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Abstract: Detection of explosives is vital for protection and criminal investigations, and developing
novel explosives’ sensors stands at the forefront of the analytical and forensic chemistry endeavors.
Due to the presence of terminal nitro groups that can be electrochemically reduced, nitroaromatic
compounds (NACs) have been an analytical target for explosives” electrochemical sensors. Various
electrode materials have been used to detect NACs in solution, including glassy carbon electrodes
(GCE), platinum (Pt), and gold (Au) electrodes, by tracking the reversible oxidation/reduction
properties of the NACs on these electrodes. Here, we show that the reduction of dinitrobenzene
(DNB) on oxide-free silicon (Si-H) electrodes is irreversible with two reduction peaks that disappear
within the successive voltammetric scanning. AFM imaging showed the formation of a polymeric
film whose thickness scales up with the DNB concentration. This suggest that Si-H surfaces can serve
as DNB sensors and possibly other explosive substances. Cyclic voltammetry (CV) measurements
showed that the limit of detection (LoD) on Si-H is one order of magnitude lower than that obtained
on GCE. In addition, EIS measurements showed that the LoD of DNB on Si—H is two orders of
magnitude lower than the CV method. The fact that a Si—-H surface can be used to track the presence
of DNB makes it a suitable surface to be implemented as a sensing platform. To translate this concept
into a sensor, however, it would require engineering and fabrication prospect to be compatible with
the current semiconductor technologies.
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1. Introduction

Detection of explosive substances and their resources using simple and versatile meth-
ods stands at the forefront for protection and criminal investigations. Currently, analytical
techniques, such as mass spectroscopy (MS), high performance liquid chromatography
(HPLC), gas chromatography (GC), and UV-Vis absorption spectroscopy, have been used
to detect nitroaromatic compounds (NACs) that are extensively used to detect NACs with
ppm limits of detection [1-4].

Although these techniques are dominating the current technologies, they are all
laboratory-based and, thus, limited in their applicability for onsite detection of explosives.
Other methods using fluorescent probes [5,6], conductive polymers [7,8], and various elec-
trochemical approaches for signal transduction have shown to be alternative detection tools
for NACs and their explosives’ products [9,10]. Currently, MS and electrochemical methods
are dominating the quantitative methods for detecting NACs. Recently, thermally unstable
NAC:s including ethylene glycol dinitrate, nitroglycerin, and pentaerythritol tetranitrate
were detected using MS with limits of detection (LoD) down to 0.1 ug mL~! [11]. Other
approaches such as surface-enhanced Raman scattering (SERS) have been used to detect
2,4,6-trinitrotoluene (TNT), 2,4,6-trinitrophenylmethylnitramine (tetryl), and hexanitros-
tilbene (HNS) with LoD in the range of 6.81 ng mL~! for TNT, 17.2 ng mL~! for tetryl,
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and 135.1 ng mL~! for HNS [12]. In the same context, Guo and et al. built a flexible and
portable sensor for the detection of NACs vapors based on fluorescence quenching of an
aggregation-induced emission enhancement (AIEE)-active fluorophore that is connected to
a self-assembled monolayer. Although the sensor system was flexible and portable, the LoD
was found to be ~1.4, ~8.4, and ~249.5 pg mL~! for TNT, DNB, and NB, respectively [13].

Electrochemical sensors have been demonstrated to be cost-effective, portable de-
vices with high sensitivity and selectivity for onsite detection of explosives [14]. The fact
that NACs have redox properties make them ideal candidates for electrochemical signal
transduction, by tracking the evolution of the reduction and oxidation peaks for the nitro
groups. The interaction of NACs with the electrode surface/material varies depending on
the surface activity toward the NO, groups that is reduced through an irreversible four- or
six-electron reduction process [15,16]. For example, 1,4 dinitrobenzene (DNB) was found
to undergo irreversible reduction on metal organic framework structures deposited on
ITO electrodes. The evolution of the reduction peak current was linearly proportional to
the concentration of DNB in solution [17]. Other irreversible redox reactions have been
utilized to electrochemically grow polymer films at the electrode/electrolyte interface;
however, the kinetics and the control of these interfacial polymeric films depend on many
parameters including the diffusion of the monomer, its solubility, and the solvent poten-
tial window. For example, Schoenfisch et al. utilized electropolymerization of phenols
at the electrode/electrolyte interface to fabricate thin, porous polymeric films with con-
trolled thickness (10-100 nm), and these porous membranes were used as selective sensing
interfaces [18].

