wo 20207129070 A1 |0 0000 KO Y 0 00 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
25 June 2020 (25.06.2020)

(10) International Publication Number

WO 2020/129070 A1

WIPO I PCT

(51) International Patent Classification:
GOIN 27/30 (2006.01) GOIN 33/00 (2006.01)
GOIN 27/404 (2006.01) GOIN 33/22 (2006.01)

(21) International Application Number:
PCT/IL2019/051394

(22) International Filing Date:
19 December 2019 (19.12.2019)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
62/781,758 19 December 2018 (19.12.2018) US

(71) Applicant: RAMOT AT TEL-AVIV UNIVERSITY
LTD. [IL/IL]; P.O. Box 39296, 6139201 Tel-Aviv (IL).

(72) Inventors: PATOLSKY, Fernando; c/o Ramot at Tel-
Aviv University Ltd., P.O. Box 39296, 6139201 Tel Aviv
(IL). KRIVITSKY, Vadim; c¢/o Ramot at Tel-Aviv Uni-
versity Ltd., P.O. Box 39296, 6139201 Tel Aviv (IL).
FILANOVSKY, Boris; c/o Ramot at Tel-Aviv University
Ltd., P.O. Box 39296, 6139201 Tel Aviv (IL).

(74) Agent: EHRLICH, Gal ¢t al.; G. E. EHRLICH (1995)
LTD., 11 Menachem Begin Road, 5268104 Ramat Gan (IL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: ELECTROCHEMICAL DETECTION OF NITRO-CONTAINING COMPOUNDS

ma treated slecirods

Current (uA)

-120 —T

~1.0

T
.8

T
-6

Potential {V)

FIG. 3

(57) Abstract: Sensing systems integrating a carbon electrode and methods utilizing same for electrochemical detection of nitro-con-

taining compounds are provided.

[Continued on next page]



WO 2020/129070 A1 | [0} 00 0000

Declarations under Rule 4.17:
— of'inventorship (Rule 4.17(iv))

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2020/129070 PCT/IL2019/051394

1
ELECTROCHEMICAL DETECTION OF NITRO-CONTAINING COMPOUNDS

RELATED APPLICATION

This application claims the benefit of priority under 35 USC §119(e) of U.S. Provisional
Patent Application No. 62/781,758 filed on December 19, 2018, the contents of which are

incorporated herein by reference in their entirety.

FIELD AND BACKGROUND OF THE INVENTION

The present invention, in some embodiments thereof, relates to detection of chemicals and,
more particularly, but not exclusively, to systems and methods for electrochemical detection of
nitro-containing chemicals such as nitro-containing explosives.

An ‘explosive’ is a chemically-unstable molecule having a rapid rate of autodecomposition,
with the accompanying evolution of large amounts of heat and gaseous products. There has been
a great increase in the development of trace and ultra-trace explosive detection in the last decade,
mainly due to the globalization of terrorist acts, and the reclamation of contaminated land
previously used for military purposes.

In addition, the availability of raw materials for the preparation of explosives, together with
the growing access to information on preparing these explosives, allows for almost anyone with
sufficient will and internet access to prepare a bomb. The vast number of people passing through
borders, public places, airports etc. poses a huge challenge for current day security screening
technologies. The same challenge applies to homes and buildings security. The ultimate goal is to
be able to rapidly and effectively screen every passing person, without the need to delay the traffic
of people, and without human contact if possible.

Explosives, especially concealed ones, have a very low vapor pressure or 'signature’ in the
surrounding air. The effective vapor pressure of explosives can be reduced by a factor of up to
1000, with the use of plastic packages. Detection methods for traces of explosives therefore
continue to be plagued by the low volatility of many target analytes.

One of the most commonly-used high explosives over the last 100 years is 2,4,6-
trinitrotoluene (TNT), which poses not only a direct security threat, but also great environmental
concern due to soil and water contamination near production, storage and test sites.

Analytical procedures in use today for the trace detection of explosives typically involve
collecting vapor samples and analyzing them with a sensitive method. Several methodologies
have been reported for detecting TNT and other explosives. These are based on electrochemistry,

ion-mobility spectrometry, gas chromatography, high-performance liquid chromatography,
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surface enhanced Raman spectroscopy, nuclear quadruple resonance’ and neutron activation

analysis photoluminescence, surface acoustic-wave devices, microcantilevers, fluorescent
polymers, surface plasmon resonance, quartz crystal microbalance, immunosensors and other
methods. These methods are reliable for explosives detection, but involve time-consuming
procedures, high costs and operation by well qualified staff, which limits their application in field
conditions.

Additional methods involve trained animals including dogs, mice and bees and utilize their
highly sensitive sense of smell for traces explosive detection. These methods however require
intense and expensive training of the animal, and handling by an expert.

Electrochemical detection methods utilize electrodes, immersed in an electrolyte, and
connected to a potentiometer, which measures the current that flows between the electrodes upon
potential application. Typically, during an electrochemical reaction the electrode potential is
varied; and an electric current flows between the electrodes that is characteristic of the presence
of an electrochemically reactive substance in the electrolyte. Electrochemical detection methods
and devices are typically highly sensitive, relatively simple, hand held, low cost and reliable.

The utilization of electrochemical based sensors for the detection of nitro-containing
compounds is straightforward: the nitro groups are highly electrochemically-reactive and can be
easily reduced to amines by applying typical negative potentials [Bratin et al. Analytica Chimica
Acta 130, 295-311, (1981)]. Numerous strategies have therefore been suggested for designing a
working electrode for the detection of nitro-based explosives. Currently reported designs are
variable and include, for example, noble metals and their alloys, carbon electrodes chemically
modified with ferrocene or quinone derivatives, glassy carbon modified with mesoporous ordered
carbon, hemin analogues (phtalocianines and porphirynes), glassy carbon modified with a
conducting polymer (porphyrin-thiol), carbon/TiO2 composite electrode, carbon/Sn core-shell
electrode, glassy carbon modified with porphyrin/graphene mix, graphene-modified glassy carbon
electrode, Two-dimensional molecular imprinting alkane-thiols modified gold nano-particles and
screen-printed electrode.

