
voltage generated heat through the mixture of Sr(CH3;COO),,
H56NgO40W 5-xH>0O, and PVA. Sr?* cations (electron pair
acceptors—Lewis acid) chemically combined with (WO,
anions (electron pair donors—Lewis base). The chemical
reaction between these two species (Sr2+ — :W()f_) proceeded
to form covalent bonds. The lowest molecular orbital energy of
Lewis acid interacted with the highest molecular orbital energy
of Lewis base. SrtWO, molecules were finally synthesized [4,28],
and nucleated to form nuclei, blended in the PVA fibrous
template. Due to the electrospinning, the products were in the
shape of spiders’ webs. Upon calcination at high temperatures,
SrWO, nuclei grew to form larger nanoparticles. Their growth
rates were increased with the increasing in the calcination
temperatures., At 600 °C calcination, the product was composed
of a number of the biggest STWO, nanoparticles joined together
like nanofibers, woven in the shape of a spider’s web.

3.8. UV-vis absorption

Fig. 8 shows the (ahv)® vs hv curve of the STWO, spider’s
web. By using Wood and Tauc equation [4,16,28-30] below.

ahv = (hv — Ey)" (1)

where « is the absorbance, h the Planck constant, v the photon
frequency, £, the energy gap, and n the pure numbers associ-
ated with the different types of electronic transitions. Forn = 1/
2, 2, 3/2 and 3, the transitions are the direct allowed, indirect
allowed, direct forbidden, and indirect forbidden, respectively.
It should be noted that the absorption was controlled by two
photon energy (hv) ranges—the high and low energies. When
the photon energy was greater than the energy band gap,
absorption was linearly increased with the increasing of photon
energy. The steep inclination of the linear portion of the curve
was caused by the UV absorption for charged transition from
the topmost occupied state of valence band to the bottommost
unoccupied state of the conduction band. For the photon energy
with less than the energy band gap, the absorption curve
became different from linearity, due to the UV absorption
for charged transition relating to different defects. The direct
energy gap (E,) was determined by extrapolating the linear
portion of the curve to the zero absorbance. In the present
research, STWO, with scheelite-type tetragonal structure pre-
sented the direct allowed electronic transition [4,28,30], with

(ehv)® (Arbitrary Unit)

O T T T d T L T T T T T
1.0 15 20 25 30 35 40 45 50 55 6.0
hv (eV)

Fig. 8. The (ahv)” versus /iw plot of the SrTWO, spider’s web, synthesized from
the M13 solution.
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the energy gap of 4.47 eV—in good accordance with the
previous reports [16]. In fact, energy gap is controlled by
several factors such as the electronegativity of transition metal
ions, connectivity of the polyhedrons, deviation in the O-W-O
bonds, distortion of the [WO4]2’ tetrahedrons, growth mecha-
nism, and degree of structural order—disorder in the lattice
[16,28].

3.9, Photoluminescence

PL spectra of SrtWO4,~PVA spider’s web, synthesized from
the M13 solution, after calcination at 300 °C, 400 °C, 500 °C
and 600 °C for 3 h (Fig. 9) show the intrinsic peaks with their
surrounding shoulders. The intrinsic peaks were due to the
'Tz — 'A] transition of electrons within [WOA]z_ anions
[31,32], which were treated as excitons. The shoulders were
caused by some defects and/or impurities, and interpreted as
extrinsic transition. Generally, PL intensity is controlled by the
number of charged transition. In the present research, the
emission peaks were in the spectral region at 439—441 nm—
having the potential applications for photonic sensors and
devices. Starting from 300 °C to 600 °C calcination, PL
intensities were 74, 89, 98, and 100%, respectively. They were
increased with the increase in the calcination temperatures, and
became the highest at 600 °C calcination.

£ ‘
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= T

=
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/ 500 °C
/ 400°C
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Wavelangth (nm)

Fig. 9. PL spectra of StWO,-PVA spider’s web, synthesized from the M13
solution, after calcination at 300 °C, 400 °C, 500 °C and 600 °C for 3 h.

4. Conclusions

SrWO,—PVA spiders’ webs were synthesized from stron-
tium acetate, ammonium metatungstate hydrate, and different
contents of poly (vinyl alcohol) (PVA, 125,000 MW) by the
+15 kV direct voltage electrospinning process. In the present
research, the STWO4~PVA spider’s web synthesized from the
solution containing 1.3 g PVA were further calcined in air at
300 °C, 400 °C, 500°C and 600°C for 3h. At 600°C
calcination, the product was tetragonal scheelite structured
StWO, nanofibers shaped like a spider’s web with the
luminescence emission of 439-441 nm, and direct energy
gap of 4.47 eV—one of the promising products for a wide
variety of applications.
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Bi»S with different morphologies (nanoparticles, nanorods and nanotubes) was synthesized using bismuth
nitrate pentahydrate (Bi(NO3)3-5H20) and two kinds of sulfur sources (CH;CSNH; and NH,CSNH,) in
different solvents (water, ethylene glycol and propylene glycol) via a microwave radiation method at 180 W
for 20 min. X-ray powder diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) indicated that all of the products are orthorhombic Bi,S; phase of nanoparticles, nanorods
and nanotubes, influenced by the sulfur sources and solvents. Formation mechanisms of the products with
different morphologies are also proposed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, semiconducting nanomaterials have received
considerable attention due to their wide applications in the fabrication
of optical and electronic devices. A group of AYBY' (A = As, Sb, Bi; B =S,
Se, Te) chalcogenides are semiconductors, which have many applications
for different devices, such as television cameras with photoconducting
targets, thermoelectric, electronic, optoelectronic, and IR spectroscopy
[1-3]. Among them, bismuth sulfide (Bi,Ss), a layered semiconductor
with orthorhombic system, is a candidate for photodiode arrays and
photovoltaic converters, due to its low energy gap (1.3 eV) which has
been widely used in thermoelectric cooling technologies [1-5].

