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The threat to human populace from the use of improvised explosive devices (IEDs) is increasing at an
alarming rate. Many devices for IEDs detection lacks sensitivity, reliability, portability: a major issue to
be addressed. In this work, we fabricated a disposable solid phase electrolyte/electrode (SPEE) interfaces
for the detection of trace quantities of peroxide based explosives, namely, triacetone triperoxide (TATP)
and hexamethylene triperoxide diamine (HMTD) which were synthesized without recrystallization, and
their precursors: H,0, and acetone via electrochemical technique. The SPEE device was able to detect

ig;v;?;etric detection 8.66 +1.048 ng of TATP at its vapor pressure of 4.80 Pa at 298 K. However, the device only gives good
HMTD result during the first time usage. As suggested by the electrochemical cell impedance test, mass transfer

TATP limitations caused by the solution and charge transfer resistances at the electrode interface impedes
Metal bromide reaction kinetics. Nevertheless, the ease of fabrication, response and speed make SPEE sensor an excellent
Improvised explosives choice and offer opportunity for the development of miniature sensors for screening of IEDs and its

precursors at various screening sites.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Technologies for explosives detection are often required to
have a number of attributes which include that they be low cost,
portable and specific. At the most fundamental level sensors con-
tain an immobilized active species which can selectively recognize
a material of interest. A transduction step which can be optical,
electrochemical or some other technique is then required to con-
vert the recognition event into a measurable change, such as the
production of electrons which can be measured at an electrode. For
example, the principle of chemical sensors is to have a chemical
which undergoes a selective chemical reaction with an explosive
vapor, leading to an observable product such as a change in color or
conductivity. However, sensitivity is often an issue, and many sen-
sors cannot simply detect the low levels of material required. This
is particularly true when attempting to detect low vapor pressure
material; such as explosives. Work in the field of explosives sensor
development needs to focus on improved sensitivity, reliability and
reproducibility.
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One sensor that should be considered for explosives vapor
detection is an electrochemical sensor. Electrochemical sensors
can be categorized into potentiometric (measurement of poten-
tial difference/voltage); amperometric (measurement of current)
and conductometric (measurement of conductivity) based devices
according to the transduction approach adopted [1]. These types
of sensor are fast, inexpensive, have high sensitivity, and are a
viable option for miniaturization [2]. Electrochemical detection
techniques can respond to redox substances; the electrical output
results from a flow in electrons or ions caused by the chemical reac-
tion that takes place at the surface of the electrode. Because of this,
the redox properties of peroxide explosive substances ideally lend
themselves to electrochemical detection. The detection of perox-
ide based explosives is often difficult because the materials do not
fluoresce, have minimal UV absorption and a lack of nitro groups
- all necessary parameters upon which many traditional detection
techniques are based [3]. Electrochemical sensors in this context
offer an opportunity to detect peroxide based explosives that would
otherwise prove problematic.

The development of single use processes to enable disposable
electrochemical sensing has become more desirable for portable
explosive sensors. The use of a Nafion (TM) coated, pre-anodized
screen-printed carbon electrode that increased the sharpness of
peaks and, therefore, the ease of identification of substituent groups
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upon the nitro-aromatic compound has beenreported [4]. Recovery
of TNT from spiked lake water was 95.7%, with this complex matrix
only affecting the sample slightly.

Electrochemical instrumentation has evolved broadly since the
early work of Nicholson and Shain on electroanalytical chem-
istry. In this present study, we fabricated an amperometric sensor
to detect trace amounts of peroxides based explosives, namely,
hexamethylene triperoxide diamine (HMTD) and triacetone triper-
oxide (TATP), and TATP precursors-hydrogen peroxide (H,0,) and
acetone. Detection of peroxides, H,0,, using electrochemistry is
not a new concept [5,6]. In fact, an effective electrode was recently
fabricated to detect 6 ppbv of H,0, using a Prussian blue based
electrode [7]. Also, previous work had attempted to electrochemi-
cally detect TATP using a solid-state sensor coated with a layer that
selectively forms a bond with the vapor [8]. The exact limit of TATP
detection was not established in that study.

Cyclic voltammetry is the most popular and convenient electro-
chemical technique, and usually the first experiment of this kind to
be performed. It owes its versatility to its ability to deduce reac-
tion mechanisms with relatively low cost equipment and quick
experimentation, and together with chronoamperometry estab-
lishes undisputable technique that find useful in sensing trace
amounts of explosive materials.