However, the required adsorptive voltammetry, rotating disk electrode, long accumulation,
stripping voltammetry, low stability surface modification, pre-concentration and deaeration often
complicate the protocol of detection and limit the practical application of these designs in detecting
nitro-containing explosives.

An efficient design of an electrode for electrochemical detection of nitro-containing
compounds should perform high stability, fast kinetics of the reduction reaction, high sensitivity,

and a short measurement time.
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One of the most pronounced limitations in electrochemical measurement under

atmospheric conditions is the presence of dissolved oxygen in a sample. The dissolved oxygen
concentration in aqueous electrochemical solution is about 0.25 mM (about 8 ppm) [Julia, P. L. C.
& Coso, E. B. Homenatge professor Josep M.Costa (eBooK) 2a part. Trends in electrochemistry
and corrosion at the beginning of the 21st century. (Publicacions 1 Edicions de la Universitat de
Barcelona, 2004)] and is much higher in non-aqueous electrochemical solutions [Achord, J. M. &
Hussey, Analytical Chemistry 52, 601-602, (1980)]. Therefore the dissolved oxygen concentration
is higher by several orders of magnitudes than that of the nitro explosive analyte. As a result, the
current of dissolved oxygen reduction is sufficiently intense to cause a partial masking of nitro
aromatics and complete masking of nitro-amines peaks [Bratin et al., 1981, supra].

This limitation is typically treated by deaeration; the oxygen is removed by means of
bubbling inert gas, for example argon or nitrogen. Typically, 10-15 minutes of deaeration are
required in order to obtain efficient oxygen removal in a sample of approximately 5 ml. This
lengthy procedure is not in line with the requirements for real time detection of nitro-containing
explosives [W. Chen, Y. Wang, C. Bruckner, C. M. Li, Y. Lei, Sensor Actuat B-Chem 2010, 147.
191-197].

WO 2011/154939 and WO 2014/111944 describe nanodevices which utilize
functionalized nanowires for detecting nitro-containing compounds. The nanowires feature a
functional moiety that interacts with a nitro-containing compound by forming a charge-transfer
complex therewith.

WO 2005/050157, WO 2006/090401, and WO 2007/029245 teach systems for detecting
traces of nitro-aromatic compounds in air, which utilize carbon electrodes modified by amino-
aromatic compound or nitrogen-containing heterocyclic compounds.

WO 2018/229780, by the present assignee, which is incorporated by reference as if fully
set forth herein, teaches sensing electrodes and systems and methods utilizing same for detecting
nitro-containing compounds, which utilize carbon electrodes modified by a functional moiety that
forms a charge transfer complex and with nitro-containing compounds.

WO 2018/229781, by the present assignee, which is incorporated by reference as if fully
set forth herein, teaches sensing electrodes and systems and methods utilizing same for detecting
peroxide-containing compounds, which utilize ions of a metal that promotes decomposition of a
peroxide absorbed to the surface of carbon electrodes, optionally along with a solid electrolyte
membrane.

Additional background art includes Chaubey, A. & Malhotra, B. D. Mediated biosensors.
Biosens Bioelectron 17, 441-456, (2002); Zang et al. Analytica Chimica Acta 683, 187-191,
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(2011); U.S. Patent No. 6,872,786; Chen et al. Sensor Actuat B-Chem 147, 191-197, (2010);

Filanovsky, B. et al. Adv Funct Mater 17, 1487-1492, (2007); Grigoriants, 1. et al. Electrochim
Acta 54, 690-697, (2008);Guo et al. Electroanal 23, 885-893, (2011); Chen et al. Chemistry — An
Asian Journal 6, 1210-1216, (2011); Wang et al. Sensors-Basel 11, 7763-7772, (2011); Cizek, K.
et al. Analytica Chimica Acta 661, 117-121, (2010); Galik et al. Electroanal 23, 1193-1204,
doi:DOI 10.1002/elan.201000754 (2011); WO 2010/112546; WO 2010/227382; WO
2015/059704; WO 2017/098518; Engel, Y. et al. Angew Chem Int Edit 49, 6830-6835, (2010);
Dwivedy et al. Journal of Chromatography A 29, 120-125 (1967); and Lichtenstein, A. et al. Nat
Commun 5, (2014); Sablock et al., Journal of Hazardous Materials Vol. 248— 249 (2013), Pages
322— 328; Shamsipur M. et al. Electroanalysis, Vol. 27, No. 6, Pages 1466-1472; Lu X. et al.
Colloids and Surfaces B: Biointerfaces, Vol. 88, Pages 396-401; and Agui et al., Anal. Bioanal.
Chem. (2005) 382:381-387.

SUMMARY OF THE INVENTION

The present inventors have now designed and successfully practiced a novel sensing
system for electrochemical detection of, inter alia, nitro-containing compounds. The designed
system can detect variable nitro-containing compounds, can distinguish between structurally-
different nitro-containing compounds (e.g., nitro-aromatic, nitrate-ester and nitro-amine
compounds) in a single cycle, and can perform electrochemical detection efficiently in the
presence of dissolved oxygen, thus circumventing the need to remove oxygen prior to the detection
operation. The sensing system can be operated such that a detectable concentration of a nitro-
containing compound and the detection time is low.

The sensing system disclosed herein is based on a carbon electrode, preferably a carbon
fiber electrode, more preferably, a carbon fiber microelectrode. The electrode can optionally be
modified by subjecting its surface to a treatment that generates or exposes surface reactive groups,
for example, using oxygen plasma. In some embodiments, the electrode is modified by subjecting
its surface to oxygen plasma. The sensing system and method can utilized, in addition, a carbon
electrode that is modified by subjecting its surface to oxygen plasma and/or by covalently attaching
thereto a functional moiety that forms a charge-transfer complex with a nitro-containing
compound, as is described in further detail hereinafter.