There are a variety of methods used to synthesize the chalcogenide,
such as low temperature chemical reaction [4], hydrothermal method
[5], solvothermal route [3,6], rapid polyol process [7], and microwave
irradiation [2]. Among them, the microwave method exhibits much
advantage. Since 1986, microwave irradiation was discovered to be an
efficient heating process. It has a number of applications in chemistry
and is widely used to synthesize zeolites and other inorganic materials.
The microwave synthesis, which is generally quite fast, is simple and
very efficient. It has an advantage over conventional method, by
consuming shorter reaction time, and producing small particle size,
narrow particle size distribution and phase with high purity [8].

In this study, the characterization of bismuth sulfide with different
morphologies (nanoparticles, nanorods and nanotubes) synthesized
by a microwave irradiation method is reported.

* Corresponding authors. Tel.: +66 53 943345; fax: +66 53 892277.
E-mail : ttptho 'm@yahoo.com (T. Thongtem),
phuruangrat@hotmail.com (A. Phuruangrat).

0167-577X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2009.10,006

2. Experiment

Bi,S3 nanoparticles, nanorods and nanotubes were synthesized by
a microwave irradiation method using the Bi**:5? molar ratio of
bismuth nitrate pentahydrate (Bi(NO3)3-5H;0) and thioacetamide
(CH3CSNH3, TA) or thiourea (NH2CSNH,, TU) at 2:3. They were
dissolved in 30 ml different solvents (water, ethylene glycol (EG) and
propylene glycol (PG)), which were followed by 0.5 ml 65 % HNO;
adding with 30 min stirring at room temperature. Each precursor
solution was transferred into a cooking microwave oven, and heated
by a microwave radiation (2.45 GHz [9], multimode) at 180 W for
20 min. Finally, black precipitates were synthesized, separated by
filtration, washed with water and ethanol several times, dried at 80 °C
for 24 h, and collected for further characterization.

3. Results and discussion

XRD patterns of the products, synthesized using bismuth nitrate
pentahydrate (Bi(NO;3);-5H;0) and two kinds of sulfur sources
(CH3CSNH, and NH,CSNH») in different solvents (water, ethylene
glycol and propylene glycol) by a microwave radiation at 180 W for
20 min, are shown in Fig. 1. All the diffraction peaks were indexed and
specified as pure orthorhombic Bi,Ss phase of the JCPDS database no.
17-0320[10]. No impurities such as Bi;0s, Bi and S were detected. The
diffraction peaks are quite sharp, indicating that the products are well
crystalline orthorhombic Bi;Ss structure.

The morphologies of all products were characterized using a
transmission electron microscope. Fig. 2 shows the TEM and HRTEM
images, and SAED patterns of Bi,S; powders, synthesized by microwave
irradiation using Bi(NOs); and TA in difference solvents. In aqueous
solution, Bi,S3 (Fig. 2a) is composed of a number of nanoparticles with
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Fig. 1. XRD patterns of Bi,Ss, synthesized by microwave irradiation using Bi(NO3); and
difference sulfur sources: (a) TU in water, (b) TA in water, (c) TAin EG and (d) TAin PG.

their size range of 10-20 nm. SAED pattern (inset of Fig. 2a) shows
several concentric rings, corresponding to the polycrystalline Bi,S; [10].
When EG and PG were used as solvents, the morphologies of the
products changed into nanorods with 20 nm diameter and 50-60 nm

long in EG (Fig. 2b), and 10 nm diameter and 70-120 nm long in PG
(Fig. 2d). Their HRTEM images (Fig. 2c and e) present the interplanar
spaces of 3.97 A, corresponding to the (220) crystallographic planes.
SAED pattern of a Bi,S3 nanorod (Fig. 2f) indicated a single crystal with
the [100] direction as zone axis. HRTEM images and SAED patterns
demonstrated that the one dimensional Bi,S; nanorods grew in the
[001] direction.

In this case, the formation mechanism of Bi,S; using Bi(NO3); and
thioacetamide (CH3;CSNH,, TA) in aqueous solution under microwave
heating can be proposed as follows.

Bi(NO;); + H,0—BiONO; + 2HNO, (1)
CH,CSNH, + H,0—CH,CONH, + H,S @)
3H,S + 2BiONO; —Bi,S; + 2HNO, + 2H,0 3)

Bi(NOs); was hydrolyzed by H,O [1] to produce BiONOs. At the
same time, CH3CSNH, reacted with H,0 under microwave irradiation,
controlled by the slow release of S*>~ ions from CH3CSNH, to form
CH3CONH, and H,S. Next step, the released H,S reacted with BiONO3
to form Bi,S3 nanoparticles. It is noteworthy that Bi,S; nanoparticles
did not form by the decomposition of the precursor complexes, but by
the reaction of the released H,S and BiONOj3 [8]. When either of the
polyol compounds (EG and PG) was used as a solvent, it plays an

MEGCH3

50 nm

MPRCH3

50 nm

Fig. 2. TEM and HRTEM images, and SAED patterns of Bi,S; powders, synthesized by microwave irradiation using Bi(NO3); and TA in different solvents: (a) water, (b and ¢) EG, and

(d-f) PG.
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important role in the formation of the Bi,S3; nanorods, by the effective
complexing and stabilizing the surfaces of nanoparticles [11]. Bi,S3
nuclei formed and grew. They were capped on their side-walls by
hydroxyl groups of the polyol solvent. Due to the effect of hydrogen
bonds between hydroxyl groups, polyol molecules may exist as long
chains and acted as a soft template, leading to the growth of Bi,S3
nuclei in the shape of nanorods. The slow release of S~ could provide
a stable monomer concentration. The combinations of these two facts
promote the one-dimensional growth. In fact, the crystal morphology
is an extrinsic embodiment of an intrinsic crystal structure. Bi,Ss is a
typical layered structure that is possessed of the strongest chemical
bonding along the c axis, and a weaker van der Waals attraction
among the layered structure, which results in the anisotropic growth
along the c axis [1,11].