Glassy carbon electrode (GCE) has been widely used as a working electrode for detect-
ing NACs due to the reversible reduction—oxidation reaction of the nitro groups [19-21].
Modification of the GCE with other electroactive materials, such as graphene [22], carbon
nanotubes [23], and polymers [8], has been demonstrated to enhance the sensitivity, selectiv-
ity, and LoD of NACs. Although GCE is inert and can serve as a stable platform for sensing
devices, high-sensitivity and lower LoD are only achieved by modifying the electrode with
an electroactive transducing material; in addition, building a portable sensing device based
on GCE could be challenging from a fabrication perspective [24,25].

Silicon (Si) is an intriguing semiconductor that represents the cornerstone of the elec-
tronic devices” industry and could be an ideal surface for creating portable sensors. The Si
surface is covered with a native oxide layer that is usually removed by etching, leaving
a chemically reactive Si-H layer. Detection methods for NACs based on Si have been
explored using different signal transduction approaches. For example, quenching the
luminescence of docecyl-functionalized photoluminescent Si nanocrystal upon interaction
with NACs in solution was used to develop a paper-based explosive sensor. The LoD was
found to be 1.54, 0.995, and 0.341 mM for nitrobenzene, mononitrotoluene, and dinitro-
toluene, respectively [26]. Moreover, porous Si functionalized with a quinoxaline-bridged
(EtQxBox) cavitand was found to be selectively interacting with volatile organic compounds
including nitrobenzene, providing a more qualitative than quantitative approach for NACs
traces, even in presence of other organic contaminants [27]. In this context, Si-H sur-
faces have been demonstrated to form covalent bonds with molecules containing disulfide
bonds [28-30], diazo [31], and OH moieties [32-34]. Here, we explore the reactivity of Si-H
with DNB for electrochemical detection of DNB and, potentially, other NACs. However,
for the system to be a portable and viable sensor, it will require more simplification from an
engineering aspect. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were used to investigate the versatility of the Si-H as a sensing platform for DNB.
AFM imaging was utilized to characterize the surface topography of the molecular film
that forms upon the reaction of DNB with Si-H.
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2. Materials and Methods
2.1. Chemicals and Reagents

Sulfuric acid (Puranal TM, 95—-97%), hydrogen peroxide (30 wt.% in water), am-
monium fluoride (Puranal TM, 40 wt.% in water), and 1,4-dinitrobenzene (DNB) were
purchased from Sigma Aldrich (Sydney, NSW, Australia). Dimethylformamide (DMF) was
used without any purification, while dichloromethane (DCM) and isopropyl alcohol (IP)
were purified via distillation before use. The p-type silicon wafers were purchased from
Siltronix, S.A.S. (Archamps, France). They were highly doped (boron) and had a resistivity
between 0.007 and 0.013 () cm. The wafers had a thickness of 500 + 25 um and were
oriented £0.5° away from the (111) plane. Milli-Q water (>18 MQ) cm) was used for all
cleaning procedures.

2.2. Preparation of 1,4-Dinitrobenzene Solution

The DNB was dissolved in DMF to form a 20 mM stock solution. Tetrabutylammonium
hexafluorophosphate (NBuyPFs) used as the electrolytic salt and was dissolved in the
DNB stock solution. A 0.5 M NBuyPFg electrolyte in DMF was used to dilute the DNB
stock solution.

2.3. Electrode Preparation

P-type Si wafers were cut into approximately 1 x 1 cm and were washed thoroughly
with DCM, isopropanol, and Milli-Q water. The Si was then cleaned with piranha solution
(3:1, v:v, concentrated sulfuric acid and 30% hydrogen peroxide) for 30 min at 130 °C.
The wafers were rinsed with water before being etched for 13 min in a deoxygenated
solution of ammonium fluoride (40%). The Si—H surfaces were then rinsed quickly with
Milli-Q water once, followed by DCM after etching. Glassy Carbon Electrode (GCE) surface
was thoroughly polished with alumina slurry successively and sonicated with water and
acetone, respectively, for 5 min each.

2.4. Electrochemical Measurements

All electrochemical measurements were performed using a CHI650 electrochemical
workstation (CH Instruments, Austin, TX, USA) with a 3-electrode system in a single-
compartment cell. The etched Si-H and GCE served as the working electrode, Ag/AgCl
electrode was used as the reference and a Pt wire as the counter electrode. The CV mea-
surements were performed within different concentrations of DNB solution in presence
of 0.5 M NBuyPFg. The EIS measurements were performed on the DNB functionalized Si
surfaces in a 10 mM solution of hexamine ruthenium (III) chloride (in 100 mM KCI).