The sensing system and methods disclosed herein meet the requirements of a sensitive and
robust methodology for detection of explosives by being highly sensitive, selective (sophisticated)
and working in real time regime, while at the same time, it features a high sampling rate and

multiplex capabilities, while maintaining handling simplicity and reliability. The sensing system
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disclosed herein can be designed as hand-held devices, with minimized and miniaturized

dimensions, weight and costs.

According to an aspect of some embodiments of the present invention there is provided a
sensing electrode which comprises a carbon electrode.

According to some of any of the embodiments described herein, the carbon electrode is a
carbon fiber electrode.

According to some of any of the embodiments described herein, the electrode is a carbon
fiber microelectrode.

According to some of any of the embodiments described herein, the electrode is a carbon
paper microelectrode.

According to some of any of the embodiments described herein, the electrode is a gas
permeable electrode.

According to some of any of the embodiments described herein, the carbon electrode is a
surface-modified electrode featuring a plurality of surface reactive groups, e.g., a plasma-treated
electrode as described herein.

According to some of any of the embodiments described herein, the surface reactive groups
comprise hydroxy groups.

According to some of any of the embodiments described herein, the carbon electrode is a
surface-modified electrode featuring a plurality of surface reactive groups which comprise hydroxy
groups.

According to some of any of the embodiments described herein, the electrode is usable for
determining a presence and/or level of a nitro-containing compound in a sample, upon integrating
the electrode in an electrochemical cell which further comprises an electrolyte.

According to an aspect of some embodiments of the present invention there is provided a
sensing system (sensor) comprising a sensing electrode according to any of the respective
embodiments and any combination thereof, the sensing electrode being connectable to a power
source.

According to some of any of the embodiments described herein, the sensing electrode forms
a part of an electrochemical cell.

According to an aspect of some embodiments of the present invention there is provided an
electrochemical cell comprising a sensing electrode according to any of the respective

embodiments and any combination thereof.
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According to an aspect of some embodiments of the present invention there is provided

sensing system which comprises an electrochemical cell comprising a sensing electrode according
to any of the respective embodiments and any combination thereof.

According to some of any of the embodiments described herein, the electrochemical cell
further comprises a reference electrode.

According to some of any of the embodiments described herein, the electrochemical cell
further comprises an auxiliary electrode.

According to some of any of the embodiments described herein, the system or
electrochemical cell further comprises an inlet port for contacting an electrolyte solution with the
sensing electrode.

According to some of any of the embodiments described herein, the system or
electrochemical cell further comprises means for introducing an electrolyte solution to the
electrochemical cell.

According to some of any of the embodiments described herein, the system or
electrochemical cell further comprises an electrolyte solution in contact the sensing electrode.

According to some of any of the embodiments described herein, the electrolyte features a
pH lower than 7, as described herein in any of the respective embodiments.

According to some of any of the embodiments described herein, the electrolyte features an
acidic pH.

According to some of any of the embodiments described herein, the electrolyte comprises
a mixture of an aqueous solvent and an organic solvent.

According to some of any of the embodiments described herein, the electrolyte comprises
a quaternary ammonium salt.

According to some of any of the embodiments described herein, the system or
electrochemical cell further comprises a sample inlet or any other means for contacting the sample
with the sensing electrode.

According to some of any of the embodiments described herein, the system or
electrochemical cell further comprises a sample inlet or any other means for introducing a sample
to the electrochemical cell.

According to some of any of the embodiments described herein, the system or
electrochemical cell further comprises a gas outlet.

According to some of any of the embodiments described herein, the system or
electrochemical cell is devoid of means for deaerating the system prior to contacting the system or

the electrode with a sample.
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According to some of any of the embodiments described herein, the system or

electrochemical cell further comprises a power source electrically connected to the sensing
electrode.

According to some of any of the embodiments described herein, the system further
comprises a device for measuring an electrochemical parameter of the sensing electrode.

According to some of any of the embodiments described herein, the system further
comprises an electrical current measuring device for measuring an electrical current or a change in
an electrical current generated at the sensing electrode.

According to some of any of the embodiments described herein, the power source is
configured to apply a varying potential to the sensing electrode.

According to some of any of the embodiments described herein, the system further
comprises a device for determining a change in the electrical current in response to the varying
potential.

According to some of any of the embodiments described herein, the system or
electrochemical cell is configured such that upon contacting a sample containing a nitro-containing
compound with the sensing electrode, a presence and/or level of an electrochemical parameter
generated in response to applying potential to the sensing electrode is indicative of a presence
and/or level of the nitro-containing compound.

According to some of any of the embodiments described herein, the system is configured
for determining a change in the electrical current in response to a varying potential applied to the
sensing electrode, the change being indicative of a presence and/or level of the nitro-containing
compound.

According to some of any of the embodiments described herein, the system further
comprises a data processor configured for constructing a fingerprint of the nitro-containing
compound, the fingerprint being a change of the electrical current in response to a varying potential
(a voltammogram).

According to some of any of the embodiments described herein, the data processor is further
configured to access a database of nitro-containing compound fingerprints, to search the database
for a database fingerprint matching a constructed fingerprint of the nitro-containing compound,
and to identify the nitro-containing compound based on the matched database fingerprint.

According to some of any of the embodiments described herein, the data processor is further
configured to determine a level of the identified nitro-containing compound in a sample, the

determining being using at least one of (i) a calibration curve stored on a computer readable
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medium, (ii) a lookup table stored on a computer readable medium, and (iii) a predetermined

relationship between the derivative and the level.

According to some of any of the embodiments described herein, the predetermined
relationship comprises a linear relationship.