Fig. 3 shows SEM image of the Bi,S3 nanotubes, synthesized using Bi
(NO3); and TU as precursors in aqueous solution under microwave
irradiation. They are 50 nm diameter and 2-3 um long. Fig. 4a shows
TEM image of the Bi,S3 nanotubes synthesized at the same condition as
in Fig. 3. They are 30 nm diameter and 200-400 nm long. These
nanotubes were broken and dispersive, during the sample preparation
(ultrasonic vibration) for TEM analysis. The interplanar space (Fig. 4b) of
the Bi,S3; nanotube was calculated and found to be 3.96 A.
corresponding to the space of the (220) plane of Bi,Ss. It grew along
the [001] direction.

When thiourea instead of thioacetamide was used for the
formation of Bi,S; in water, the reaction mechanism has another
pathway. In this case, the proposed mechanism of Bi,S; nanotubes
using Bi(NOs3)3 and TU in aqueous solution under microwave heating
can be explained as follows [2,7,8].

Bi'" + TU—Bi-TU complexes—Bi,S; (4)

The strong complex action between Bi** and TU leads to the
formation of Bi-TU complexes in aqueous solution. Then, the Bi-TU
complexes underwent the decomposition by the microwave irradiation
for a certain period of time to synthesize Bi,S; nanosheets, which
subsequently rolled themselves up to form tubular structures [3,6]. The
Bi-TU complexes are favorable for the oriented growth of the
nanotubes. The microwave irradiation as heating environment provided
a more rapid and simultaneous nucleation than the conventional one,
due toits fast and uniform heating effect. The sulfur sources and solvents
have the influence on the product morphologies and favor the synthesis
of Bi,S; with different pathways.

Fig. 3. SEM image of Bi,S; synthesized using Bi(NO;); and TU in water under microwave
irradiation at 180 W for 20 min.

50 nm

Fig. 4. TEM and HRTEM images of Bi,S; synthesized using Bi(NO3); and TU in water
under microwave irradiation at 180 W for 20 min.

4. Conclusions

Different morphologies of nanostructured bismuth sulfide including
nanoparticles, nanorods and nanotubes have been successful synthe-
sized by a microwave irradiation method at 180 W for 20 min, using
Bi (NOs3)3-5H,0 and CH3CSNH, or NH,CSNH, in various solvents
(water, ethylene glycol and propylene glycol). XRD patterns, and TEM
and SEM images showed that the products were orthorhombic
structured Bi,S; with the morphologies controlled by the sulfur sources
and solvents.

Acknowledgement

The research was supported under the National Research
University Project for Chiang Mai University, by the Commission on
Higher Education, Ministry of Education, Thailand.

References

[1] LuJ, Han Q Yang X, Lu L, Wang X. Mater Lett 2007;61:3425-8.
[2] LuJ, Han Q Yang X, Lu L, Wang X. Mater Lett 2007;61:2883-6.
[3] Zhu G, Liu P, Zhou J, Bian X, Wang X, Li J, et al. Mater Lett 2008;62:2335-8.
[4] Sun Y, Han Q, Lu J, Yang X, Lu L, Wang X. Mater Lett 2008;62:3730-2.
[5] Phuruangrat A, Thongtem T, Thongtem S. Mater Lett 2009;63:1496-8.
[6] Liu X, Cui ], Zhang L, Yu W, Guo F, Qian Y. Nanotechnology 2005;16:1771-5.
[7] Shen G, Chen D, Tang K, Li F, Qian Y. Chem Phys Lett 2003;370:334-7.
[8] Liao XH, Wang H, Zhu JJ, Chen HY. Mater Res Bull 2001;36:2339-46.
[9] Bhunia S, Bose DN. J Cryst Growth 1998;186:535-42.
[10] Powder Diffract. File, JCPDS-ICDD, 12 Campus Boulevard, Newtown Square, PA
19073-3273, US.A., 2001.
[11] Zhang H, Wang L. Mater Lett 2007;61:1667-70.



Materials Letters 63 (2009) 833-836

Contents lists available at ScienceDirect

Materials Letters

CVIET journal homepage: www.elsevier.com/locate/matlet

Cyclic microwave-assisted spray synthesis of nanostructured MnWO,4

Somchai Thongtem ?, Surangkana Wannapop ¢, Anukorn Phuruangrat ?, Titipun Thongtem >*

@ Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
 Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

ARTICLE INFO ABSTRACT

Article history: MnWO, with nano-plates in flower-like clusters was produced from the mists of the solutions containing
Received 4 September 2008 MnCl,-4H,0 and Na;W0,4-2H,0 at different pH values by 300-900 W cyclic microwave radiation. The phase
Accepted 8 January 2009 was detected by XRD and SAED, and was in accordance with that of the simulation. The flowers were

Available online 14 January 2009 characterized using SEM and TEM, and their lattice planes using HRTEM. The vibration spectra were

characterized using Raman and FTIR spectrometers. Their photoluminescence is at 409-420 nm.
© 2009 Elsevier B.V. All rights reserved.

