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APPENDIX A

The Joint Committee for Powder Diffraction Standards (JCPDS)

A.l MoOs

Reference code:

05-0508

Mineral name: Molybdite, syn
PDF index name: Molybdenum Oxide
Empirical formula: MoO3

Chemical formula: MoO3

A.1.1Crystallographic parameters

Crystal system:

Orthorhombic

Space group: Pbnm
Space group humber: 62
a("A): 3.9620
b (CA): 13.8580
c(CA): 3.6970
Alpha (6): 90.0000
Beta (): 90.0000
Gamma (0): 90.0000
Calculated density: 4.71
Volume of cell: 202.99
Z: 4.00
RIR: 3.00
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A.1.2 Subfiles and Quality

Subfiles: Inorganic
Mineral
Alloy, metal or intermetalic
Corrosion
Common Phase

Educational pattern

Forensic
NBS pattern
Quality: Star (S)
A.1.3 Comments
Color: Park gray metallic
General comments: Merck Index, 8th Ed., p. 699.
Color from Dana's System of Mineralogy, 7th Ed.,I
329.
Sample source: Sample from Merck Chemical Company.
Analysis: Spectroscopic analysis: <0.1%, Al, Co, Mn, Si;
<0.01% Fe; <0.001% Cu, Mg; <0.0001% Ca.
Additional pattern: To replace 1-706 and 5-506.
Melting point: 1185°C
Temperature: Pattern taken at 26 C.

A.1.4 References

Primary reference: Swanson, Fuyat.,Natl. Bur. Stand. (U.S.), Circ. 539, 111,
30, (1954)
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A.1.5 Peak list

No. h k | df[A] | [%]
1 0 2 0 693000 34.0
2 1 1 0 3.81000 82.0
3 0 4 0 346300 61.0
4 0 2 1 326000 100.0
501 3 0 3.00600 13.0
6 1 0 1 270200 19.0
7 1 1 1 265500 35.0
8§ 1 4 0 260700 6.0
9 0 4 1 252700 12.0
10 1 3 1 233200 12.0
11 0 6 0 23090 31.0
12 1 5 0 227100 18.0
131 4 1 213100 9.0
14 1 6 0 19900 4.0
15 2 0 0 198200 13.0
16 2 1 0 196000 17.0
17 0 0 2 1.84900 21.0
18 2 3 0 1.82100 11.0
19 1 7 0 177100 5.0
20 1 6 1 1.75600 5.0
21 2 1 1 1.73300 17.0
22 2 2 1 1.69300 8.0
23 1 1 2 1.66300 13.0
24 0 4 2 1.63100 13.0
25 1 7 1 159700 15.0
206 1 8 0 1.58700 6.0
27 0 8 1 1.56900 16.0
282 6 0 1.50400 5.0
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No. h k | d[A] 1 [%]

29 2 5 1 147700 10.0
30 0 6 2 144300 12.0
311 9 0 143500 12.0
32 2 7 0 1.40000 5.0
33 0 10 0 138600 5.0
34 2 0 2 135200 6.0

A.1.6 Stick Pattern

[mtensity [%]
100

Fef. Pattern: Malybdite, svh, 050503
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A.2.1 Name and formula

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

Chemical formula:

A.2.2 Crystallographic parameters

Crystal system:
Space group:

Space group number:
a(CA):

b (CA):

c (CA):

Alpha (6):

Beta (0):

Gamma (0):

Calculated density (g/cm”3):

Measured density (g/cm”3):

Volume of cell (106 pm”3):

Z:
RIR:

A.2.3 Subfiles and Quality

Subfiles:

00-004-0836
Copper, syn
Copper

Cu

Cu

Cubic
Fm3m
225
3.6150
3.6150
3.6150
90.0000
90.0000
90.0000
8.94
8.95
47.24
4.00

Inorganic
Mineral

Alloy, metal or intermetalic
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Quality:

A.2.4 Comments

Color:

General comments:

Sample source:

Sample preparation:

Melting point:

Temperature:

A.2.5 References

Primary reference:

Common Phase
Educational pattern
Forensic

NBS pattern

Star (S)

Red

Impurities from 0.001-0.01%, Ag, Al, Bi,
Fe, Si, Zn.Opaque mineral optical data on
specimen  from unspecified locality,
R3R%=60.65, Disp.=Std., VHN10p=96-
104,Ref.:.IMA  Commission on Ore
Microscopy QDF.  Measured  density
and color from Dana's System of
Mineralogy, 7th Ed., 1 99.

Sample from metallurgical laboratory of
NBS, Gaithersburg, MD, USA.

It had been heated in an Hy atmosphere at

300 °C.

1083°C
Pattern taken at 26 °C.