According to an aspect of some embodiments of the present invention there is provided a
method of detecting a nitro-containing compound in a sample, the method comprising:

contacting the sample with a sensing electrode, or with an electrochemical cell comprising
the sensing electrode, according to any of the respective embodiments and any combination
thereof;

applying potential to the sensing electrode; and

measuring an electrochemical parameter of the sensing electrode, wherein a presence and/or
level of the parameter is indicative of a presence and/or level of the nitro-containing compound in
the sample.

According to some of any of the embodiments described herein, contacting the sensing
electrode or electrochemical cell with the sample comprises introducing the sample to a sensing
system or electrochemical cell as described herein in any of the respective embodiments.

According to some of any of the embodiments described herein, the electrochemical
parameter comprises an electrical current generated at the sensing electrode, wherein a presence
and/or level of the electrical current is indicative of a presence and/or level of the nitro-containing
compound.

According to some of any of the embodiments described herein, the method is devoid of
deaerating the system or the electrochemical cell.

According to some of any of the embodiments described herein, the sample is a fluid
sample.

According to some of any of the embodiments described herein, the sample is a gaseous
sample.

According to some of any of the embodiments described herein, the sample comprises
oxygen.

According to some of any of the embodiments described herein, contacting the sample with
the sensing electrode or with an electrochemical cell same comprises contacting an electrolyte
solution comprising the sample with the sensing electrode or contacting the sensing electrode with
an electrolyte solution.

According to some of any of the embodiments described herein, a concentration of

dissolved oxygen in the electrolyte is at least 1 ppm.
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According to some of any of the embodiments described herein, a detectable concentration

of the nitro-containing compound in the sample is lower than 1 ppm, or lower than 500 ppb, or
lower.

According to some of any of the embodiments described herein, the nitro-containing
compound is a nitro-containing explosive.

According to some of any of the embodiments described herein, the explosive is selected
from the group consisting of 2-nitrotoluene; 3-nitrotoluene; 4-nitrotoluene; 2,4,6-trinitrotoluene
(TNT); 2.,4-dinitrotoluene; 3.4-dinitrotoluene; 2,6-dinitrotoluene; ethylene glycol dinitrate
(EGDN); nitroglycerine (NG); cyclotrimethylenetrinitramine (cyclonite; RDX); pentaerythritol
tetranitrate (PETN); homocyclonite (octogen; HMX); ammonium nitrate; 1,2,3-propanetrial
trinitrate formulation; and any mixture thereof.

According to some of any of the embodiments described herein, the sample comprises at
least two nitro-containing compounds, and wherein the determining is of a presence and/or level
of each of the compounds.

According to some of any of the embodiments described herein, the nitro-containing
compound is in a fluid state.

According to some of any of the embodiments described herein, the nitro-containing
compound is in a gaseous state.

According to some of any of the embodiments described herein, a detectable concentration
of the nitro-containing compound in the sample is lower than 1 ppm, or lower than 500 ppb, or
lower.

According to an aspect of some embodiments of the present invention there is provided a
process of preparing an electrode, according to some of the respective embodiments, the process
comprising generating surface reactive groups on the at least a portion of the surface of the carbon
electrode.

According to some of any of the embodiments described herein, generating the reactive
groups comprises subjecting the carbon electrode to oxygen plasma treatment.

Unless otherwise defined, all technical and/or scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the invention pertains.
Although methods and materials similar or equivalent to those described herein can be used in the
practice or testing of embodiments of the invention, exemplary methods and/or materials are
described below. In case of conflict, the patent specification, including definitions, will control. In
addition, the materials, methods, and examples are illustrative only and are not intended to be

necessarily limiting.
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Implementation of the method and/or system of embodiments of the invention can involve

performing or completing selected tasks manually, automatically, or a combination thereof.
Moreover, according to actual instrumentation and equipment of embodiments of the method
and/or system of the invention, several selected tasks could be implemented by hardware, by
software or by firmware or by a combination thereof using an operating system.

For example, hardware for performing selected tasks according to embodiments of the
invention could be implemented as a chip or a circuit. As software, selected tasks according to
embodiments of the invention could be implemented as a plurality of software instructions being
executed by a computer using any suitable operating system. In an exemplary embodiment of the
invention, one or more tasks according to exemplary embodiments of method and/or system as
described herein are performed by a data processor, such as a computing platform for executing a
plurality of instructions. Optionally, the data processor includes a volatile memory for storing
instructions and/or data and/or a non-volatile storage, for example, a magnetic hard-disk and/or
removable media, for storing instructions and/or data. Optionally, a network connection is provided
as well. A display and/or a user input device such as a keyboard or mouse are optionally provided

as well.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

Some embodiments of the invention are herein described, by way of example only, with
reference to the accompanying drawings. With specific reference now to the drawings in detail, it
is stressed that the particulars shown are by way of example and for purposes of illustrative
discussion of embodiments of the invention. In this regard, the description taken with the drawings
makes apparent to those skilled in the art how embodiments of the invention may be practiced.

In the drawings:

FIGs. 1A-B present schematic illustrations of exemplary electrochemical cells for detecting
nitro-containing compounds according to some embodiments of the present invention.

FIGs. 2A-C present a schematic representation of an exemplary plasma treatment of carbon
fiber (CF) microelectrode, according to some embodiments of the present invention (FIG. 2A, left
schematic illustration), and a scanning electron microscope (secondary electrons) image and X-
ray photoelectron spectroscopy atomic concentrations for carbon (C), oxygen (O) nitrogen (N) and
silicon (Si) analysis before (FIG. 2A, right images); a schematic representation of chemical
modification of carbon fiber microelectrode (CF) according to some embodiments of the present
invention (FIG. 2B, left schematic illustrations); and a scanning electron microscope (secondary

electrons) image and X-ray photoelectron spectroscopy atomic concentrations for carbon (C),
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oxygen (O) nitrogen (N) and silicon (S1) analysis before (FIG. 2B, right images) [Abbreviations:

Ethanol (EtOH), 3-aminopropyldimethylethoxysilane (APDMES), Potassium hydroxide (KOH)];
and a schematic illustration of a device usable in gas phase chemical modification of carbon fiber
(CF) microelectrode, according to some embodiments of the present invention (FIG. 2C).

