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ABSTRACT

Sensing and mitigating explosives are critical for homeland security. This paper investigates the
electrochemical responses of TiO, nanotubes exposed to several chemicals including ammonium
nitrate, hydrogen peroxide, methanol, ethanol and ethylene glycol which are used directly as
explosives, or as the starting materials for making explosives. Cyclic voltammetry (CV) tests were
performed to identify the characteristics of these chemicals at the surface of the TiO, nanotube
electrode. It is found that the trends for system responses to methanol, ethanol and hydrogen
peroxide reveal the oxidation of these chemicals in the low voltage range from 0 V to 0.3 V. For
ammonium nitrate, the hysteresis of the CV loops covers a much bigger potential range from 0.1 V
to 0.8 V. The ethylene glycol shows the mass transfer controlling response which is due to the high
viscosity of the solution.
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1. INTRODUCTION

In the modern era, the threat of explosive use to
civiians and standing militaries has become a
point of significant international concern.
Bombings around the globe have raised the need
for detecting the explosive components before
they can be made into explosives. Homemade
explosives in particular are alarming, as the sales
of the components for their production are not as
well monitored as more potent explosive
materials. Recently, trace explosive detectors
have been employed [1-10]. They are able to
detect extremely minute amounts of explosive
chemicals. Oxides show strong affinity to
explosive components and they are considered
to be used as sensor materials [11-18]. Using
titanium dioxide nanotubes to build sensors is
one of such methods that have been employed in
the detection of explosives [19,20]. The
nanotubes can be bonded with other particles to
increase the adsorption of those explosive
molecules. Their properties can be modified if it
is necessary. Such change in properties can be
utilized in determining the presence of chemicals
associated with explosives.

2. MATERIALS AND EXPERIMENTAL
METHODS

In order to prepare the titanium oxide nanotubes,
an electrochemical cell was created using a thin
strip of pure titanium as the anode, a small rod of
platinum as the cathode, and the solution
medium consisted of approximately 1%
ammonium fluoride+5% water+94% ethylene
glycol. The source of electrical power used for
the reaction was a RSR DC power supply
(HY5003 No. 35653). The cell was then
subjected to increasing voltage for 28 minutes to
determine the voltage to form the nanotubes.
The specimen was then subjected to the voltage
of 50 V for 2 hours for the formation of the TiO,
nanotubes. After completion of the reaction, the
specimens were left exposed to air for another 2
hours. They were then placed into a furnace at
450°C for 2 hours, then air cooled to homogenize
the nanotubes on the titanium strip.

To test the responses of the nanotubes to the
explosive components, the experiments utilizing
an electrochemical potential scans by the CHI
600E Electrochemical Analyzer (Serial A2801)

electrochemistry,

cyclic voltammetry; surface reactions;

were performed. In order to verify the device was
functioning properly, calibration of the system
was conducted by using a 550 Ohm resistor. It
was placed between the positive and negative
leads. A linear scan was carried out and checked
the output current. Accompanying software with
the CHI 600E was used to track corresponding
electrical current as the electrical potential
varied.

An electrochemical cell consisting of the treated
titanium strip as the anode, a platinum rod as the
cathode and ground, and a methanol solution
was assembled to measure the system
response. The anode was made from the
titanium dioxide nanotube array setting on the
titanium plate substrate with the dimension of 4
mm x 50 mm x 0.127 mm. The dimension of the
section immersed into the explosive solution is 4
mm x 20 mm x 0.127 mm. The CHI 600E
Electrochemical Analyzer was set to an initial
potential of 0V, high of 1V, and low of 0V, scan
rate of 0.1 V/s with a sample interval of 0.01V
and sensitivity of 1 x 10° A/V, with 2 segments.
After running the test, a second test was
performed, doubling the scan rate and sample
interval to get a more accurate response. A third
test was run, this time with the original scan rate
and sample interval, but with a low potential of -
1.0V and 3 segments of electrical potential
sweep. This third test would provide a model for
using the titanium as the cathode. These sweeps
were repeated for ethanol, hydrogen peroxide
(with the concentration of 7%, 5% and 3.5% in
weight), and ammonium nitrate. For the ethylene
glycol, the test was different because the
response range of potential is different from other
materials. We set 0 to 10 V as the scan range.