Swanson, Tatge.,Natl. Bur. Stand. (U.S.),
Circ. 539, 1, 15, (1953)
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A.2.6 Peak list

No. h k | d[A] 2Theta[deq] I [%]
1 1 1 1 208800 43.298 100.0

2 2 0 0 1.80800 50434 46.0
3 2 2 0 1.27800 74.133 20.0
4 3 1 1 1.09000 89.934 17.0
5 2 2 2 104360 95.143 5.0
6 4 0 0 090380 116.923 3.0
7 3 3 1 0.82930 136.514 9.0
8 4 2 0 0.80830 144.723 8.0

A.2.7 Stick Pattern

Intensity [%]

N Ref. Pattemn: Copper swn, 00-004-0835

50

50 &l 0 &0 a0 100 110 120 130

Position [72T heta]
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A.3 Cu20

A.3.1 Name and formula

Reference code: 01-078-2076
Mineral name: Cuprite

ICSD name: Copper Oxide
Empirical formula: Cup0
Chemical formula: Cup0

A.3.2 Crystallographic parameters

Crystal system: Cubic
Space group: Pn3m
Space group number: 224
a("A): 4.2670
b (CA): 4.2670

c (CA): 4.2670
Alpha (0): 90.0000
Beta (0): 90.0000
Gamma (0): 90.0000

Calculated density (g/cm”3):  6.12
Volume of cell (1076 pm”3): 77.69
Z: 2.00
RIR: 8.28

A.3.3 Status, subfiles and quality

Status: Diffraction data collected at non ambient
temperature

Subfiles: Inorganic
Mineral
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Quality:

A.3.4 Comments

Sample source:

ICSD collection code:

Alloy, metal or intermetalic
Corrosion

Modelled additional pattern
Calculated (C)

Specimen from USA.
063281

A.3.5 References

Primary reference: Calculated from ICSD using POWD-

12++, (1997)

Structure: Restori, R., Schwarzenbach, D.,
ActaCrystallogr., Sec. B: Structural

Science, 42, 201, (1986)

A.3.6 Peak list

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

1 1 1 0 301723 29.583 53
2 1 1 1 246355 36.441 100.0
3 2 0 0 213350 42329 347
4 2 1 1 1.74200 52.488 1.1
5 2 2 0 150861 61408 26.5
6 2 2 1 142233 65582 0.1
7 3 1 0 134934 69.622 03
8§ 3 1 1 1.28655 73.558 19.8
9 2 2 2 123178 77417 43
10 3 2 1 1.14040 84980 0.2
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A.3.7 Stick Pattern

Inensity [%]
100

Ref. Pattem: Quprite, 01-078-2076
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A.4.1 Name and formula

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

Chemical formula:

A.4.2 Crystallographic parameters

Crystal system:
Space group:

Space group number:
a("A):

b (CA):

c(CA):

Alpha (0):

Beta (0):

Gamma (0):

Calculated density (g/cm”3):
Volume of cell (106 pm”3):

Z:
RIR:

A.4.3 Subfiles and Quality

Subfiles:

00-048-1548
Tenorite, syn
Copper Oxide
CuO

CuO

Monoclinic
C2/c
15
4.6883
3.4229
5.1319
90.0000
99.5060
90.0000
6.51
81.22
4.00

Inorganic
Mineral
Alloy, metal or intermetalic

Corrosion
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Common Phase

Forensic

Superconducting Material
Quality: Star (S)

A.4.4 Comments

Sample preparation: Cuz( OH )3NO3 was thermally

decomposed to form CuO. This was
annealed at 1000 C in air for 5 hours.

Additional pattern: To replace 5-661.

A.4.5 References

Primary reference: Langford, J., Louer, D., J. Appl.
Crystallogr., 24, 149, (1991)

A.4.6Peak list
No. h k I d[A] 2Theta[deq] I [%]
I 11 0 275201 32509 13.0
2 0 0 2 253236 35418 37.0
3 1 1 -1 252367 35.544 100.0
4 1 1 1 232429 38.709 99.0
5 2 0 0 231315 38903 21.0
6 1 1 -2 1.96095 46.260 3.0
7 2 0 -2 186764 48.717 30.0
8 1 1 2 1.77808 51.344 1.0
9 0 2 0 171179 53.487 7.0
10 0 2 1 1.62105 56.743 1.0
11 2 0 2 1.58227 58265 10.0
12 1 1 -3 150600 61.526 20.0
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No. h k | d[A] 2Theta[deq] I [%]
13 0 2 2 141789 65813 10.0
14 3 1 -1 141013 66222 15.0
15 3 1 0 1.40586 66.449 1.0
16 1 1 3 137922 67.905 6.0
17 2 2 0 137530 68.125 14.0
18 2 2 -1 136158 68.907 1.0
19 3 1 -2 131552 71.683 1.0
20 3 1 1 1.30467 72.373 5.0
21 2 2 1 1.29586 72.944 1.0
22 0 0 4 126567 74978 6.0
23 2 2 -2 126184 75.245 5.0
24 0 2 3 120171 79.733 1.0
25 2 0 -4 1.19642 80.157 2.0
26 1 1 -4 1.19538 80.241 1.0
27 3 1 -3 1.16989 82362 4.0
2802 2 2 116176 83.065 2.0
29 3 1 2 1.15604 83.568 2.0
30 4 0 -2 1.12388 86.533 1.0
31 2 2 -3 1.12137 86.775 1.0
32 1 1 4 1.10921 87.968 1.0
33 1 3 0 1.10835 &8.054 1.0
34 1 3 -1 1.09137 89.790 3.0
351 3 1 1.07330 91.729 1.0
36 2 0 4 1.04010 95.565 1.0
37 2 2 3 1.01764 98.392 1.0
38 3 1 3 1.00789 99.684 2.0
39 4 0 2 099164 101.935 1.0
40 1 1 -5 098184 103.357 2.0
41 2 2 -4 098044 103.565 2.0
42 4 2 0 095795 107.049 2.0
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No. h k | dJA] 2Theta[deq] I [%]
43 1 3 -3 0.94314 109.519 1.0
4 4 2 -2 0.93939 110.170 3.0
45 4 0 4 0.93362 111.191 1.0
46 1 1 5 092115 113.489 2.0
47 4 2 1 0.91816 114.060 1.0
48 1 3 3 0.90959 115.744 1.0
49 5 1 -1 0.90421 116.838 1.0
50 2 2 4 0.88848 120.221 1.0
51 3 3 1 0.88720 120.509 3.0
A.4.7 Stick Pattern
Intensity [%]
v Ref |Patkam: Tenorite, syn, 00-048-1548
50
L L L S L || “l|‘ |I|.|||||||||J
I I I I I I I [ |
40 i &0 [i] & a0 100 110 120