Keywords:

Cyclic microwave-assisted spray synthesis
MnWO4

Nano-plates in flower-like clusters

1. Introduction (SAED) operated at 200 kV, and photoluminescence (PL) spectrometer
(PERKIN-ELMER LS50B) with a 290 nm excitation wavelength at room
Huebnerite (MnWO,), an end member of wolframite (Fe,Mn; -\W04) ~ temperature. In addition, an electron diffraction pattern was
[1,2], has bulk electrical conductivity, relatively low melting point and
novel magnetic property [3]. It displays photoluminescence with two
main bands at 421 and 438 nm [3]. A number of processes have been used
to produce MnWOy,, such as microemulsion-mediated solvothermal
synthesis [3], solid-state metathetic approach [4] and microwave-assisted
hydrothermal synthesis [1]. The purpose of the present research was to
produce MnWO, with flower-like clusters using cyclic microwave-assisted
spray synthesis. It is novel, simple, easy to handle and more economical to
process.

)
<

2. Experiment

Each 0.005 mol of MnCl,-4H,0 and Na;WO4-2H,0 was separately
dissolved in 25 ml de-ionized water and mixed. The pH level was
adjusted using NaOH. The mixture was composed of white colloid
with very light weight. It was sprayed on glass slides 5 times to form
the mists, which were subsequently put in a cyclic microwave

Intensity (Arbitrary Unit)

radiation (30 s on for every 30 s interval) at 300-900 W for 1 h. _} 900 W

Finally, brown powders were produced, and characterized using XRD pH7

(SIEMENS D500) operated at 20 kV, 15 mA and using K, line from a Cu

target, FTIR (BRUKER TENSOR27) with KBr as a diluting agent and

operated in the range 400-1,500 cm™ ', Raman spectrometer (HORIBA J gg%w

JOBIN YVON T64000) of 50 mW Ar laser with 514.5 nm wavelength,

SEM (JEOL JSM-6335F) operated at 15 kV, TEM (JEOL JEM-2010) as well

as high resolution TEM (HRTEM) and selected area electron diffraction 300 W

K pH7
20 30 40 50 60 70 80
* Corresponding author. 20 (degree)
E-mail addresses: ttpthongtem@yahoo.com, ttpthongtem@hotmail.com
(T. Thongtem). Fig. 1. XRD spectra of the products produced using different microwave powers and pH values.
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Fig. 2. (a) FTIR and (b) Raman spectra of MnWO, produced using different microwave powers and pH values.

simulated using CaRIne Crystallography 3.1 software [5] and
compared with that interpreted from the experimental result.

3. Results and discussion

XRD spectra (Fig. 1) correspond to MnWO,4 with monoclinic crystal system, P2/c
space group and huebnerite structure [6]. The spectra are very sharp showing that the

\

products were composed of crystals. Their intensities and crystallite sizes were
increased with the increase in the microwave powers which can play the role in
arranging atoms in crystal lattices. Cyclic microwave energy was supplied to the mists
on glass slides to overcome the potential barrier, which prevented the reaction to
proceed. The mists were heated with uniformly and effectively, and the particles of
controlled morphologies were produced. Calculated lattice parameters (nm) [7]
(a=0.4821, b=0.5762 and c=0.4967) are very close to those of the JCPDS software [6].
These were specified that the products have monoclinic crystal system.

100_nm K

Tum

Fig. 3. SEM images of MnWO, produced using (a) 300 W, pH 7, (b) 600 W, pH 7, (c) 900 W, pH 7, (d) 900 W, pH 9 and (e) 900 W, pH 11.
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FTIR spectra (Fig. 2a) of huebnerite structured products contain the inorganic
modes on lower wavenumber side at 913,871, 810, 753, 653 and 567 cm™', which are in
accordance with those of other researchers [2,8]. They were specified as the internal
stretching modes, namely v53(A,) and v;(E,) transitions [8].

Raman spectra (Fig. 2b) are very similar to those of huebnerite structured MnWO,
[1]. A strong band at 912 cm™" belongs to symmetric A; mode and a weak band at
804 cm™' to antisymmetric B; mode of the terminal WO, groups. The 718 and 655 cm™'
bands respectively correspond to v,s(Bg) and vas(Ag) modes of (W504), chain. The
507 cm™' band is assigned as symmetric Ag mode. Those at 326 and 419 cm™! were
specified by Fomichev and Kondratov as deformation modes [9], and by Daturi et al as r
(Bg) and 6(Az) modes of terminal WO, groups [10]. The 294 cm™" band corresponds to
vaer(Ag) of cationic sublattices. Weak band at 177 cm ™', specified as v(Ag), was involved
with Mn cations. The 101 and 138 cm™' bands are the causes of interchain deformation
and torsion modes. At lower wavenumber, vibration frequency is small and the
structure is more regular. When the vibration is at higher wavenumber, its structure
became more distorted [11].