FIG. 3 presents comparative differential pulse voltammetry curves of non-modified CF
microelectrode (untreated electrode; dashed line) of a CF microelectrode subjected to oxygen
plasma treatment (ocygen plasma treated elecrode; black solid line), according to some
embodiments of the present invention. The background solution contained 0.25 M Potassium
chloride, 5 mM Tetrabutylammoniumiodide in aqueous buffer phthalate pH 4.0/acetonitrile mix
at 7/3 volume ratio, respectively. The differential pulse voltammetry was performed at modulation

time of 0.05 seconds, interval time of 0.1 seconds, and modulation amplitude of 50 mV.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE INVENTION

The present invention, in some embodiments thereof, relates to detection of chemicals and,
more particularly, but not exclusively, to systems and methods usable in electrochemical detection
of nitro-containing chemicals such as nitro-containing explosives.

Before explaining at least one embodiment of the invention in detail, it is to be understood
that the invention is not necessarily limited in its application to the details of construction and the
arrangement of the components and/or methods set forth in the following description and/or
illustrated in the drawings and/or the Examples. The invention is capable of other embodiments or
of being practiced or carried out in various ways.

In a search for improved systems for electrochemical detection of nitro-containing
compounds, which feature enhanced selectivity and sensitivity while avoiding complicate and
time-consuming procedures, the present inventors have recognized that a working electrode which
is made of a flexible material that can be easily and stably modified, if desired, and which can be
manipulated so as to optimize its surface, to thereby increase its sensitivity, is desirable.

The present inventors have particularly sought for a system that allows manipulating the
oxygen reduction kinetics so as to perform electrochemical detection of nitro-containing
compounds in electrolyte solutions while overcoming the reduced sensitivity that results from the
presence of dissolved oxygen. The present inventors have recognized that influencing the oxygen
background signal (peak) without time-consuming steps (e.g., while circumventing the need to
perform deaeration) can be effected by chemically modifying the surface of the working electrode

or/and using a suitable electrochemical background.
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While conceiving the present invention, the present inventors have considered utilizing

carbon electrodes, due to the flexibility of carbon materials, and have particularly conceived carbon
fiber microelectrodes as featuring a morphology that allows suitable signal-to-noise ratio, and
which can potentially serve as effective, low cost and sensitive sensor element which meets the
strict requirements of detection of explosive traces.

While reducing the present invention to practice, the present inventors have sought for
conditions that would provide efficient detection in an environment containing dissolved oxygen,
so as to provide a controlled electrochemical background and circumvent the need to perform de-
aeration of the system before detection.

The present inventors have designed a sensing system which can detect simultaneously
trace amounts of nitro-aromatic, nitrate-ester and nitro-amine explosives in a single cycle in the
presence of dissolved oxygen. The electrochemical system exhibits high sensitivity, allows
performing real-time and continuous monitoring of nitro-containing compounds, is operated by
rapid procedures, while avoiding time consuming processes of purification and pre-concentration,
allows detection within less than 1 minute, is free of a labeling agent, and thereby circumvents the
need to use excitation and imaging techniques, enables detecting simultaneously several nitro-
containing compounds; is easy to integrate with a lab on chip system/electrochemical system, can
be operated with small volume sample; is reusable; and uses low-cost and low-energy
constructions and operation.

The designed electrochemical system, by being capable of efficiently detecting nitro-
containing compounds in the presence of dissolved oxygen, can be utilized, for example, in
aqueous environments such as sea water, and in containers, open fields, and any other oxygen-
containing environments. The system can furthermore be efficiently used for detecting nitro-
containing compounds in air samples.

The system can be configured so to feature minimized dimensions, efficient and user-
friendly delivery means for introducing the sample to the system, at the user interface.

The system can furthermore be made of a gas-permeable carbon electrode, which can
perform two functions — as a sensing electrode and for introducing therethrough a fluid sample to
the system.

Referring now to the drawings, FIG. 1 presents a schematic illustration of an exemplary
electrochemical cell usable in the context of the present embodiments and comprising a sensing
(working) electrode 16 as described herein.

FIG. 2A presents a schematic illustration of a process of preparing an exemplary sensing

electrode according to some embodiments of the present invention.
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FIG. 3 presents the effect of surface treatment on the overpotential of oxygen reduction,

which provide for a broader potential window for detection of nitro-containing compounds.

FIG. 2B presents an exemplary process of preparing exemplary chemically-modified
sensing electrodes according to some embodiments of the present invention, which can be
combined with a carbon electrode as described herein.

The chemically-modified electrode is simply prepared by generating free hydroxy groups
on the carbon fiber electrode’s surface and introducing, by covalent attachment of a siloxane to
the hydroxy groups on the electrode’s surface, electron-donating groups such as amines, which
form charge-transfer complexes with the electron-deficient nitro groups. FIG. 2C presents an
exemplary device for practicing the preparation of sensing electrodes according to some of the
present embodiments.

Embodiments of the present invention therefore provide a sensing electrode, and a sensing
system and method utilizing same for detecting nitro-containing compounds in a sample, which
are particularly usable in detecting nitro-containing compounds in the presence of dissolved
oxygen.

Sensing electrode:

A sensing electrode according to embodiments of the present invention comprises a carbon
electrode, as described herein in any of the respective embodiments.

According to some embodiments of the present invention, the carbon electrode features at
least one nanoscale or microscale dimension.

By “microscale dimension” it is meant that at least one dimension of the electrode is lower
than 1 mm, or ranges from 0.1 micron to 900 microns.

By “nanoscale dimension” it is meant that at least one dimension of the electrode is lower
than 1 micron, or ranges from 0.1 nanometer to 900 nanometers.