Position [72T heta]
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APPENDIX B

Camera constant used for the indexing of SAED pattern

Table B.1 Camera constant (LA) at 200 kV of JEOL-TEM

L (cm) | D111Au (mm) | r111Au (mm) | D111Auv(A) | LA(mm.A)
40 8.70 4.35 2.355 10.2442
60 13.2 6.60 2.355 15.5430
80 17.2 8.60 2.355 20.2530
100 21.2 10.60 2.355 24.963
120 25.2 12.60 2.355 29.6730
150 315 15.75 2.355 37.0912

200 41.5 20.75 2.355 48.8662
250 51.8 25.90 2.355 60.9945
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APPENDIX C
NHs gas flow rate controller (Cole-Parmer model PMR 1-010333)

Table B.2 NHz3 gas flow rate controlled by gas regulator
(Cole-Parmer model PMR 1-010333)

Flowing volume at
Feeding scale (cm®)
time
(s) 5 10
1 2.114 2.445
2 4.228 4.890
3 6.342 7.335
4 8.456 9.780
5 10.570 12.225
6 12.684 14.670
7 14.798 17.115
8 16.912 19.560
9 19.026 22.005
10 21.140 24.450
11 23.254 26.895
12 25.368 29.340
13 27.482 31.785
14 29.596 34.230
15 31.710 36.675
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Orthorhombic a-MoO; microplates were produced from (NH, )}sMo;Oy,-4H,0 solid powder by a 900 W microwave plasma
for 40, 50, and 60 min. Phase, morphologies, and vibration modes were characterized by X-ray diffraction (XRD), selected
area electron diffraction (SAED), scanning electron microscopy (SEM), and Raman and Fourier transform infrared (FTIR)
spectroscopy. Sixty min processing resulted in the best crystallization of the a-MoO; phase, with photoluminescence (PL) in a

wavelength range of 430440 nm.

1. Introduction

Basically, molybdenum oxides are classified into two types:
the thermodynamically stable orthorhombic a-MoO; phase,
and the metastable monoclinic f-MoOs phase with ReO;-
type structure. Orthorhombic a-MoO; phase is a promising
oxide, with structural anisotropy [1]. It is a wide bandgap
n-type semiconductor, which is very attractive for different
technological applications such as photochromic materials
(changing from colorless to blue by UV irradiation) [2-4],
smart windows [5], self-developing photography [2], con-
ductive gas sensors [3], lubricants [6], and catalysts [7].
Orthorhombic a-MoO; was composed of MoOg octahedral
corner-sharing chains, with edge sharing of two similar
chains to form layers bonded by the weak van der Waals
attraction [2]. Different methods were used to produce
the oxide, which led to achieving products with different
properties: evaporation of Mo foil by IR in 1atm synthetic
air to produce a uniformly semitransparent film on alumina
substrate [3], direct oxidation of a Mo spiral coil in ambient
atmosphere to produce film on 5i (001) substrate [8], flash
evaporation of molybdenum oxide powder on silica glass

substrate, and (111)-oriented silicon wafer in vacuum [9],
precipitation [10], and hydrothermal method [11].

In the present research, a-MoO3 microplates were pro-
duced by exposing a solid powder to microwave plasma. This
very simple and rapid process, which is also benign to the
environment, may lead to large-scale industrial production.

2. Experiment

To produce MoO3, (NHy )sMo;0,4-4H, O powder was used
as a starting material without further purification. Each 0.5 g
powder was loaded into three 14 mm 1.D. x 100 mm long
silica boats. Each was placed in a horizontal quart tube,
which was tightly closed and evacuated until its absolute
pressure was 3.7 = 0.1 kPa. The powder was heated in batches
by a 900 W microwave plasma; each batch was irradiated for
5min. After the processing of each batch, the powder was
thoroughly mixed and repeatedly heated for a total of 40, 50,
or 60 min. During processing, the horizontal quart tube was
continuously evacuated to drain the evolved gases out of the
system.

The products were characterized using X-ray diffractom-
eter (XRD, SIEMENS D500) operating at 20kV, 15mA, and

115



021

Intensity (a.u.)
3

2

)

f"r

26 (deg)

(a)

Journal of Nanomaterials

FIGURE 1: (a) XRD patterns of a-MoQOs processed for 40, 50, and 60 min. (b, c) SAED pattern and HRTEM image of a-MoOs processed for

60 min.

using Cu-K, line, in combination with the database of the
Joint Committee on Powder Diffraction Standards (JCPDS)
[12]; scanning electron microscope (SEM, JEOL JSM-6335F)
operating at 15kV, transmission electron microscope (TEM,
JEOL JEM-2010), and selected area electron diffractometer
(SAED) operating at 200kV; Fourier transform infrared
spectrometer (FTIR, Bruker Tensor 27) with KBr as a dilut-
ing agent and operated in the range of 2000400 cm™~!, Ra-
man spectrometer (T64000 HORIBA Jobin Yvon) using a
50 mW and 514.5 nm wavelength Ar green laser, and photo-
luminescence (PL) spectrometer (LS 50B PerkinElmer) using
a 380 nm excitation wavelength at room temperature.