SEM images of MnWO, were characterized. At a pH 7 and 300-900 W microwave
powers (Fig. 3a-c), the products were composed of a number of nano-plates in flower-
like clusters. The flowers became larger at higher powers. They have the largest size of
1,500 nm at 900 W. The present nanoflowers have almost the same size as those of
other researchers, who produced MnWO, nanoflowers with the average size of
1,000 nm using microemulsion-mediated solvothermal synthesis [3]. But for the
structure flowers, there are some differences between the two. During cyclic
microwave-assisted synthesis, MnCl,-4H,0 reacted with Na,WO,2H,0 to produce
MnWO, nuclei. Their growths are anisotropic. Plate-like particles were formed by the
assemblage of monoclinic unit cells in three directions, but growth in normal direction
to the plates was the slowest. Simultaneously, the plates clustered together to form
flower-like colonies, which have different sizes, caused by random initiation. The
flowers may contain some wavy plates, due to the microwave vibration frequency,
internal stress and others. Different morphologies have the influence on the
luminescent property as well. At a constant microwave power of 900 W and in strong
basic solutions (Fig. 3d and e), some [WO,4]*~ ions reacted with Na* ions of NaOH to

2.9.-2
290
292 190
192 ”‘ b
092 ¢ .190
192 290
292

19-2
0g-2

19-2
29-2

Fig. 4. TEM and HRTEM images, and SAED and simulation patterns of the products produced using (a-d) 300 W, pH 7, (e) 600 W, pH 7, (f) 900 W, pH 7, (g,h) 900 W, pH 9 and (i,j)

900 W, pH 11.
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Fig. 5. PL spectra (290 nm excitation wavelength) of MnWO, produced using different
microwave powers and pH values. MnWO, (bulk) was produced using the 200 °C
calcination for 2 h.

form Na;WO,, which is very soluble in water. The remaining [WO4|>~ ions of a lesser
extent were used to produce MnWO,. The higher pH value was in the solution, the more
loosened the flower-like colonies or clusters became. For the present research, the pH
values played the role in determining the morphologies and defects of the products. In
acidic solutions, MnWO,4 was soluble in the solution containing tungstic acid, and no
precipitates were produced.

TEM images show that the products (Fig. 4a, e, f, g and i) were composed of a
number of nano-plates with different orientations, which were clustered together in
groups. HRTEM images (Fig. 4b and h) show (011) and (110) parallel planes of lattice
arrays. Each array with the same orientation corresponds to a single crystal. SAED
patterns (Fig. 4c and j) show diffraction patterns of systematic bright spots
corresponding to lattice planes written in parentheses. Each pattern diffracted from a
single crystal of MnWO, [6]. Calculated electron beams [12] are in [010] and [100]
directions for the analyses of Fig. 4c and j, respectively. A simulated pattern with
electron beam in [010] direction (Fig. 4d) [5] was composed of systematic array of spots.
The a*, b* and c* vectors are in [100], [010] and [001] directions, respectively. Both
interpreted and simulated patterns are in good accordance. But for Fig. 4e and f, the
patterns appear as fully and continuously concentric rings. These imply that the
products consisted of a number of nanocrystals with different orientations. Calculated
interplanar spaces [13] correspond to the crystallographic planes in parentheses,
specified as MnWO, [6].

Fig. 5 shows the excitation and photoluminescence (PL) spectra of the present
research. By using a 290 nm excitation wavelength, PL spectra show the intrinsic peaks,
caused by a nonlinear two-photon stimulation process [14]. It can be excited either in
the excitonic absorption band or in the recombination process [15]. The emissions are
blue spectra at 409-420 nm although the products were produced using different

conditions. The results are in accordance with the 421 and 438 nm for nanostructure
flowers [3], and 2.8+0.2 eV band gap for nanostructure clusters [4]. The PL intensities
were increased with the increase in the microwave powers and acidity level. It is the
highest at 900 W and a pH 7. The degree or extent of crystallinity was much improved at
higher microwave powers, which promoted the number of charge transition (stronger
intensity) of the products. In strong basic solutions, the lesser extent of [WO4]* ions
was the cause to produce defects in the products. They became the least at the pH 7,
which led to the strongest in intensity. Except for the product produced at 900 W and a
pH 11, the emission intensities are higher than that of MnWO, (bulk) with 200 °C and
2 h calcination.

4. Conclusions

MnWO, with huebnerite structure was successfully produced
using a cyclic microwave-assisted spray synthesis. It was composed of
a number of nano-plates in flower-like clusters. Each nano-plate was
composed of a number of crystallographic planes aligning in
systematic array. Vibration wavenumbers provided the evidence of
huebnerite structure of MnWO,. PL emission shows the intrinsic
peaks at 409-420 nm. The highest intensity was emitted from the
1500 nm flower-like clusters.
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Abstract: MnWO, (huebnerite) with flower-like clusters of nano-plates was produced from the solutions containing MnCl,"4H,0O
and Na,WO42H,0 by the 300 ‘C spray pyrolysis. The phase was detected by X-ray diffraction (XRD) and selected area electron
diffraction (SAED), and is in accordance with the results characterized using energy dispersive X-ray (EDX) analysis. The
flower-like clusters of nano-plates were characterized using scanning and transmission electron microscopes (SEM and TEM), and
their parallel lattice planes using a high resolution transmission electron microscope (HRTEM). Vibration spectra of the huebnerite
structured products were characterized using Raman and Fourier transform infrared (FTIR) spectrometers. Their photoluminescence

(PL) emissions are in the same spectral region at 405-412 nm.
Key words: spray pyrolysis; MnWO,; flower-like clusters

1 Introduction

Wolframite (Fe,Mn, ,WO,) is an iron manganese
tungstate mineral, which is the intermediate between
iron-rich ferberite (FeWO,;) and manganese rich
huebnerite (MnWO,)[1-2]. MnWO, has bulk electrical
conductivity, relatively low melting point and novel
magnetic property[3], caused by its antiferromagnetic
spin structure[4]. It can display photoluminescence (PL)
emission with two main bands at 421 and 438 nm[3].
There are a number of processes used to produce
MnWOy,, such as microwave-assisted synthesis[1], melt
solution process[S], solvothermal route[6], aqueous salt
metathesis reaction[7], sol-gel technique[8], ambient
template synthesis[9], solid state metathetic approach
[10], and surfactant-assisted complexation-precipitation
method[4]. The purpose of this research was to produce
MnWO, with flower-like clusters, from additive-free
solution, using a spray pyrolysis method, which is simple
and easy to handle, and more economical to process.