Staircase voltammetry becomes useful where surface confined
effects are important. In this mode, the data is sampled through-
out the duration of the step and averaged thereby eliminating
the differences between a staircase and a true ramp. Typically, in
staircase voltammetry, a current reading is acquired immediately
prior to the next step [9]. This method of sampling discriminates
against any capacitive or surface bound reactions. The current due
to any capacitive charging or Faradaic current confined to the
surface, decays in the initial part of the step and does not con-
tribute to the measured current. The limiting currents which are
proportional to concentration of analyte under study, resulting
from electroactivities, are studied by double step chronoamper-
ometry.

In this present study, staircase cyclic voltammetry (CV) and
chronoamperometry techniques were utilized to investigate the
ability to detect trace amounts of some peroxide based explo-
sives and their precursors, namely, TATP and HMTD, acetone, and
H,0,.

2. Materials and methodology
2.1. Instrumentation and reagents

Amperometric measurements (chronoamperometry and
voltammetry) were performed with a 1000 Potentiostat—
Galvanostat-ZRA, electrochemical interface analyzer (Gamry
Instruments, USA) along with carbon patterned electrode transduc-
ers and a 2 x 107> m3 electrochemical cell from Pine Instruments.
The patterned transducer cards consists of disk screen printed con-
ductive carbon inks as the indicator and auxiliary electrodes, and
screen printed silver/silver chloride, Ag/AgCl, inks as the reference
electrodes. Overall card dimensions are 15 x 61 x 0.36 mm. The
thickness of the carbon, silver, and insulating layers is typically
7-13 pm.

Stock solutions of 30 and 50 w% H,0, standard solution were
purchased from ACROS ORGANICS and used as received, agarose
type I-A low electroendosmosis (EEO) - a movement of liquid
through the gel (Sigma-Aldrich), KBr >99.99% (Sigma-Aldrich),
strengthening nail polish remover as source of acetone (CVS Phar-
macy), TATP and HMTD were prepared in-house, ultrapure water
(0.06 uScm~! or 18.2 MQ2 cm. Neither terminology is exclusive).

2.2. Preparation of solid electrolyte

Alkali metal bromides, are typical ionic salts, and are fully dis-
sociated at near pH 7 in aqueous solution. For this reason, KBr
serves as source of Br~ ions in acidic electrolyte. A 1.0 x 10~%kg
of agarose I-A was dissolved under stirring ina 5 x 1075m3 0.2 M
KBr solution. The mixture was slowly heated until all the agarose
were solubilized. Immediately, at that state, 1.03 x 10~7 m3 agarose
droplets were coated on the electrodes surfaces covering the indi-
cator, auxiliary and reference electrodes. Thus, the solid phase
electrode/electrolyte (SPEE) interfaced was fabricated in this man-
ner. The droplet was allowed to cool to room temperature and
rapidly solidified to form a thin layer gel covering the three elec-
trodes. It is important when heating the solution to dissolve the
agarose I-A that evaporation be avoided so that the molarity of the
initial KBr solution is preserved.

2.3. Device fabrication for alkali metal bromide amperometric cell

Voltammetric and chronoamperometric measurements were
performed using the Gamry electrochemical interface analyzer
mentioned previously. To generate vapors of representative test
materials: TATP, HMTD, acetone, bottled H,O and H,0,, each sam-
ple was sealed in a 2 x 10~> m?3 air tight vial bottle and allowed to
equilibrate for 1.8 x 103 s. In order to compare the response of the
peroxides based explosives, equal mass of TATP and HMTD were
initially charged into the vial bottle. In our previous finding [10]
an 8.66 + 1.048 ng TATP has a vapor pressure of 4.80 Pa at 298 K for
TATP synthesized using HCl catalyst as given by a GC-MS headspace
approach. Since our present measurement is based on headspace
approach, as in our previous work, this mass of TATP was part of
the measurement carried out in this study. Subsequently, the SPEE
was introduced into the 2 x 10~>m?3 vial cell through an open-
ing in its cap and sealed in place with tape. Agarose gel matrix
facilitates the transport of charges and enables diffusion of mate-
rials through it [11-15]. Also, current and potential measurements
were performed following 60s exposure of the electrode to the
vapor. This exposure time was to enable the SPEE to equilibrate
with the test vapor. Digital staircase voltammetry and double step
chronoamperometry were performed.

3. Results and discussion
3.1. Amperometry

The aim of this study is to develop a miniature sensor for perox-
ide based explosives for application at screening locations. In order
to achieve this goal electroactive behavior of some peroxide explo-
sives and their precursor species have been studied. The redox of
TATP, HMTD, acetone (contained in the strengthening nail polish
remover) and H,0, in a KBr solid electrolyte environment were
chosen for this purpose.