3. Results and Discussion

3.1. XRD, SAED, and HRTEM. XRD patterns of the products
processed for 40, 50, and 60 min are shown in Figure 1(a).
Their peaks were specified as orthorhombic MoOj3 of JCPDS
database number 05-0508 [12], with no impurity detection.
The (020) peaks at 26 of 12.8° were clearly detected, and

they indicated the presence of orthorhombic phase instead of
monoclinic [ 13]. It should be noted that their intensities were
slightly increased with the increase of processing time. The
XRD peaks for 60 min processing time were the strongest,
reflecting the product with the best degree of crystallinity.
During processing, (NH4)sMo;70:4-4H;0 decomposed as
follows:

(NH,)¢Mo; 0,4 - 4H,0(s) — 7MoO;(s) + 6NH; (g)
1)
+ 7H30(g) £
MoO3s(s) was left as the final solid products. Two gases (NH;
and H,0) diffused out of the system, and evacuated out
of the horizontal quart tube. It should be noted that some
reactant could remain, and was mixed with the final prod-
uct if the processing time was less than 40 min. Longer proc-
essing times resulted in greater purification of the final
product.
Calculated lattice parameters (A) using the plane spacing
equation for orthorhombic phase [14] were a = 3.96,
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FIGURE 2: SEM images of a-MoO; processed for (a) 40 min, (b) 50 min, and (c, d) 60 min, and (e) PL emissions of a-MoO; processed for

40, 50, and 60 min.

b = 13.86, and ¢ = 3.70, in accordance with those of the
JCPDS database [12]. Figure 1(b) shows the SAED pattern of
a single crystal processed for 60 min. It was indexed [15] to
correspond with the (002), (202), and (200) crystallographic
planes, which were specified as orthorhombic a-MoO; [2,
12, 16]. In the present analysis, an electron beam was sent
to the crystal along the [010] direction. The (021) crystallo-
graphic plane with 0.33 nm spacing was detected by HRTEM
(Figure 1(c)), implying that the product was crystalline in
nature. These last two analyses were in accordance with that
of the above XRD.

3.2. SEM. SEM images of MoOj crystals processed for 40, 50,
and 60min are shown in Figures 2(a)-2(d). Clusters of
spheres ranging from 100 nm to a few hundred nm, as well
as a small fraction of plates, were produced by 40 min proc-
essing. When the processing time was 50 min, more plates—
about 100nm thick and a few ym long—were produced,

growing perpendicular to the cluster surface. Sixty min proc-
essing resulted in a further increase in the number of plates
produced, as well as their sizes: 100-200 nm thick and a few
pum long. During processing, some plates could be broken
due to the internal stress developed inside.

3.3. Raman and FTIR Analyses. Raman spectra (Figure 3(a))
of MoOs crystals processed for 40, 50 and 60min were
studied in the range of 150-1050 cm~". During the analysis,
a low-intensity laser was used to avoid crystallization. The
product of 60 min processing was a highly ordered crystalline
structure, and its Raman peaks were the highest. The heights
were reduced when the processing time was shortened. In the
present research, 12 typical Raman peaks were detected. The
peaks at 990 cm~! were specified as the Mo=0O asymmetric
stretching modes of terminal (unshared) oxygen [16]. The
strongest peaks were at 813 cm™!, and were specified as the
doubly connected bridge-oxygen Mo,—O stretching modes
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FIGURE 3: (2) Raman analysis of a-MoOs processed for 40, 50, and
60 min. (b) FTIR spectrum of a-MoOs processed for 60 min.

[2] of doubly coordinated oxygen, caused by corner-shared
oxygen atoms in common to two MoQOg octahedrons [16].
The peaks at 666cm~" were the Mos—0O stretching modes
of triply coordinated bridge-oxygen, caused by edge-shared
oxygen atoms in common to three octahedrons [2, 16]. Their
remains were the O-Mo—0 asymmetric stretching/bending
modes at 470 cm™!, O-Mo-0 scissoring modes at 378 and
364 cm~!, O-Mo—0 bending modes at 337 cm™!, O=Mo=0
wagging modes at 287 cm~!, O=Mo=0 twisting modes at
244cm!, Rc modes at 217 cm™!, O=Mo=0 twisting modes
at 197cm™!, and T modes at 158cm~' [16]. Sometimes
the Raman peaks were positively/negatively shifted, due to
the increase or decrease in the vibration constant of the
products [2]. In the present research, the vibrations were
the same values, although the processing time and degree of
crystallinity were different.

Figure 3(b) shows the FTIR spectrum of a-MoO; over
the 400-2000 cm~! range. Three strong vibrations were de-
tected at 621, 874 and 993 cm!, associated respectively with
the stretching mode of oxygen linked with three metal atoms,
the stretching mode of oxygen in the Mo—O—Mo units, and
the Mo=0 stretching mode—the specification of a layered

Journal of Nanomaterials

orthorhombic a-MoO; phase [17]. Two weak vibrations
were also detected at 1384 and 1643 cm™!, associated with
the vibration mode of the Mo—OH bond and the bending
mode of adsorbed water, respectively [17, 18].