Corresponding author: Titipun THONGTEM; Tel: +66-53-943345; Fax: +66-53-892277; E-mail: ttpthong

2 Experimental

Each 0.005 mol of MnCl,-4H,0O and Na,WO,-2H,O
was separately dissolved in 25 mL de-ionized water and
mixed for 10 min. The mixture was sprayed on glass
slides 10 times, which were placed in a 300 ‘C furnace
for 10—40 h. No other additives were used in the process.
The products were washed with de-ionized water and
95% ethanol, and dried at 60 C for 10 h. Then they
were intensively characterized using a X-ray
diffractometer (XRD) operated at 20 kV, 15 mA and
using the K, line from a Cu target, a Fourier transform
infrared (FTIR) spectrometer with KBr as a diluting

! a Raman

agent and operated in the range 500—1 600 cm™
spectrometer of 50 mW Ar laser with /=514.5 nm, a
scanning electron microscope (SEM) equipped with an
energy dispersive X-ray (EDX) analyzer operated at 15
kV, a transmission electron microscope (TEM) and a
transmission

high resolution electron microscope

(HRTEM) as well as the use of selected area electron
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diffraction (SAED) technique operated at 200 kV, and a
photoluminescence (PL) spectrometer using a 293 nm
excitation wavelength at room temperature(3].

3 Results and discussion

The XRD spectra of the products (Fig.1) were
indexed using Bragg’s law for diffraction. They
correspond to that of the JCPDS software with reference
code 74-1497[11]. They have P2/c space group of
paramagnetic phase[5] and huebnerite structure[11]. It is
composed of a number of edge-sharing (MnO;) and
(WOs) octahedrons in a series of zigzags along ¢ axis.
Mn and W atoms are alternately arranged parallel to the
(100) planes[5]. The broad XRD spectrum of glass
(Fig.1), specified as amorphous phase, is also shown for
comparison. Its spectrum was covered by the spectra of
the products, showing that the deposited products on
glass substrates are thick enough to prevent the X-ray
beam from reflecting on them. The mists on glass slides
are heated effectively, and a number of particles of
controlled morphologies are produced. Atoms composing
the products are arranged as systematic array in the
crystal. Thus the spectra are very sharp. Their XRD
intensities are also increased with the increase in the
prolonged times which play the role in arranging atoms
in crystal lattice.

The FTIR spectra (Fig.2(a)) of MnWO, with

~

=

S
<
=

20h

Glass

1 1 I I L L

20 30 40 50 60 70 80
20/(°)
Fig.1 XRD spectra of glass and products on glass slides
produced for 10, 20, 30 and 40 h
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40h
- W
10h W
1500 1000 500
Wavenumber/cm™!
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40h
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10h
200 400 600 800 1000
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Fig.2 FTIR(a) and Raman spectra(b) of MnWO, produced for
10,20, 30 and 40 h

huebnerite structure show the inorganic modes in the
range 556-983 cm ' of the low wavenumber side at 556,
694, 826, 908 and 983 cm™'. The vibrations are in
accordance with those of other researchers[2, 9]. These
bands are assigned to be the internal stretching modes of
vi(A,) and v;(E,) transitions[9].

The Raman spectra (Fig.2(b)) of the huebnerite
structure are very similar to those of KLOPROGGE et
al[1]. A medium strong band is detected at 125 cm ™', The
200 cm™!' band is specified as V(A,) vibration involving
the Mn cations, and the 245 cm’' band as Vel Ag)
vibration of the cationic sublattices. Those of 324 and
393 om' bands are respectively specified by
FOMICHEV and KONDRATOV as deformation
modes[12], and by DATURI et al as »(B,) and (A,)
vibrations of terminal WO, groups[13]. The 538 cm '
band is specified as the symmetric A, vibration. The 698
cm”' band corresponds to the Vvos(Bg) vibration of
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(W,0,), chain. The strongest intensity at 875 cem’!
belongs to symmetric A, vibration of the terminal WO,
groups. At lower Raman wavenumber, the vibration
frequency is smaller and the structure is in the state of
closing to normal crystal lattice. When the vibration is at
higher wavenumber, its structure becomes more
distorted[14]. The higher amplitude of the atomic
vibration does, the more the product structure distorts,
and the opposite is also true.

The SEM images of MnWO, (Fig.3) are
characterized. The products are composed of a number of
nano-plates in flower-like clusters. The flowers become
larger, when the test is done in the longer period. They
are the largest at 40 h test. For the present research,
MnCl,'4H,O reacts with Na,WO,2H,O to produce
MnWO, nuclei, which grows very rapidly by thermal
heating. Their growths are anisotropic. Plate-like
particles are produced, and simultaneously cluster to
form flower-like colonies. They have different sizes,
which are caused by random nucleation and growth
processes.

Each product was put into a beaker containing
de-ionized water. After ultrasonic vibration, the product-
dispersed water was dropped on a copper grid and dried

in ambient atmosphere for further analysis. TEM images
(Figs.4(a), (c) and (d)) show that the products are
composed of a number of nano-plates with different
orientations. The product of Fig.4(a) clusters together in
irregular shape. But for those of Figs.4(c) and (d), they
become more dispersive. HRTEM image (Fig.4(b)) show
a number of (011) lattice planes in systematic arrays of
crystal structure. Each array with the same orientation
corresponds to a single crystal. SAED patterns (Figs.4(a),
(¢) and (d)) show several concentric rings. They are
diffusive and hollow, showing that the products are
composed of a number of nanosized crystals with
different orientations. The calculated interplanar
spaces[15] were compared with those of the JCPDS
software[11]. They correspond to a variety of
crystallographic planes labeled in parentheses. They are
specified that the products are MnWO,.