3. RESULTS AND DISCUSSION

Fig. 1 (a) presents the anodic oxidation sketch of
titanium dioxide nanotube processing. The
anodic reaction is the pure titanium dissolution
followed by the oxidation to generate nanopores.
The nanopores reorganize by themselves and
form nanotubes as shown in Fig. 1(b). The
average diameter of the nanotube is around 100
nm and the length is more than 50 micron. The
inset of Fig. 1(b) represents a higher
magnification image to confirm the formation of
the titanium dioxide nanotubes.
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Following the preparation of the nanotubes, the
electrochemical response measurement was
performed using the Electrochemical Workstation
as schematically shown in Fig. 2. Also illustrated
in this figure is the electrochemical response
measurement configuration. The electrode was
made from the titanium dioxide nanotube array
setting on the titanium plate substrate with the
dimension of 4 mm x 50 mm x 0.127 mm. The
dimension of the section immersed into the
explosive solution is 4 mm x 20 mm x 0.127 mm.
In the forward potential scanning segment, the
titanium dioxide serves as the anode. Electron
ejection to external circuit is the major event
under the positive potential pushing. At the same
time the hole goes into the solution, which
triggers the decomposition of explosive
components such as the organic compounds and
the ammonium salt as mentioned in the previous
section of the paper.

In view of the explosive detection and
decomposition mechanisms, we may classify
them as two categories. The first category is the
organic compounds including the ethanol,
methanol, and ethylene glycol. Using R
represents the carbon containing groups, the
following reaction as shown in Eq. (1) happened
under the driving force of the forward bias
voltage.

R-OH + h*— CO,1+ H,0 (1)

(b)

Fig. 1. Schematic of the electrochemical cell for making TiO, nanotubes and the image of the
nanotube: (a) a sketch of the cell, (b) the image of TiO, nanotubes (The inset represents a high
magnification image confirming the formation of the nanotubes)
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Fig. 2. lllustration of the electrochemical
response measurement configuration
(The electron flow in a forward potential
scanning is shown.)

The second category is the ammonium nitrate
compound and the hydrogen peroxide. The
proposed mechanisms include Eq. (2) and (3),
respectively.
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NH,NO3+h*—-NOz+ N, 1+ H,0 (2)
H202+h+—>02 T+ Hzo (3)

In the reverse scan segment, the oxide nanotube
electrode becomes a cathode. Hydrogen
formation will be the main reaction at the titanium
dioxide nanotube surface.

From Figs. 3 to 8, we will systematically present
the electrochemical responses of the titanium
dioxide nanotubes to different explosive
components. The concentration effect of the
hydrogen peroxide at the TiO, nanotube surface
is also studied. Fig. 3 shows the response of the
oxide nanotube electrode in a 95% ethylene
glycol solution. Since the high viscosity of
ethylene glycol slows down the mass transport
process in the electrochemical reaction, only a
low current was observed at the low potential
range. In order to examine the electrochemical
behavior of the cell in a wider potential range, we
set the potential variation from 0.0 V to 10.0 V. It
is interesting to see that, at the higher potential
range from 3.5 V to 10.0 V, the current increased
a lot. This behavior is due to the high polarity of
ethylene glycol. The electrical field induced mass
transfer accelerated the electrochemical reaction.
That is why the electrical current increases
significantly.

Figs. 4(a), 5(a), 6(a), and 7(a) illustrate the
electrochemical responses of other chemicals at
the titanium dioxide nanotube surface. As can be
seen from these figures shown below, most of
the electrical response curves had similar trends.