The nanoscale or microscale dimension depends on the shape of the electrode. If an
electrode is generally shaped as a cylinder, the at least one dimension can be one or both of a length
and a diameter of the electrode. If the electrode is generally shaped as a rectangular, the at least
one dimension can be one or more of a length and a width of the electrode.

Electrodes featuring one or more microscale or nanoscale dimension are also referred to
herein and in the art as microelectrodes.

Carbon electrodes or microelectrodes can be made of glassy carbon, screen-printed carbon,

carbon films, carbon fibers, carbon paste, carbon nanotubes and others.
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According to some embodiments of the present invention, the carbon electrode is a carbon

fiber electrode, or a carbon fiber microelectrode (also referred to herein interchangeably as “carbon
microfiber electrode™).

A carbon fiber (CF) electrode is an electrode that comprises elementary carbon (e.g.,
graphite) shaped as a fibrous structure (e.g., a filament). Generally, but not necessarily, a CF
electrode features a microscale or even nanoscale diameter or thickness (width), typically, but not
limited to, in a range of from 1 to 500 microns, or from 5 to 200 microns, or 5 to 100 microns, or
5 to 50 microns or 5 to 20 microns. Generally, but not necessarily, a CF electrode features a length
(height) of from about 100 microns to about 50 mm, or from about 100 microns to about 1 mm, or
from about 100 microns to about 800 microns, including any intermediate values and subranges
therebetween. CF electrode featuring at least one dimension in the microscale or nanoscale range
is a CF microelectrode.

In some embodiments the CF microelectrode further comprises a mechanical support
enveloping or surrounding at least a portion of the electrode, leaving a protruding tip of e.g., from
10 to 100 microns, of unsupported, exposed portion of the electrode.

The CF microelectrode can be a single-barrel or a multi-barrel electrode.

In some embodiments, a CF microelectrode is a fluid-permeable electrode, preferably a gas-
permeable electrode. Gas permeable electrodes allow sensing of gaseous samples (e.g., air) and/or
analytes while circumventing the need to introduce the sample via a dedicated gas inlet.

By “gas-permeable” it is meant that the electrode is characterized by air permeability
through plane higher than 0.3 cfm/ft? through 0.25 mm, when measured according to standard
assays such as ASTM 737-96, ISO 5636, ISO 4638, ISO 9237, and TAPPI T460.

The CF microelectrodes can be carbon fabric electrodes or carbon paper electrodes. Carbon
fabric electrodes can be made of woven or non-woven carbon filaments or bundles of filaments.
Both electrode types are preferably gas-permeable electrodes.

Exemplary commercially available gas-permeable carbon fabric microelectrodes that are
usable in the context of the present embodiments include, but are not limited to, plain carbon cloth
such as, for example, electrodes marketed as ELAT — Hydrophilic Plain Cloth®, 1071 HCB plain
carbon cloth, Panex 30®.

Exemplary commercially available gas-permeable carbon paper microelectrodes that are
usable in the context of the present embodiments include, but are not limited to, electrodes
marketed by Freudenberg FCCT, such as Freudenberg H23, electrodes of the Spectracarb™ family,
Sigracet 39 AA, electrodes marketed under the trade name AvCarb® (e.g., AvCarb P75), and

similar gas-permeable carbon paper electrodes.
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Any commercially available CF microelectrode can serve as a raw material for providing a

CF microelectrode according to the present embodiments. Exemplary commercially available
electrodes are provided in the Examples section that follows.

In some of any of the embodiments described herein, a CF microelectrode is a carbon paper
electrode.

In some of any of the embodiments described herein, the CF microelectrode (e.g., the
carbon fiber microelectrode) is characterized by a surface area of at least 10-50 cm? per geometrical
cm?, including any intermediate value and subranges therebetween.

In some embodiments, the CF microelectrode is electrically connectable to other parts of a
sensing system or an electrochemical cell via electrically conducting wires, for example,
conducting metal foils such as, but not limited to, Ni foils.

In some embodiments, a CF microelectrode as described herein is surface-modified so as
to generate surface reactive groups (also referred to herein as first reactive groups). Such a surface
modification can be performed by, for example, attaching to intrinsic functional groups on the
surface a bifunctional linker molecule, which comprises in one terminus thereof a reactive group
that is capable of forming a bond with these intrinsic functional groups and in another terminus
thereof a reactive group that can form a bond with the functional moiety (that is, with a reactive
group of a compound that generates the functional moiety). Such a surface modification can
alternatively comprise other treatments which generate surface reactive groups (e.g., by oxidation
or reduction of intrinsic functional groups on the electrode’s surface). Exemplary methods for
chemically modifying electrodes include, but are not limited to, coating with a polymer film,
covalent attachment of functional moieties, sol-gel technology, physical adsorption, and oxygen
plasma treatment.

In some embodiments, the generated surface (first) reactive groups render the electrode, or
a portion thereof, reactive towards, for example, oxygen reduction, and thereby accelerate the
oxygen reduction and improves the sensing efficiency.

Thus, surface-modified CF electrodes can provide for both reactive groups for covalently
attaching the functional moieties to the electrode’s surface and reactive groups that improve the
sensing efficiency in the presence of oxygen.

In some embodiments, the compound generating the functional moiety comprises, prior to
being attached to the electrode, a reactive group that can readily react with a (first) reactive group
on the electrode’s surface so as to form a covalent bond with the surface. Such a reactive group is

also referred to herein as a second reactive group.
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In some of any of the embodiments described herein the electrode is a surface-modified

electrode as described herein, which features surface hydroxy groups (also referred to herein as
first reactive groups). These surface reactive groups can participate, if desired, in the covalent
attachment of the functional moiety thereto, via a compatible reactive group in the compound
generating the functional moiety (also referred to herein as a second reactive group), if such a
functional moiety is present in the electrode.

Selecting (second) reactive groups that are compatible with (first) reactive groups on the
electrode of choice is within the capabilities of any person skilled in the art, particularly in view
of the guidance provided herein.