The EDX spectra (Fig.5) reveal the presence of Mn,
W and O in the products[16]. They are in good
accordance with the phase detected using XRD and
SAED. Au and C are also detected. They are caused by
the sputtered Au on the products to improve the quality
of SEM images, and by C tape used for sample mounting.
Different energy peaks are detected due to the electronic

Fig.3 SEM images of MnWO, produced for 10(a), 20(b), 30(c) and 40 h(d)
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Fig.4 TEM and HRTEM images, and SAED patterns of MnWO, produced for 10 h(a, b), 20 h(c) and 30(d)

Table 1 Emission energies of atoms

220)

s103

Atom Emission energy/keV Spectral line
0.6 L.
Mn
5.9 Kai2
1.8 M,
7.4 L
A0k W 8.4 Ly
9.7 Ly
11.3 Ty
20h -
(0] 0.5 Koz
2.1 M,
10h 8.5 L
L A\ ~ Au '
0 2 4 6 8 10 12 9.7 L,
Energy/keV 11.4 Ly
Kai2

Fig.5 EDX spectra of MnWO, produced for 10, 20, 30 and 40 h C 0.3
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transition of atoms as summarized in Table 1[16].

By using a 293 nm excitation wavelength[3],
photoluminescence (PL) spectra (Fig.6) show electronic
transition within (WO,)*" anion molecular complex,
associated with the intrinsic emission[17—18]. The
intrinsic luminescence is caused by a nonlinear
two-photon stimulation process[18]. They can be excited
either in the excitonic absorption band or in the
recombination  process[19], resulting from the
huebnerite-structured products. The intrinsic emission
peaks are in the spectral region at 405—412 nm although
the products are produced using different prolonged
times. The results are in accordance with those detected
by other researchers[3, 10]. PL intensities are increased
with the increase in time. It is the highest at 40 h test.
The shoulders or green bands, depended on the excitation
type and sample quality, are caused by some defects and

impurities, and are specified as the extrinsic
emission[18].
40h
30h
20h
10h
350 200 450 500
Wavelength/nm

Fig.6 PL spectra of MnWO, produced for 10, 20, 30 and 40 h
4 Conclusions

MnWOQO, on glass slides were successfully produced
by the 300 'C spray pyrolysis method. The phase are
MnWO,, composing of Mn, W and O. The products are
flower-like clusters of nano-plates, each of which is
composed of a number of crystallographic planes
aligning in lattice array. Vibration wavenumbers provide
the evidence of huebnerite structure, corresponding to
the product phase. PL emission shows the narrow central
peaks in the same spectral region at 405—412 nm. The
highest intensity peak is emitted from the product of 40 h
test.
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Abstract

CoWO, nano-particles were produced by spraying the solution containing CoCl,-6H,0O and Na,W0,-2H,0 on glass slides at 250-450 °C.
XRD, SAED, TEM, HRTEM and AFM revealed the presence of CoWO,4 nano-particles with their crystallographic planes aligning in systematic
array. Raman spectra provide evidence of the wolframite structure, corresponding to the product phase. Their photoluminescence (PL) emissions
show the narrow central peaks of the same spectral region at 411-419 nm.

(©) 2008 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Spray pyrolysis; CoWQ,; Nano-particles

1. Introduction

Naturally, wolframite and scheelite are the majorities of
tungsten ores formed on earth [1]. Their structures are
controlled by cationic radii. Small radii (<0.077 nm) are in
favor of forming wolframite structure, but large radii
(>0.099 nm) favor scheelite structure [2,3]. Each of the
tungsten atoms is surrounded by six oxygen atoms for
wolframite [4], and by four oxygen atoms for scheelite [5].
The metal tungstates have very attractive properties in
scintillation, electro-optics and microwave applications
[1,4,6]. There are a number of methods used to prepare
nano-structured tungstates, such as microwave-assisted synth-
esis [2,7], hydrothermal and solvothermal processes [3,6,8—
10] and sonochemistry [11].

* Corresponding author.
E-mail addresses: schthongtem@yahoo.com, sthongtem@hotmail.com
(S. Thongtem).

2. Experimental

For the present research, each 0.2 mol of CoCl,-6H,0 and
Na,WO,-2H,0 was dissolved in 25 ml de-ionized water and
mixed. The mixture was stirred for 10 min and sprayed on glass
slides 10 times in the temperature range 250—450 °C. The slides
were kept at constant temperatures for 10 h, and removed from
the furnace. No other additives were used in the process. It is
simple and easy to handle, and more economical to process in
large scale. The products were washed with de-ionized water
and 95% ethanol, dried at 60 °C for 10h and intensively
characterized.

3. Results and discussion

Comparing XRD spectra (Fig. la) with that of the JCPDS
software (reference code: 15-0867) [12], the products were
CoWO, with monoclinic crystal system and P2/a space group.
The phase has wolframite structure [2,3,13]. During character-
ization, X-ray beam reflected and diffracted with the crystalline
products and sharp spectra were produced. Their strongest

0272-8842/834.00 © 2008 Elsevier Ltd and Techna Group S.rl. All rights reserved.

doi:10.1016/j.ceramint.2008.11.014
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Fig. 1. (a) XRD and (b) Raman spectra of the products produced at different temperatures.

intensity peaks are at 26 = 30.6 ° and diffracted from (=11 1)
planes of the products. No other characteristic peaks of
impurities were detected showing that the products are at a pure
phase. XRD intensities were increased with the increase in the
test temperatures which can play the role in arranging atoms in
systematic order. Their crystallite sizes were enlarged as well.
At 450 °C, XRD peaks have the strongest intensities and the
crystallite sizes are the largest.