However, the peak values of the plots during
anodizing scans had significant changes. With
the increasing in the scan cycles, the hysteresis
loops of the current-potential are observed for all
the solutions containing such explosive
components. Obviously, this is due to the
decomposition of the explosives. In Fig. 4(a), the
current for the methanol solution varies within -
11~5pA. In Fig. 5(a), the ethanol causes
variation from -125 to + 63uA, which means that
the ethanol decomposes faster than methanol
does. The7% hydrogen peroxide shows the
equal electrochemical kinetics as methanol, as
shown by the current changes from -5 to + 14pA
in Fig. 6(a). Surprisingly, the ammonium nitrate
causes current changes from - 14000 to +
6000pA as shown by Fig. 7(a). This indicates
that the nitrate explosive decomposes thousand
times faster than the others.

Additionally, cathodic scan results are shown in
Figs. 4(b), 5(b), 6(b), and 7(b). The response of
these solutions at the titanium dioxide nanotube
surface was hydrogen reduction as more
negative potential was imposed. It is also found
that when the CHI 600E workstation reverses the
flow of electricity through the cell, the irreversible
response was seen. But the changes in the
trends are depending on the different solution
used. When reversing the flow in the methanol
and hydrogen peroxide cells, somewhat linear
responses were displayed as illustrated by Figs.
4(b) and Fig. 6(b).

ETHYLENE GLYCOL TEST

CURRENT (A}

Fig. 3. Electrochemical response of ethylene glycol at the TiO, nanotube electrode (A-sweep 1,
B-sweep 2, C-sweep 3, D-sweep 4, E-sweep 5)
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Nevertheless, the ethanol and ammonium nitrate
cells revealed the non-linear curves as can be
seen from the results illustrated in Fig. 5(b) and
Fig. 7(b). The ammonium nitrate in particular had
an interesting response. When the potential was
swept towards 1.0 V, there was a noticeable
spike in the current of the system. This could be
used as an indicator for the detection of said
material. It is also implies that the nitrate
explosive can be decomposed very quickly by
the electrochemical method.

Lastly, we investigated the effect of explosive
component concentration on the electrochemical
response behavior at the titanium oxide
nanotubes taking hydrogen peroxide as the

candidate. Fig. 8 presents the results. It is found
that with the increasing in the hydrogen peroxide
concentration, the potential peak shifts leftward
from 0.75 V in Fig. 8(a) for the 5% solution to 0.5
V in Fig.8(c) for the 3.5% solution. If one revisited
Fig. 6(a), it is easy to see that the potential peak
is located at 1.0 V for the 7.5% solution.
Therefore, the lower the concentration is, the
smaller the value of the potential corresponding
to the peak position. In other words, the less
energy is needed to decompose the explosive
component with a lower concentration. One of
the important issues is the detection limit for the
analysis of aammonium nitrate, hydrogen
peroxide, methanol, ethanol and ethylene glycol.
Our future work will emphasize this.

METHANOL, CURRENT VS. POTENTIAL

CURRENT {A)

@)

METHANOL

CURRENT

Fig. 4.

(b)

Electrochemical response of methanol at the TiO, nanotube electrode: (a) with different

anodic scanning cycles, (b) response under a cathodic scanning cycle
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Fig. 5. Electrochemical response of ethanol at the TiO, nanotube electrode: (a) with different
anodic scanning cycles, (b) response under a cathodic scanning cycle
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V-1V sweep 1 V-0V sweep 1 OV-1V sweep 2 1V-OV sweep 2 OV-1V sweep3 ——1V- 0V sweep 3 OV-1V sweep 4

140605
1306-05
120605 |
1.10E-05
10005
9.00€-06
8.00€-06
7.006-05
6.00E.05 \
5.00€-06 .
4.00E-06 “~
3.00€-06 \
2006.06
1.00.06 o
0.00E+00 — i
-1.00E-06 e —
10065 E—— i
300606 N —————
-400E:06 —
5.00E-06
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
POTENTIAL(V)

@

CURRENT [A)

7% H202
——OV--1V ——-1V-0V

1.50€-03
1.40E-03
1.30E-03
1.20E-03
1.10E-03
1.00E-03
9.00E-04
8.00E-04
7.00E-04
6.00E-04
5.00E-04
4.00E-04
3.00E-04
2.00E-04
1.00E-04
0.00E+00
-1.00E-04
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

POTENTIAL (V)

CURRENT (A)

(b)