3.4. PL Emission. PL emission of orthorhombic a-MoO;
processed for 40, 50, and 60 min was studied using 380 nm
excitation wavelength at room temperature. The PL spectra
(Figure 2(e)) presented broad peaks over the 400-600nm
range with a strong indigo emission centered at 430—
440 nm—in accordance with the report of Song et al. [4].
These emissions were caused by the band-to-band transition.
In the present research, very weak shoulders, caused by the
electron-hole recombination between the conduction band
and the sublevel of adsorbed oxygen acceptors, were also
detected; these were able to be reduced by calcination at high
temperatures [4]. The luminescence intensity increased with
the increase of processing times, in accordance with the im-
provement of the degree of crystallinity characterized by the
above XRD analysis.

4, Conclusions

Orthorhombic a-MoO; was successfully produced by a
900 W microwave plasma process for 40, 50, and 60 min.
The product processed for 60 min was a-MoOs microplates
with three main Raman peaks (666, 813, and 990cm™'),
three main FTIR vibration modes (621, 874, and 993 cm™!),
and 430—440nm indigo emission—a promising material for
different applications.
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Cul microstructure was successfully synthesized by 50A and 3.6V DC directly applying voltage. Crys-
talline structure was characterized by X-ray diffraction (XRD), morphology by scanning and transmission
electron microscopy (SEM, TEM) The sample of the 15 min processing time has an irregular shape
with diameter about several hundreds of nanometer. Fourier transform infrared (FTIR) spectroscopy,
ultraviolet—visible (UV-vis) absorption spectroscopy and photoluminescence (PL) were used to deter-
mine vibrational modes and optical properties of the as-synthesized samples: 529 and 585cm-!
vibrational modes, 3.95eV band gap, and 402 nm emitting wavelength in violet region of Cul. X-ray
photoelectron (XPS) spectroscopy was used to determine chemical composition, Cu(ll)0, of the metal
oxide surface. Gas sensing performance exposing to NHa mixed with air at various working tempera-
tures and NH; concentrations of the as-synthesized CuD has the best response at the optimal working

temperature of 250°C: sensitivity of 56.6% exposed to 5275 ppm MNHa.

2014 Published by Elsevier B.V.

1. Introduction

Metal oxide (MO) semiconductors have become promising gas
sensing devices due to their low cost, short responding time, long
life and wide range target gas selectivity [1]. Thus, the MO gas
sensors are widely studied in order to improve their sensing per-
formance for detecting and controlling toxic gases. Among them,
Cu0, Zn0, 5n0;, Ag0, Ni0 and Fez0s are the interesting MO semi-
conductors.

Cupric oxide (Cu0),a p-type semiconductor, has attracted atten-
tion as a functional material for gas sensing application. This
material has various advantages [2]: nontoxic properties, low syn-
thetic cost and its energy gap lies in the range of solar radiation.
Thus, the effort has been made to study on how to synthesize the
oxide. There have been a number of methods used for the synthe-
sis 0f Cul with different morphologies, such as direct oxidation [3],
microwave-hydrothermal process without adding any surfactants
[4], chemical route [5] and alcothermal method [6].

* Corresponding author at: Chiang Mai University, Department of Physics and
Materials Science, Faculty of Science, 239 Huay Kaew Rd., Suthep, Chiang Mai 50200,
Thailand. Tel: +66 53041024; fax: +66 53943445,

E-mail addresses: schthongtem@yahoo.com, thongtem.schigmail.com
(5. Thongtem).

http: {deedoi.org 10.1016/j.apsusc.2014.06.037
0169433210 2014 Published by Elsevier B.V.

In this research, Cud microstructures were synthesized by DC
directly applying voltage under different length of processing time.
This process is fast, simple and effective. Phase, structure, opti-
cal properties and gas sensing performance were investigated and
discussed.

2. Experiment

Our experiment was carried out by a lab-made DC directly
applying voltage (Fig. 1). Copper powder (99%, Fluka & Riedel-
de Haén) was placed between the 2cm diameter stainless steel
electrodes which were connected with DC power supply (Welpro,
Welarc 200). To produce copper oxide, the powder was heated by
DC electrical supply which directly applied electrical current (50 A,
3.6V) through the powder for 1. 3, 6,9, 12 and 15 min in ambient
environment. For processing time of longer than 3 min, the pow-
der was heated in batches for 3 min each, left cool down to room
temperature, thoroughly mixed at room temperature, and repeat-
edly heated until reaching the complete processing time. Structural
and morphological studies were performed by scanning electron
microscopy (SEM, JEOL model JSM-6335F) operating at 20 kV and
transmission electron microscopy (TEM, JEOL JEM-2010) operating
at 200 kV. X-ray diffraction patterns of the samples were recorded
on 2 Rigaku MiniFlex X-ray diffractometer with Cu-K, radiation
(»=1.54178 A). The 2¢ range used in this measurement was from

Please cite this article in press as: A. Klinbumrung, et al., Characterization and gas sensing properties of CuO synthesized by DC directly
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120