2.5. Atomic Force Microscopy Imaging

AFM images were acquired using a Bruker dimension microscope. A FastScan head
with a resolution of 512 points/line and scan rate of 0.5 Hz was used. The images were
acquired in tapping mode using a silicon nitride cantilever (TESPA from Bruker (Singapore),
which had a spring constant of 20 N m~!, at room temperature, in air.

3. Results and Discussion

The CV from the reduction of DNB on GCE showed two reduction and two oxidation
peaks, indicating that the reaction of the nitro groups of DNB with the GCE surface is
reversible (Figure 1a) [35-37]. The reduction of the two nitro groups leads to the formation
of dinitro radical anions (RA), then dinitro diradical anions (DA) that reversibly convert
back to DNB in aprotic solvent (Figure 1b), and the current increases linearly with the
concentration of the analyte [38].
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Figure 1. Redox properties of DNB in aprotic solvents on GCE and Si-H electrodes. (a) CV for
5 mM of DNB on GCE at a scan rate of 100 mV s~ ! with two reversible redox waves. (b) Schematic
describing the oxidation/reduction reaction of DNB in aprotic solvents. (c) CV for 5 mM of DNB
on Si-H electrode at a scan rate of 100 mV s~!, showing only two reduction waves at a relatively
more negative potential and the waves disappear within the third cycle. (d) Schematic describing the
formation of a molecular film on the Si-H surface upon reducing DNB in aprotic solvent.

On Si-H however, and during the second CV scan, the reduction waves are slightly
negatively shifted and in the third CV cycle the waves disappear suggesting that DNB is
undergoing an irreversible reduction reaction and reacting with the Si-H surface. This
agrees with what has been previously observed for the interaction of DNB with flavonoids
in DMF [39]. Irreversible redox chemical characteristics of DNB were previously observed
when DNB derivatives are exposed to diphenyl urea, and this was attributed to a proton
transfer process from the urea to the DA species of the DNB [40]. In the same context, a
proton transfer from flavonoids led to an irreversible reduction process of DNB, which is
ascribed to a hydrogen abstraction from the flavonoid to the RA species [39]. Similarly, Si-H
has been demonstrated to undergo oxidation at ambient conditions with proton donation
from the surface to radical species in solution, leaving a radical on the Si surface [28,30,34].
Therefore, in the presence of the RA chemical state, it is likely that a proton is abstracted
from the Si-H surface, leading to irreversible reaction. In addition, this process appears to
lead to a polymeric product on the surface (Figure 1d), similar to the reduction of diazonium
salts on Si-H surfaces [31].
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a) Fresh Si-H (No DNB)

3.1. Surface Characterization

Figure 2 shows AFM topography images for Si—-H surfaces before and after DNB
reduction. A freshly prepared Si-H surface shows smooth Si terraces with individual
terrace roughness of ~0.18 nm (Figure 2a). AFM images for the for Si-H surface after
reduction of 1 mM DNB solution shows the growth of a molecular film with some areas
of the Si surface showing flat terraces (Figure 2b). Higher concentration of DNB (10 mM)
showed a thicker molecular film with the Si terraces almost disappearing (Figure 2c). This
suggests that the reduction of DNB on Si-H is an irreversible reaction whose products react
with the Si-H surface. The density of the products on the Si surface is dependent on the
concentration of the DNB in solution.
entration

b) Low DNB concentration (0.1 mM)  €) High DNB conc (10 mM)

o _d——
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Figure 2. AFM topography images for the Si—-H surface before and after DNB reduction. (a) AFM
image for a freshly etched Si-H surface, showing flat Si terraces. (b) AFM image for a Si-H surface in
DNB solution of 0.1 mM, showing that the surface is partially covered with a molecular film where
in some areas the Si terraces are visible and in other areas the surface is covered with a molecular
film. (c¢) AFM image for a Si-H surface in 10 mM DNB solution, showing the formation of a thicker
molecular film that completely shadows the Si terraces.