In some embodiments, a carbon fiber electrode features, or is modified so as to feature,
hydroxy (first) reactive groups on its surface.

Free hydroxy groups on a carbon fiber electrode’s surface can be generated, for example,
by oxygen plasma treatment.

According to some embodiments of the present invention, the CF microelectrode of the
present embodiments features (carries, exhibits) a functional moiety in at least a portion of its
surface (e.g., an exposed portion of the electrode’s surface).

In some of any of the embodiments described herein, the CF microelectrode features
(carries, exhibits) a plurality of functional moieties as described herein in at least a portion of its
surface.

In some of any of the embodiments described herein, the CF microelectrode of the present
embodiments features a functional moiety attached to at least a portion of its surface (e.g., an
exposed portion of the electrode’s surface), and in some embodiments the functional moiety is
covalently attached to the at least a portion of the surface.

In some of any of the embodiments described herein, the CF microelectrode features a
plurality of functional moieties as described herein attached to at least a portion of its surface, and
in some of these embodiments at least a portion, and preferably most or all, of the functional
moieties are covalently attached to the at least a portion of the surface.

In some of any of the embodiments described herein, an average density of the functional

2, or at least 10! moieties

moieties on the CF microelectrode surface is at least 10'° moieties per cm
per cm?, and can be, for example, from about 10'° to about 103, or from about 10'! to about 10'3,
functional moieties per cm? of the electrode’s surface.

In some of any of the embodiments described herein, the functional moiety is other that a
moiety that interacts with a nitro-containing compound by forming a charge transfer complex

therewith, as described hereinafter.
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A sensing electrode that does not comprise a functional moiety that forms a charge-transfer

complex with a nitro-containing compound as described herein in any of the respective
embodiments, but which can optionally otherwise be surface-modified so as to feature reactive
groups on its surface as described herein (e.g., a first or a second reactive group as described
herein), is referred to herein as an electrode lacking a functional moiety, or as a non-functionalized
electrode, and any diversions and variations thereof. In some embodiments, such a sensing
electrode is referred to herein as surface-modified electrode (a surface-modified carbon electrode).

Exemplary processes of surface modification of a carbon electrode and of preparing a non-
functionalized sensing electrode as described herein is described in the Examples section that
follows.

In some of any of the embodiments described herein, there is provided a process of
preparing non-functionalized, surface-modified electrode as described herein, which comprises
generating the first reactive group, or a plurality of first reactive groups, as described herein, on at
least a portion of the surface of the carbon electrode.

In some of any of the embodiments described herein, the first reactive groups are generated
by oxidizing the surface of a portion thereof, to thereby generate, as a non-limiting example,
hydroxy group and/or aldehydes or ketones or carboxylate groups in the electrode’s surface or a
portion thereof.

In some of any of the embodiments described herein, generating the first reactive groups
comprises subjecting the carbon electrode to oxygen plasma treatment. In some of these
embodiments, hydroxy reactive groups are generated in the electrode’s surface or a portion thereof.

In some of any of the embodiments described herein, generating the first reactive groups
comprises subjecting the carbon electrode to oxygen plasma treatment.

Exemplary processes of surface modification of a carbon electrode and of preparing
functionalized, or non-functionalized, surface-modified, sensing electrode as described herein is

described in the Examples section that follows.

Additional (functionalized) sensing electrodes:

A sensing system a described herein can include, in addition to a non-functionalized or
surface-modified electrode as described herein in any of the respective embodiments and any
combination thereof, or to an electrochemical cell comprising same, additional sensing electrodes.
The additional sensing electrodes can form a part of an electrochemical cell or half-cell.

In some embodiments, one or more of the additional sensing electrodes is/are
functionalized electrode(s), and in some embodiments one or more of the additional sensing

electrodes comprise a carbon electrode and a functional moiety covalently attached to a surface of
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the carbon electrode, or to a portion of the surface, the functional moiety being such that forms a

charge-transfer complex with a nitro-containing compound.

As defined in IUPAC, a "charge-transfer complex” is a complex of an electron donor and
an electron acceptor, characterized by electronic transition(s) to an excited state in which there is
a partial transfer of electronic charge from the donor to the acceptor moiety.

Since the nitro group in nitro-containing compounds acts as an electron-withdrawing
group, nitro-containing compounds typically comprise domains which are electron deficient and
may exhibit a partial positive charge, due to electron resonance between these domains and the
nitro group(s).

In some of any of the embodiments described herein, the functional moiety is or comprises
an electron donating moiety.

Without being bound by any particular theory, it is assumed that the electron donating
moiety forms a charge transfer complex with the positively charged domains in nitro-containing
compounds.

Thus, in some of any of the embodiments described herein, in a charge-transfer complex
as described herein, the electron donor in an electron-donating moiety attached to the CF electrode
by means of a modified nanostructure, as described herein, and the electron-acceptor is the nitro-
containing moiety.

As used herein, the phrase "electron donating" with respect to a moiety or group describes
a moiety or group that comprises at least one electron donating atom, as this phrase is defined
herein.

As used herein, the phrase “electron donating atom” describes any atom in a chemical group
which is capable of donating one or more electrons to an electron acceptor (e.g., an atom or a
molecule that exhibits electron deficiency), so as to interact with the acceptor (e.g., via formation
of a charge transfer complex). Typically, the electron donating atom is characterized by the
presence of a free electron pair. Various heteroatoms (e.g., phosphorus, sulfur, nitrogen) are known
in the art to be capable of acting as electron donating atoms. In addition, a carbon atom in an N-
heterocyclic carbene (e.g., an N-heterocyclic carbene which is a five- or six- membered
heteroalicyclic or heteroaromatic ring described herein) may be a suitable electron donating atom.

In some of any of the embodiments described herein, a length of the functional moiety is
smaller than 2 nm, smaller than 1.5 nm, and even smaller than 1 nm. This allows the formation of
the charge transfer complex of the nitro-containing compound and the electron donating group to
occur close to the electrode surface, thereby enhancing the sensitivity of a sensing system

comprising the electrode. Exemplary electron donating moieties according to the present
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embodiments include, but are not limited to, alkyl, alkenyl, alkynyl, aryl and cycloalkyl, each

being substituted by one or more electron donating group(s).