Preliminary investigation was conducted in order to set the
redox potential by voltammetric experiment as shown in Fig. 1 Sub-
sequently, potential for the double step chronoamperometry was
stepped from +0.70V to +0.96 V/Ag/AgCl where electrode reaction
occurs corresponding to the diffusion-limited reduction-oxidation.
There was no electroactive specie involved using the electrode by
itself and as such, no redox peak was observed. When the solid
electrolyte, 0.2 M KBr, was incorporated into the electrolytic cell,
the resulting voltammograms produced reduction peaks. In the
voltammetry experiment, the fast sweep rate produced more cur-
rent as expected. This was due to larger concentration gradients
formed because of reduced time for the bulk solution to diffuse
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Fig. 1. Cyclic voltammograms 0.2 M KBr, E (V/Ag vs. AgCl) at 20, 25 and 50 mV/s
sweep rates.
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Fig. 2. Double step chronoamperometric response of water vapor (at 25°C),
strengthening nail polish remover vapor, and of vapors from two different concen-
tration of H,0, (30 and 50 w%). Potential step 0.70 and 0.96 V (E vs. Ag/AgCl) with
current sampling after 60s.

into the layer of product that forms locally at the surface of the
working electrode.

Note the sign convention for E in Fig. 1 which increases from
—E to +E to the right of the plot (North American convention is the
reverse). In this manner, the forward (oxidation) reaction is favored
at potentials positive of the E9 for the couple and gives a positive
current. The reverse (reduction) reaction is favored at potentials
negative of the E° for the couple and gives a negative current.

Fig. 2 is a current vs. time double step chronoamperometric
recording of TATP precursors-H, 0, at two different concentrations
and acetone derivative from strengthening nail remover, and water
serving as a blank test. The SPEE sensor was able to detect vapors
of both precursors but was unresponsive to water vapor at 0.70
and 0.96 V potential steps. The cathodic currents recorded for these
potential steps were indicative of reduction reaction. This suggests
that aqueous bromide, Br, was present initially at potential where
no electrode reaction occurred, and was reduced to Br— with the
electrode potential steps applied. Bromide ions continued to be
generated with time.

However, the rate of chemical reaction is minimized at the
limiting current due to decrease in concentration gradients from
depletion of reactants at the triple phase boundary of the electrode,
analyte and electrolyte, and subsequent equilibration which fol-
lowed. It must be borne in mind that selective detection of these
precursors is crucial at screening points. Accuracy in detection of
>10wt% H,0, precursor used for preparing peroxide explosive
devices is desired in an airport screening setting. The ability to
selectively and non-invasively detect the presence of H,O, vapor
in common bottled containers is critical for such screening.
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Fig. 3. Double step chronoamperometric response of vapor in the headspace region
from varying amounts of TATP synthesized using (a) HCl and (b) HNOs3 catalysts.
Potential step 0.70 and 0.96 V (E vs. Ag/AgCl) with current sampling after 60 s.

From the result obtained, the SPEE sensor fabricated in this man-
ner has proven its ability to detect with speed and sensitivity, trace
vapor of H,0, and acetone: the two primary precursors used in the
TATP synthesis. From the initial 0.013 mol H,O, present, an LOD of
8.8 wmol was established using the SPEE sensor. It was not feasible
to determine the LOD of acetone from mixtures of other 12 ingre-
dients in the strengthening nail polish remover. It must be noted
that polish nail remover due to its availability has been used as a
source of acetone in the clandestine laboratory to make primary
explosives such as TATP and HMTD. Our aim is to test our sensor
using this product. It is possible that the signal observed may also
be a contribution from other ingredients present. However, any
signal observed will serve as a means to indicate the presence of
acetone which serves as initial measure to combat act of terror-
ism. False negatives or positives were absent in repetitions of these
experiments using the disposable SPEE sensor.

Fig. 3a and b are the double step chronoamperometry recorded
for vapors of TATP that were synthesized using two different acid
catalysts-HCl and HNOs. The sensitivity of the SPEE sensor in
detecting TATP vapor contained in the headspace is evident from
the two synthesis types. The analytes concentration in real situ-
ations depend on the mass and vapor pressures of the analytes
present. The SPEE device was able to detect 8.66 4- 1.048 ng of TATP
at its vapor pressure of 4.80Pa at 298 K. However, the response
is more toward TATP synthesized using HCI catalyst compared to
HNOj3 catalyst. This is not surprising considering that the former
contains less impurity than the later as reported in literature [16].
As a result, there are more molecules of TATP in the vapor phase,
and therefore more analyte in the bulk electrolyte: Faradaic cur-
rent is directly proportional to the concentration gradients of the
analyte.