G Model
APSUSC-28086; No.of Pages7

2 A. Klinbumrung et of. / Applied Surfoce Science oo (200 4 ) soo—o00
[
chamber
R
Digital timer [ .|. . DC
and
Wer
Magnetic powe
contactor =R NS pply
_) \- - .
electrode »
powder
electrode
Fig. 1. Schematic diagram of a lab-made DC directly applying voltage apparatus.
30¢ to 80¢ in step of 0.02=. The optical properties were charac-
terized using UV-vis-NIR double beam spectrophotometer (Perkin
Elmer, Varian Cary 5000) in the spectral range 200 and 800 nm and
photoluminescence (PL) spectrometer (Perkin Elmer, LS50B) with a
325 nm excitation wavelength at room temperature. Fourier trans- Chamber
form infrared (FTIR) spectra were recorded on a BRUKER TENSOR NH Flow Rate
27 Fourier transform infrared spectrometer with KBr as a diluting gasj —><H Regutator [ KEITHLEY
agent and operated in the range of 400-4000cm~". X-ray photo- 2611A
electron spectroscopy (XPS) model AXIS ULTRA DLD was used to Ad
characterize chemical composition of metal oxide surface. I lr: —_—T— —D(]—Q
To fabricate a CuO gas sensing device, silver paste was painted e —1_Heating Element |
on alumina substrates with an interval of 1 mm for using as elec- E;ha"“
trodes, which were solidified by annealing the silver paste at 100-C ump
for 1h. The 15min as-synthesized CuD and DI water were mixed @I
DC power supply

to formulate paste which was used to synthesize films by screen
printing. The films were dried at 150°C for 2 h to remove the binder
and to improve the mechanical strength and electrical contact.
The measurement of gas sensing properties was studied through
a simple static system under normal laboratory condition. The
tested gas (NH3) was calculated the volume before injecting into
the air-trapped chamber for controlling the gas concentration. The
resistance of sensor was obtained through the electrical current
change between those before and after injecting the tested gas to
the system (Fig. 2). The sensitivity (5) can be calculated according
to the relation

Igir =1
(%)= %= . 100, 1)
Lair
where Iy and Iz are the electrical current of the sensor in the
surrounding air and tested gas mixture at the same temperature,
respectively.

3. Results and discussion

The XRD patterns of the 50 A and 3.6V as-synthesized powder
at different length of processing time are shown in Fig. 3. Accord-
ing to the JCPDS database, all diffraction peaks can be indexed as
follows. For 1 min processing time, the solid mixture of cubic Cu
(JCPDS No 004-0836) and cubic CuzO (JCPDS No 078-2076) were
detected. Monoclinic Cu (JCPDS No 048-1548) was revealed as a
component of mixture at 3 min heating time. Cu peaks became a

Fig. 2. Schematic diagram of a lab-made gas sensing measurement system.

small fraction at & min and were no longer detected when the pro-
cessing time was reach 9 min. At 12 min processing time, Cug O still
contains as an impurity of Cu0 main phase. For the 15min pro-
cessing time, crystalline Cu0 was successfully synthesized without
any impurity detection. During processing, oxygen gradually dif-
fused into Cu matrix and formed CuzO as a primary metal oxide.
Then the Cu; O crystal transformed into CuO, described by the fol-
lowing equation: 2 Cu;0+ 03 — 4 CuO [E]. The prolonged time of
batch processing was able to enrich oxygen to further oxidize Cu'*
to Cu?*. The conversion of Cuz0 to CuO at the temperature above
400=C was reported [9].

The lattice constants of Cu0 pure phase were calculated using
the least square refinement from the UNITCELL-97 program [7].
The calculated lattice parameters (a=4.6022A, b=3.4253A and
c=5.1340A with §=99.4575<) are in accordance with those of
the JCPDS No 048-1548 with lattice constants of a=4.6883 A,
b=3.4220A c=5.1319A and §=09.5060¢.

The average size of crystallite (Gpy ) was estimated by the clas-
sical Scherrer's formula

0.92

D s’ @

Th kI =
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Fig. 3. XRD patterns of the samples synthesized for 1, 3, 6, 9, 12 and 15 min pro-
cessing times.

where 2 is the wavelength of the incident X-ray (Cu-K, radia-
tion source with 0.15418 nm), [} is the full width at half maximum
(FWHM) and ¢ is the Bragg's angle. The (11 1) strongest peak was
used for calculation. The crystallite size for 15 min heating time is
143 nm.

(a)

100nm

In this research, the as-synthesized samples were studied with-
out any further processing. TEM image of the 15min processing
time is shown in Fig. 4a. The particle has an irregular shape with
433nm in length and 305nm in width. Crystalline structure of
15min processing time was also simulated by VESTA version 3.0
program (Fig. 4b). The morphology of the samples was examined
by SEM. Fig. 5 shows typical SEM images of the as-synthesized sam-
ples composing of agglomerated particles with irregular shape. For
1 min long, Cu particles melt to form as necking of the surrounding
particles. Initially, particles have an average diameter of 2.75 pm.
Oxygen slightly diffused into Cu matrix and changed the surface
of Cu by forming metal oxide phases. When the processing times
were complete at 3 min and & min and the system was cooled down,
oxides at the surface separated from metal precursors due to the
difference of their thermal expansion coefficient. Upon process-
ing at the interval of 9min, 12min and 15min, the particles were
reduced in size due to metal oxide formation. In addition, metal
oxide particles have dense agglomeration indicating the existence
of sintering. The particles were approximately 450 nm in diameter
by 15min processing.