Raman spectra (Fig. 1b) of the wolframite structured
products compose of a strong band at 881 cm ™' and a weak
band at 768 cm~'. They were specified as symmetric and
asymmetric stretching vibrations of terminal W=O bonds,
respectively [13]. The weak bands at 686 and 536 cm ™" are
caused by the asymmetric and symmetric stretching of O-W-O
bridges of (W,0,4), polymeric chain. Those at 408 and
340 cm ™! are tentatively specified as the in-plane deformation
and rotation of W-O bonds (terminal and bridging),
respectively. Weak band at 275 cm™' is caused by Co-O
stretching. The 209 cm ™' band is likely to be out-of-plane
vibration [13]. The more Raman wavenumber of the atomic
vibration does, the more the product structure distorts, and the
opposite is also true [8].

TEM images (Fig. 2a—c) show a number of nano-particles
influenced by test temperatures. Diameters (D) of 300 nano-
particles at different temperatures were measured [14], and
are shown in Fig. 3a—e. The products are composed of a

number of nano-particles with different sizes. Their
distributions are very close to the normal curves. The
average sizes are in the ranges 16.25-25.23, 17.03-25.27,
22.65-42.59, 40.34-61.50 and 46.81-68.27 nm at 250, 300,
350, 400 and 450 °C, respectively. The values of log(D) and
T-' (Fig. 3f) matched very well with the Arrhenius-type
equation [15],

946.21
logD = 3.06 — -

It shows that particle sizes increased monotonically with the
increase in test temperature. It was assumed that heat capa-
city of formation of the nano-particles is constant with
temperature. Calculated activation energy is
1.306 x 1072° J-(particle) "', which is the energy consump-
tion for every particle formed in the present process. Particle
shape and size influence the PL as well. During the process,
growth rates of the particles were very low. A number of
nano-sized particles formed. HRTEM image (Fig. 2d) shows
that a number of (0 0 2) lattice planes are in systematic array.
Each grain is composed of atomic planes in the same
direction, and corresponds to a single crystal. SAED patterns
(Fig. 2a—c) show a number of random and continuous bright
spots. They are so close that they form fully concentric rings.
These indicate that the products consist of nano-sized crys-
tals with different orientations. Calculated interplanar spaces
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Fig. 2. (a—c) TEM images and SAED patterns of the products produced at 250, 350 and 450 “C, respectively. (d) HRTEM image of CoWO, produced at 450 “C.

[7] were compared with those of the JCPDS software [12].
They correspond to (001), (=110), (=111), (200),
(=220), (=202), (=311) and (—140) planes of the
crystals and were specified as CoWO,.

The sprayed products on glass substrates at different
temperatures were characterized using AFM. Fig. 4 shows
the evolution of roughness with the test temperatures. The
deposition did not form regular patterns. Surfaces of the
substrates were very rough due to the deposited products.

Their roughness at 250, 300, 350, 400 and 450 °C are 24.7,
45.8, 51.3, 95.5 and 106.9 nm, respectively. Roughness
increased with the increase in test temperature. Nucleation
and growth processes led to the irregular patterns on the
substrates. Generally, vibration at high temperature was more
violent than that at low temperature. Atoms and particles
have more chance to arrange themselves in good order which
is in favor with flat surface. For the present analysis, growth
is the dominant process.
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Fig. 3. (a—e) Particle size distributions of CoWO, produced at 250, 300, 350, 400 and 450 “C, respectively. (f) Particle size dependency on the temperature.

By using a 300 nm excitation wavelength, photolumines-
cence (PL) spectra (Fig. 5) show the narrow central
(intrinsic) peaks with their surrounding shoulders [16-18].
The emission peaks are in the same spectral region at 411—
419 nm although the products were produced at different
temperatures. The intrinsic luminescence was caused by the
annihilation of a self-trapped exciton, which formed excited
[W06]6_ complex [19]. It can be excited either in the

excitonic absorption band or in the recombination process
[19], due to the wolframite-structured products. The
shoulders are from some defects and impurities. PL intensity
is controlled by the number of charged transfers in the
products. For present analysis, their intensities increased
with the increase in test temperatures. It is the highest at
450 °C. Shapes, sizes, degree of crystallinity and others can
play a role in emission as well.
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Fig. 4. AFM images of CoWQ, deposited on glass substrates at (a) 350 and (b) 450 “C.

Intensity (Arbitrary Unit)

T T T T T
300 400 500 600 700
Wavelength (nm)

Fig. 5. PL spectra of CoWO, nano-particles produced at 250, 300, 350, 400 and
450 °C.

4. Conclusion

CoWO, nano-particles were successfully produced
by spray pyrolysis at 250-450 °C. The products are pure
phase with wolframite structure. They are composed of a
number of nano-particles with their crystallographic planes
aligning in a systematic array. Particle sizes and roughness
increased with the increase in test temperature, due to the
growth process. The particle sizes at different temperatures
fitted very well with the Arrhenius-type equation. Vibrations
of atoms provided evidence of the wolframite structure,
corresponding to the product phase. PL emission shows the
narrow central peaks of the same spectral region at 411-
419 nm.
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