A remarkable difference in current direction is evident in the
double step chronoamperometry of Figs. 2 and 3. This difference
occurred at the first step potential 0.70V. Anodic currents or oxi-
dations were recorded while detecting TATP vapor in Fig. 3. This is
indicated by the negative current resulting from the oxidation of
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Fig. 4. Double step chronoamperometric response of vapor contained in the
headspace region from varying amounts of HMTD. Potential step 0.70 and 0.96V
(E vs. Ag/AgCl) with current sampling after 60s.

Br~ to aqueous bromide, Br,, which ultimately was reversed in the
second potential step as given by Egs. (1) and (2). The fate of Br,
generated in the first potential step was determined by the second
potential step, where again Br; is reduced to Br—.

2Br~ — Bry +2e” (1)
Br, +2e” — 2Br~ (2)

This noteable different was present in all the analysis and serves
to distinguish between the two plots. The LOD established for TATP
synthesized from HCI catalyst is 8.66 + 1.048 ng. As mentioned pre-
viously, this amount of TATP has a vapor pressure of 4.80 Pa as given
by a GC-MS headspace analysis [10]. Qualitative analysis from the
reduction processes will determine the issuing products involved.
We did not carry out this step. We did not carry out any vapor
pressure measurements of TATP synthsized with HNOs.

Fig. 4 is the the double step chronoamperometric plot for HMTD
at three different amounts using the SPEE sensor. Similar result
given by TATP was obtained for HMTD detection. Both the anodic
and cathodic Faradaic currents were recorded at the first and sec-
ond potential steps, respectively. However, based on the initial
equal amount of TATP and HMTD charged into the air tight vial,
the response is higher for HMTD compared to TATP as evidenced
in Figs. 3 and 4 at all concentration tested. Infact, HMTD exhib-
ited almost an order of magnitude in the current density higher
than TATP. In light of this pattern seen from the peroxide based
explosives when compared to the TATP precursors tested, one can
assert with confidence that the SPEE fabricated in this study may
become instrumental in the detection of trace amount of TATP,
HMTD and peroxide vapors concealed in luggage and handbags at
screening ports. The SPEE device has also shown its ability to dis-
criminate between these peroxide explosives from blank water and
other ingredients in strenghtening nail polish remover which con-
tained acetone, a necessary precursor in TATP synthesis, and also
in detecting varying concentration of H,O,, another precursor in
TATP synthesis. The LOD for HMTD was not determined since the
vapor pressure of HMTD is difficult to measure due to its instability.
The reproducibility of TATP and its precursors have been verified.

3.2. Performance of the solid phase electrode/electrolyte materials

Electrochemical impedance spectroscopy (EIS) was used to
access the SPEE performances over a wide range of frequencies,
0.2-100 kHz with an AC voltage (mV rms) and 10 points/decade.

Our measurement is conducted in a two-electrode mode, so it
has two electrode/electrolyte interfaces. We can assume that each
interface has a double layer capacitance and a charge transfer resis-
tance. Also there is cell’s equivalent series resistance, Resr, in the
solution path between the electrodes. Inserting these facts and
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Fig. 5. Nyquist plot obtained for the first (a) and second (b) time solid phase elec-
trode/electrolyte (SPEE) interfaced usage with experimental data fitted to CPE with
Diffusion model. Inset (i) and (ii) are the equivalent RC circuit of the two elec-
trode/electrolyte cell for the first and second time SPEE usage.

assumptions into a model, we get the diagram (inset) shown in
Fig. 5. The acronyms, R.E. and W.E. in the diagram are respectively
given to reference and working (indicator) electrodes, R.; and R¢;
are the polarization resistances or charge-transfer resistances at the
electrode/solution interface, and constant phase angle CPE Y1 and
CPE Y2 elements are used in place of double layer capacitance at
the electrode interface that are in parallel with the charge transfer
resistances.

At low frequency, the impedance of the capacitors in the model
is very high. Both CPE Y1 and CPE Y2 are in parallel with a resis-
tor shown as inset in Fig. 5(i). The admittance, Y, value for CPE
was 8.39 x 107 S.s2. When the capacitors impedance is high, the
resistor’s impedance dominates. The corresponding Nyquist plot
is shown in Fig. 5(a). An incomplete semi-circle in Nyquist plots,
corresponding to a capacitive behavior, was exhibited in this fre-
quency region. Some literature had identified the cause of such
incomplete capacitive semi-circle at high frequency region to be
associated with the thin electrolyte layer thickness [17-19]. In this
study, the electrode thickness was 5.30 x 10~4 m.