FTIR spectra of various samples are shown in Fig. 6. The as-
synthesized samples exhibit absorption bands at approximately
3250-3600cm-! which can be specified as O—H stretching con-
tributed by water content. The absorption bands at 1383 cm~—! was
the result of Cu>*—0%- stretching mode peak, which was very close
to the report of Li [10] at 1384cm™'. FTIR spectra detected at
528cm-! and 585cm~! can be indexed to the vibrational mode
of Cu0 formation with good corresponding to the result of Padil
and Cernik [11] at 525 and 580 cm~!. For 1 min processing, a peak
appear at 621 cm~' corresponding to Cu(I}0 vibrational mode
[12], in accordance with the XRD analysis showing Cu; O phase in
the sample at the same length of operating time.

Photoluminescence (PL) spectrum of the 15 min processed sam-
ple was determined at room temperature as shown in Fig. 7. The
excitation energy from a Xe arc-lamp at 325 nm wavelength was
used. The main emission peak was observed around 402 nm in the
violet region. The result is in good agreement with the report of
Mukherjee et al. [13], Chang et al. [14] and Maji et al. [15] which
have the emission wavelengths at 395nm, 403 nm and 406 nm,
respectively. The reason of the emission is still unclear because a
few reports are available on the PL emission spectra of CuQ. The pre-
vious study of Cu0 had claimed that the emission peak was caused
by the blue shifted emission comparison to the bulk counterpart
[13]. The broad shoulder peak shows in the green spectral region
corresponding to the study of Chang et al. [14]. According to the
above XRD analysis, the samples processed for 1,3, 6,9 and 12 min
were mixtures of different phases. Thus they are not interesting to
be determined the PL emission.

(b)

Fig. 4. TEM image of the 15 min as-synthesized Cu sample and its simulated crystal structure.

Please cite this article in press as: A. Klinbumrung, et al., Characterization and gas sensing properties of Cu0 synthesized by DC directly
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Fig. 5. SEM images of the samples synthesized using different lengths of time {(a}~(f)) 1 min, 3 min, 6min, 9min, 12 min and 15min, respectively.

The surface characterization of the 15min processed sample
was determined by XPS as shown in Fig. 8. The peaks located at
933.8eV and 953.8 eV are attributed to the Cu 2py; and Cu 2p, ;.
respectively [16]. The Cu 2p3;; peak can be assigned to two Cu—0
formation processes (CuO at933.7 eVand Cu;0at932.5eV)[17].1t
is an indicator of the Cu(ll) oxidation state. The peaks at 841.7 eV,
944.0eV and 962.3 eV are assigned to the shakeup lines. The spec-
trum of O 1s has the range between 527 and 535eV. The peak
at 530.1eV is related to 04 in CuO and at 531.3 is attributed to
oxygen adsorb on the surface of CuO [18]. The intensity of peak at
530.1 eVisstrongerthan thatat531.3 eV thatrelied on the adsorbed
oxygen rather than O ions in Cu2*—02- formation. No impurities
were detected by the XPS. Thus it reasonably confirms that the
as-synthesized sample was Cu0Q.

The theory of inter-band absorption shows that at the funda-
mental edge the absorption coefficient should vary according to
the following equation [19]

ahv = B(hv —E,)", 3)

where hv is the photon energy in eV, « is the absorption coef-
ficient in cm~!, B is a constant related to the material and the
matrix element of the transition, Ep is the optical energy gap, and
n is a pure number which characterizes the transition process:
n=1/2 for direct allowed, n=2 for indirect allowed, n=3/2 for direct

forbidden, and n=3 for indirect forbidden transitions. The absorp-
tion coefficient was calculated using the relationad =1In (1/T) where
the transmittance T was calculated from the measured absorbance
using Beer-Lambert law A= —logo (T). Here d stands for the path
length of the wave in cm and was set equal to the cuvette width of
lcm.

According to Wood and Tauc equation for photonic absorbance,
the energy Ep can be estimated from the slope and intercept of the
linear plot of (ehv)? versus hv. This dependence is typical of direct
allowed transition. From the data of Fig. 9, the energy gap (Ep) is
3.95 eV.This value is close to the report of Kidowaki et al.[20] show-
ing at 3.70eV and Rehman et al. [5] at 3.72eV for 20 nm particles.
Furthermore, Rehman et al. [S] gave the reason to determine energy
gap in direct transition because absorption spectroscopy detecting
from indirect transition of CuO by using the UV-vis-NIR is weak.

The electrical characteristics of the 15min processed CuQ
deposited as film on alumina substrate has been investigated. The
current values of the film were measured by applying voltage
interval -20V to 20V at various temperatures. The results in the
temperature range 200-300<C operating in air is shown in Fig. 10.
The prepared films exhibited straight line characterization that
relies on the major mechanism of ohmic current. In the ohmic
region, the number of free carriers is higher than the number of
applied charge carriers. Thus, free carriers have more influence in

aby DCdirctly
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Fig. 6. FTIR spectraofthe samples synthesized for 1,3,6,9, 12 and 15 min processing
times.

electrical conduction than the electrons which applied to semicon-
ductors. The carrier diffusion in materials both forward and reverse
bias is at the same mechanism. Specific contact resistivity (p.) at
the temperature of 200, 225, 250, 275 and 300+C was calculated
by the relationship of oo = V([ (j is the current density) which shows
the results of 0.142 x 10%,0.057 x 105, 0.037 % 105, 0.020 = 10° and
0.014 x 10° G2 cm?, respectively. The specific contact resistivity was
decreased when the temperature was increased because the ther-
mal activation generated more free charge carriers.