Fig. 6. Electrochemical response of hydrogen peroxide at the TiO, nanotube electrode: (a) with
different anodic scanning cycles, (b) response under a cathodic scanning cycle
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NH4NO3, CURRENT VS. POTENTIAL
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Fig. 7. Electrochemical response of ammonium nitrate at the TiO, nanotube electrode: (a) with
different anodic scanning cycles, (b) response under a cathodic scanning cycle

126



Johnson et al.; IRIPAC, 5(2): 119-130, 2015; Article no.IRJPAC.2015.011

CURRENT (4]

—— V-1V sweep 1 1V-IV sweep 1 OV-1V sweep 2 V-0V sweep 2 OV-1V sweep 3 1V-0Vsweep 3 OV-1V sweep 4

2.25E-05
2.05E-05
1.85E-05
165E-05
1.45E-05
125€-05
1.056-05
B50E-06
6.50F-06
45006
2.50E-06

5000-07

-1.50€-06
-3.50E-06
-G.50F-06
-7.50E-06
-9.50E-06

115005

5% H202 CELL, CURRENT VS. POTENTIAL

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
POTENTIAL [V)

@)

5% H202
—0V--1v ——-1V-0V
3.15E-03
2.90E-03
2.65E-03
—~ 2.40E-03
< 2.15E-03
~ 1.90E-03
Z 1.65E-03
& 1.40E-03
o 1.15E-03
8 9.00E-04
6.50E-04
4.00E-04
1.50E-04
-1.00E-04
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0
POTENTIAL (V)
(b)
3.5% H202, CURRENT VS. POTENTIAL
—OV-1Vsweepl —— IV-Wsweepl OV-1V sweep 2 IV-OWsweep2 ——OV-IWsweep3 —— IV-IWsweep 3 OV-1V sweep 4
3006-05
275805
750605
225E-05
200605
175E 05
150605
T 125605
E 1.006-05
Z 750606 —
E 5 00E-06 T
T 250606 T —
D.D0E+00 R .
250606 e
SO0E06 — - ———
TS0E-06 —— o
L00E0S Ny —
125605 1_1__.,-"""_/?
-1 50E-05
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
POTENTIAL (V)

(©)

127



Johnson et al.; IRIPAC, 5(2): 119-130, 2015; Article no.IRJPAC.2015.011

3.5% H202

——0V--1V ——-1V-0V

<

=

=2

w

o

[a'

-}

(&)

1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

POTENTIAL (V)
(d)

Fig. 8. Effect of concentration on the electrochemical response of hydrogen peroxide at the
TiO, nanotube electrode: (a) 5% hydrogen peroxide with different anodic scanning cycles, (b)
5% hydrogen peroxide response under a cathodic scanning cycle, (c) 3.5% hydrogen peroxide
with different anodic scanning cycles, (d) 3.5% hydrogen peroxide response under a cathodic

scanning cycle

4. CONCLUSION

All the explosive components including ethylene
glycol, ammonium nitrate, hydrogen peroxide,
methanol, and ethanol show the irreversible
electrochemical response at the titanium dioxide
nanotube electrode. This indicates that all the
chemicals can be decomposed through the
electrochemical method with an imposed bias
potential. The ethanol solution decomposes
faster than the methanol at the oxide nanotube
anode. Among all the explosive materials
studied, the ammonium nitrate decomposes
much faster than any of the others. Ethylene
glycol shows mass transfer controlled
electrochemical reaction kinetics. Such a slow
reaction is due to the high viscosity of the
solution. Only at very high potential, it is possible
to decompose it.

The study of the concentration effect indicates
that the lower the concentration of hydrogen
peroxide is, the smaller the value of the potential
corresponding to the peak position. In other
words, the less energy is needed to decompose
the explosive component with a lower
concentration.

Ammonium nitrate has a special response at the
oxide nanotube anode surface under the cyclic
potential scan. When the potential is close to 1.0
V, there exists a noticeable spike in the current of
the system. This characteristic could be used for

the detection of the explosive. It is also implies
that the nitrate explosive can be decomposed
very quickly by the electrochemical method.
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