3.2. Electrochemical Detection of DNB on GCE

Electrochemical characterization of the reduction of DNB was performed on GCE
which is an inert electrode that does not allow chemical bonding between the electrode
and the DNB. Figure 3a shows CV for DNB at different concentrations on GCE with two
reversible reduction/oxidation peaks, indicating that the DNB reaction with GCE in DMF
is a reversible redox process. The evolution of the CV peak currents with the scan rates at
any DNB concentration shows a linear relationship between the peak currents with the
square root of the scan rate (Figure S1). This suggests that reaction of DNB with GCE is a
diffusion-based electrochemical process where the molecules are reversibly oxidised and
reduced on the electrode surface without chemically binding to the electrodes, consistent
with what have been previously reported for NACs on GCE [36]. Figure 3b shows that
the evolution of current of the two reduction peaks, at the same scan rate (100 mVs~1!),
increases linearly with increasing the concentration of DNB in a range between 0.1 mM
and 10 mM. The linear regression equation for fitting of the peak current vs the different
concentrations of DNB was used to calculate the LoD according to equation 1.

_ 3XxSTD of the blank

LoD
slope

)

The current of the blank sample was measured at the same peak positions (—1.0 V
for the redox peak 1 and —0.6 V for the redox peak 2) for the DNB. The STD of the three
different blank measurements (Figure S2) and the slope value shown in Equation (1) were
used to calculate the LoD that was found to be of an average of 44 £ 6.8 uM using both
redox peak 1 and the redox peak 2, respectively.
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Figure 3. (a) CV for the evolution of the peak current vs the concentration of DNB on GCE between
0.1 mM and 10 mM. (b) Calibration curves created by plotting the peak current of the redox peak 1
(blue) and the redox peak 2 (red) against its corresponding concentration.

3.3. Electrochemical Detection of DNB on Si-H

In contrast to GCE, the reduction of DNB on Si-H shows only two reduction waves,
and the absence of oxidation waves, indicating an irreversible redox process that led to the
formation of a molecular film on the Si-H surface. Consistent with the AFM imaging, the
thickness of the film increases with the concentration of the DNB. The CV for the reduction
of different concentrations of DNB on Si-H surface showed an increase in the current of
the two reduction peaks with increasing concentration (Figure 4a). The evolution of the
reduction peaks with the concentration shows a linear relationship in the range between
0.05 mM and 10 mM (Figure 4b). Furthermore, CV for the Si-H electrode in the electrolyte
solution showed redox peaks in the same potential range (Figure S3). The slope of the
linear regression in Figure 4b and the cathodic peak current of the blank sample were
used to calculate the LoD according to equation 1 which was found to be of an average
of 6.8 = 0.54 uM. This suggests that the irreversible reduction of DNB on Si-H provides a
new method for explosive detection with one order of magnitude lower LoD than that can
be achieved on conventional GCE.
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Figure 4. (a) CV showing the increase in the reduction peak current of DNB on Si-H between 0.05 mM
and 10 mM. (b) Calibration curves of DNB on Si-H electrode obtained by plotting the peak current of
redox peak 1 (blue) and redox peak 2 (red) against its corresponding concentration.
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3.4. Electrochemical Impedance Spectroscopy (EIS)

Consistent with the finding that the reduction of DNB on Si-H is irreversible and
forms a polymeric product, impedimetric detection can be carried out using a redox probe
in solution. The charge transfer resistance will depend on the interfacial blocking capability
of the polymeric product [41]. A different concentration of DNB was used to deposit
the polymeric film on Si-H surface by running a CV on the Si-H electrode in an organic
electrolyte (0.5 M NBuyPFs DME), for three voltammetric cycles. Figure 5a shows the
Nyquist plot obtained from the EIS measurements for the polymer film that was reduced
from different concentrations of DNB. The unreacted DNB was washed away and the EIS
was measured in 10 mM hexamine ruthenium (III) chloride (in 50 mM KCl). Each DNB
concentration led to a specific blocking capability on the surface that, in turn, affected the
Ru (NH;3)¢>*/%* ions’ charge transfer resistance (R.t). Consistent with the increase in the
Rt value in the Nyquist plots at different concentrations, the bode plots showed a shift in
the phase angle valley with different concentrations (Figure S4).

= 0.01 mM (raw data) b) ; « Data
0.01 mM (fitting) 300 " Pi e
= 0.1 mM (raw data) _ STt
0.1 mM (fitting) 1
= 1 mM (raw data) B
1 mM (fitting) 2004 Slope = 14699.6 Q
= 3 mM (raw data) R2=0.97
3 mM (fitting) E _
e’ 100
- 0 i
' 140000 60000 0 5 10 15 20
Z'1kQ DNB Concentration / mM

Figure 5. (a) Nyquist plot of the EIS for the polymeric film formed by reducing different concentra-
tions of DNB in organic electrolyte, followed by EIS measurement in Ru (NH3)s3*/2* solution. Dots
represent raw data and lines represent the equivalent Randles circuit fitting. (b) Calibration curve
built from measuring the charge transfer resistance (R¢t) obtained from different DNB concentrations
in the range of 0.01 mM to 20 mM and fitted with a linear regression of R? = 0.97.