The Cu0 sample processed forl5min was exposed in
ammonia-airlocked chamber with 1055 ppm concentration of NH;
gas. The response of the sensor was studied by selecting the oper-
ating temperature in the range of 200-300+=C. For the results of
Figs. 11 and 12, sensitivity gradually increased when the temper-
ature increased: at 200+°C, 225°C and 250°C with the value of
18.5%, 21.0% and 21.9% (highest), respectively. At 250°C operat-
ing temperature, the activating energy could be high enough to
form a complete chemical reaction. Further increase of the tem-
perature, more working temperature led to sensitivity decrease
with the value of 16.3% at 275°C and 12.5% at 300“C because of

Intensity (a.u.)

ELL 350 -ﬂIJl 1;0 S;ﬂ 550 Gk
Wavelengthinm)

Fig.7. PL emission of the 15 min as-synthesized CuQ sample.
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Fig. 8. XPS spectra of the 15 min as-synthesized Cul sample: {a) Cu 2p and (b) O 15,
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Fig. 9. Direct allowed transition of the 15 min as-synthesized Cu sample.
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desorption of oxygen ions at the surface. At the initial step while
sensor exposing to the tested gas, the sensitivity abruptly increased
to the highest value. Then, it went down to reach a new equilibrium
point and held at this state. The similar gas sensing behavior was
reported by other researchers who studied nanostructured mate-
rials to NH3 gas detection such as copper oxide nanowires [21],
tungsten oxide nanowire films [22] and silver nanowires [23]. How-
ever, the first increase is unclear. The result could be the cause of
distribution of the tested gas with heterogeneous spreading in the
closed chamber that made more gas density at some parts and less
gas density at others. Static gas testing system spends a time for
gas homogeneous distribution.

The current density change of CuO gas sensor to NH; in
air at various concentrations at 250°C is shown in Fig. 13. The

gas in 10

e,

5"d

Current (a.u.)

Time (5)

Fig. 11. Dynamic respond-recovery curves of the 15 min as-synthesized CuOsample
at the working temperatures of 200, 225, 250, 275 and 300°C.

Fig. 12. Sensitivity of the 15min as-synthesized Cu0 sample at various working
temperatures.

sensitivity of gas sensor as a function of NH3 concentration is
shown in Fig. 14. The linear increase of gas response with con-
centration increasing was clearly detected. Sensitivity values were
found to be 21.9%, 30.2%, 32.1%, 51.0% and 56.6% by exposing to the
MH3-air gas mixture at concentration of 1055,2110, 3165, 4220 and
5275 ppm of ammonia, respectively. These values were fitted to a
linear regression line: S=0.00856C+ 11.28228, with C=ammonia
concentration. At C- 10,000 ppm, the sensitivity (§) was calculated
to be 96.88%. The present sensitivity is very close to the report of
Mashock et al. [21]: gas sensing properties of Cu0 nanowires expos-
ing to 10,000 ppm MHz gas concentration at room temperature
without surface functionalization have a sensitivity of 92% (ewval-
uated from the ((Rgas — Rair)/Rair) = 100). The surface of the device
can be improved by doping with catalytic nanoparticles.

For the performance of metal oxide gas sensor to the tested gas,
the main cause to electrical resistance change is adsorption and
desorption of the detected gas at its surface [24]. Oxygen molecules
adsorb on CuO at a temperature about 10°C. These molecules were
placed at surface defect sites as electron acceptors. The oxygen
ionic species (02—, 0~and 0%~) originally control by the working
temperature, described by the following equations [25].

03(gas) < 0z(ads) (4)
0.0016
gas in
0.0014 e # ‘bﬁmﬂ}
A & ! / g
E 0.0012 4 ] I &o‘
27 Mo | M
2 o010 | ‘ f
a 1055 ppm (]
E s.0008 4 2110 ppm - \"%
E g 4220 ppm L‘W'
Q -
0.0006
air in 5275 ppm
"“m T T T T T T
[} s00 1000 1500 2000 2500 3000
Time(s)

Fig. 13. Current density characteristic of the 15min as-synthesized Cu) sample at
different NH; concentrations,
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CuD surface was attached by negative charge oxygen ions by the
adsorbed and drawn electrons. Thus, holes near the surface increase
and influence the increasing conduction as well. When NH3 gas
contaminated on surface, 0~ reacted with the tested gas explained
by the following equation [25].

2NH3 430" — 3Hz0 + Np+3e” (7}

The released electrons went back to valence band. Decreasing
the concentration of holes generated the increase of resistance.
‘When the tested gas was replaced by air, the sensor restored to
original state.

4. Conclusions

Cu0 synthesized by 50 A and 3.6V DC electrical heating method
has been successfully synthesized, and was characterized its crys-
talline structure, morphology, optical properties and gas sensing
performance. Monoclinic CuQ structure with about 450nm in
diameter showed 3.95eV energy gap. The PL emission peak is
observed at 402 nm wavelength in violet region. The XPS spectrum
indicates the Cu(ll) oxidation state with the formation of Cu0. Gas
sensing performance exhibits 21.9% sensitivity to 1055ppm NH3
rich at 250=C working temperature. The as-synthesized CuO can
be used as an efficient sensor to ammonia due to its promising
advantage for large-scale production with low cost and benign to
the environment.
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