At the lowest frequency in Fig. 5, the impedance magnitude is
about 6.0 x 10° . This is the sum of R.q, Re2, and Res;. The high
frequency data never becomes resistive as indicated by the constant
value of impedance. From the model, the impedance of Res; is 268 €2.
Since the limiting impedance at high frequency is Resr, we estimated
the sum of R.; and R to be 5.9 x 10° Q.

With the increase of the Faradaic reaction speed, the charge
transfer resistance decreases. An attempt to reuse the SPEE after
the first time usage failed to yield result similar to the first time
usage. As a result EIS study was conducted in order to describe the
behavior of the electrochemical system. If the cell lacks Faradaic
reactions, current leads to capacitive charging of the double layers.
Thus, we should consider the double layer capacitance (C4) when
the equivalent circuit is determined as shown in Fig. 5(b). The low
frequency region is dominated by sum R.; and R.; with a value
50Kk€2. Also, the high frequency region appeared to be capacitive.
The impedance at 50kHz is about 3.9 kS2. A capacitance value of
about 81.6 nF was obtained. Both CPE Y1 and CPE Y2 as shown in
Fig. 5(ii) inset are in parallel with a resistor. The combined admit-
tance, Y, value of CPE was 14.49 x 10-6 S.s2, This value is close to an
order of magnitude higher than the value obtained at the first time
usage (8.39 x 1077 S.s2).
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In the final analysis, the entire circuit element for first SPEE
usage is quite different from that of the failed SPEE impedance mea-
surement. More also, the impedance and capacitance values of the
failed SPEE measurements are not reproducible, and will not pro-
duce similar result as the first SPEE usage. So it is recommended to
replace the SPEE after each usage just as the case in the disposable
paper-based sensor used in colorimetric sensing [20].

The value of Reg; for the failed SPEE experiment is about 5 k2
while that for the first SPEE usage experiment is 268 Q2. This is
the solution resistance which actually determines the transport of
reactants and ions to and from the electrode interface. The large
Resr given by the failed SPEE experiment is an indicative of mass
transfer limitation problem. The charge transfer or polarization
resistances are much higher in the first SPEE usage experiment
compared to the failed experiment. Even though charge trans-
fer resistance decreased with Faradaic reaction speed, the values
obtained is in order of magnitude higher than that of the failed
SPEE. However, it is possible that for the failed SPEE, there were not
enough reactant transported to the electrode surface as a result of
Warburg impedance resulting from mass transfer limitations (elec-
trode could be covered with reaction products, or adsorbed solution
components). In that case, fewer reactants that reached the elec-
trode interface were consumed speedily leading to the low value
observed.

The high frequency region is capacitive for the failed SPEE
experiment due to the Warburg mass transfer limitations from
diffusion processes adjacent to the electrode. In addition, diffu-
sion layer effects cause the low frequency end of the impedance
in the Nyquist plot to bend over the real axis, giving rise to a
double incomplete semicircle shown in Fig. 5(b). The shape of
the Nyquist plot depicts a slow Faradaic reaction which eventu-
ally leads to the given shape as Faradaic resistance increases with
increase in overpotential. More also, change in chemical compo-
sition of the electrode as a result of previous chemical reaction
with new products that may not be electroactive or exhibiting dif-
ferent electrode kinetics than the first SPEE could cause the same
effect.

4. Conclusion

An effective solid phase electrolyte/electrode (SPEE) interface
capable of detecting trace quantities of TATP and HMTD and their
precursor was fabricated. The new material has shown its profi-
ciency under ambient conditions to detect trace amount of these
materials via amperometric measurements of issuing electrode
reactions. While reduction of precursors was experienced for the
potential steps in chronoamperometric recording, the two peroxi-
des based explosives tested, TATP and HMTD, both experienced
oxidation and reduction. This remarkable difference as noted in
their spectra served to distinguish the precursors from TATP and
HMTD. Furthermore, the sensing of the precursors in mixtures
of other materials as demonstrated by acetone in strengthen-
ing nail polish remover, or at different concentrations as shown
by H,0, was carried out successfully. However, the usability of
SPEE is restricted to first time use only due to the failure encoun-
tered while attempting to reuse it, and should be replaced at low
cost. Further analysis conducted to investigate the electrochemical
cell impedance behavior indicated that mass transfer limitations,
slow electrode kinetics and covering of the electrode surface by
reaction products might have contributed to the failure observed
after the first time usage. Given that many sensors cannot sim-
ply detect the low levels of explosive vapors required, the SPEE
sensor offer an opportunity that can be exploited for develop-
ment of miniature sensor devices for screening of IEDs and their
precursors.
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