The increase in the Rt value which can be visually observed from the diameter of each
semicircle in Figure 5a was found to be linearly proportional to the DNB concentrations.
The impedance spectra obtained at different concentrations of DNB was modeled by a
Randles circuit (Figure S5) [41,42]. Figure 5b shows a linear fitting for the calibration curve
build from different concentrations of DNB and the fitting parameters are shown in Table S1.
The LoD was 0.36 & 0.09 uM calculated with the aid of the blank sample (Figure S6) and
applying equation 1, demonstrating that the EIS measurement is more sensitive technique
of an LoD that is one order of magnitude lower than the conventional CV method on Si-H.
This is consistent with findings from the electrochemical diffusion blocking effect of the
polymer film formed using different concentrations of DNB. Figure S7 shows CV obtained
for the polymeric film formed from higher concentrations of DNB where the redox peaks
of the Ru (NH3)¢3*/2* jons are more separated, and the peak current is lower than that
obtained with the polymer film formed from reducing lower concentration of DNB on Si.

4. Conclusions

We report the electro polymerization of DNB on a Si-H electrode, and we test the
possibility of using a Si—H surface as a sensor for detecting DNB and, potentially, other
NACs explosives. Our experiments show: (1) in contrast to the reversible reduction of
DNB on GCE, DNB undergoes an irreversible reduction reaction on Si-H electrodes, which
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leads to the formation of a polymer film on the surface; (2) CV measurements showed a
linear increase in the reduction peak current, and in the thickness of the polymer film, with
increasing the DNB concentration in the solution; (3) the LoD calculated using CV on GCE
and Si-H were 44 £ 6.8 uM and 6.8 & 0.54 uM, respectively; and (4) the EIS measurements
for the resistance of the polymer film resulting from different DNB concentrations enabled
an order of magnitude lower LoD (0.36 &£ 0.09 uM).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/surfaces5010015/s1, Figure S1: CV for 5 mM DNB on GCE. (a) CV showing different scan rates
for the GCE in 5 mM DNB solution. (b) The correlation between the evolution of the peak current
versus the scan rate showing a linear relationship between the square root (Sqrt) of the scan rate
and the peak current, indicating that the redox process is diffusion-based electrochemical process,
Figure S2: CV for GCE electrode in 0.5 M NBuyPFg electrolyte in DMEF, without DNB, at a scan rate
0f0.1V-s71, Figure S3: CV for Si-H surface in 0.5 M NBuyPFg electrolyte in DMF, without DNB, at
a scan rate of 0.1 V-s—1, Figure S4: Bode plot for two different DNB concentrations, 0.1 mM (black
dots represent raw data and red line represents the best fit of the Randles circuit) and 5 mM (blue
dots represent raw data and green line represents the best fit of the Randles circuit), showing that
the the phase angle valley shifts towards lower frequency with increasing concentration, Figure S5:
The equivalent Randles circuit used to fit the experimental EIS data. R1 represents the solution
resistance, R2 represents the resistance of the free Si—H areas that are not covered by the polymer
film, assuming that the polymer deposition occurs locally with a diffusion-controlled process, and
CPE2 is a constant phase element that represents the capacitance over the area that is not covered by
the polymer. R3 is the resistance of the polymer film or the area of the Si-H surface that is covered by
the polymer, and CPE3 represents the capacitance of the polymeric film. Wol and CPE4 represent the
Warburg diffusion element and the charging of the redox species in the electrolyte solution, Table S1:
Fitting parameters for the equivalent Randles circuit that was used to fit the Nyquist plots of the
electrochemical impedance spectroscopy measured for the diffusion of the Ru (NH3)s>*/%* ions
through the DNB polymer films that were formed from using different concentrations of DNB. Each
value is an average of three different measurements and the error represents the standard deviation
from the averages, Figure S6: Nyquist plot fitted to a Randles circuit for Si-H electrode in 5 mM
solution of hexamine ruthenium (III) chloride (in 50 mM KCl), without DNB reduction, Figure S7:
CV demonstrating the capability of the film in blocking the diffusion of Ru (NH3)3+/2* redox ions.
The redox peaks are more separated, and the peak current intensity is inversely proportional to the
concentration with 10 mM (red line) and 0.1 mM.
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