In some of any of the embodiments described herein, a substituted alkyl, alkenyl, alkynyl,
aryl or cycloalkyl as described herein is smaller than 5 nm in length, smaller than 2.5 nm, and even
smaller than 1 nm.

In some of any of the embodiments described herein, the electron donating moiety is an
alkyl, alkenyl or alkynyl, being from 1 to 10 carbon atoms in length, and being substituted by one
or more electron donating group(s).

In some of any of the embodiments described herein, the alkyl, alkenyl or alkynyl described
herein is being of from 1 to 9 carbon atoms, or from 1 to 8 carbon atoms, or from 1 to 7 carbon
atoms, or from 1 to 6 carbon atoms, or from 1 to 5 carbon atoms, or from 1 to 5 carbon atoms, or
from 1 to 4 carbon atoms, or from 1 to 3 carbon atoms, or from 1 to 2 carbon atoms in length, or
of 1 carbon atom in length.

In some of any of the embodiments described herein, alkyl, alkenyl or alkynyl described
herein is being from 1 to 3 carbon atoms in length.

In some of any of the embodiments described herein, the electron donating moiety is an
alkyl being from 1 to 9 carbon atoms, or from 1 to 8 carbon atoms, or from 1 to 7 carbon atoms,
or from 1 to 6 carbon atoms, or from 1 to 5 carbon atoms, or from 1 to 5 carbon atoms, or from 1
to 4 carbon atoms, or from 1 to 3 carbon atoms, or from 1 to 2 carbon atoms in length, or of 1
carbon atom in length, and in some embodiments it is an alkyl being from 1 to 4 carbon atoms in
length and comprising one or more electron-donating group(s) as defined herein.

The electron-donating group(s) are preferably located at the distal terminus of the alkyl,
alkenyl or alkynyl, with respect to the electrode’s surface, so as to be exposed to interacting with
the nitro-containing compound.

In some of any of the embodiments described herein, the electron donating moiety is a
cyclic moiety, such as aryl or cycloalkyl, comprising one or more electron-donating group as
substituent(s). The substituent is preferably located so as to be exposed to interacting with the
nitro-containing compound.

In some of any of the embodiments described herein, the cyclic moiety is smaller than 2
mm in length and is some embodiments, the cyclic moiety comprises from 1 to 3 fused rings.

In some of any of the embodiments described herein, the functional moiety is a cyclic
moiety such as a heteroalicyclic or a heteroaryl, which comprises a heteroatom that functions as

an electron donating group (e.g., an electron donating atom).
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In some of any of the embodiments described herein, the heteroatom is a nitrogen atom,

which can be, for example, a part of a substituted or unsubstituted secondary amine with a ring of
the cyclic moiety. In cases where the nitrogen atom is a substituted amine, the substituent is
preferably such that enhances its electron donating properties, namely, is a substituent which
features an electron inductive effect (e.g., alkyls), yet do not impart stearic hindrance (e.g., lower
alkyl such as methyl or ethyl).

Exemplary electron donating groups include, but are not limited to, amine, alkoxy,
thioalkoxy, aryloxy and thioaryloxy, and electron donating atoms when included in a cyclic
moiety.

In some of any of the embodiments described herein, the electron donating group is amine,
as defined herein. In some of these embodiments, the amine can be a primary amine, a secondary
amine or a tertiary amine.

The amine can be unsubstituted, namely, be a primary amine, or substituted, namely, be a
secondary amine or a tertiary amine, as defined herein. In cases where the amine is substituted,
the substituent(s) is/are preferably such that enhance its electron donating properties, namely, are
substituents which feature an electron inductive effect (e.g., alkyls), yet do not impart stearic
hindrance (e.g., lower alkyl such as methyl or ethyl).

In some of any of the embodiments described herein, the electron donating group is an
amine and the amine is a primary amine.

In some of any of the embodiments described herein, the electron donating group is an
amine and the amine is a secondary amine.

In some of any of the embodiments described herein, the electron donating moiety is an
aminoalkyl, the alkyl being 1-10 carbon atoms in length.

In some embodiments, the alkyl is being 1-5 carbon atoms in length.

In some embodiments, the electron donating moiety is aminopropyl.

In some embodiments, the electron donating moiety is N-methylaminopropyl.

It is to be further noted that stronger electron donating property of the electron donating
moiety enables interaction with nitro-containing compounds which exhibit lower electron
deficiency.

For example, while TNT exhibits a high extent of electron deficiency, compounds with
less nitro substituents or aliphatic nitro-containing compounds can be less sensitive for a detection
method that utilizes aminopropyl electron donating moiety, yet, such compounds will interact in a
method that utilizes a stronger electron donating moiety such as, for example, N-

methylpropylamine.
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In some of any of the embodiments described herein the functional moiety comprises a

silicon atom substituted by one or more of the electron donating moieties described herein.

In some of any of the embodiments described herein the functional moiety comprises a
silyl substituted by one or more of the electron donating moieties described herein.

In some of any of the embodiments described herein, the functional moiety comprises an
orthosilicate (silyl ether; siloxane) substituted by one or more of the electron donating moieties
described herein.

In some of any of the embodiments described herein, the silyl or siloxane is further
substituted by one or more substituents, as described herein, preferably by hydrocarbon
substituents such as alkyls, alkenyls, alkynes, cycloalkyls, alkaryls and/or aryls, each being
optionally substituted.

In some embodiments, the silyl or siloxane is substituted by one or more alkyls, preferably
medium or lower alkyls as described herein, for example, one or two methyl substituents.

Without being bound by any particular theory, it is assumed that the hydrophobic
substituents, such as hydrocarbon substituents, of a silicon atom, stabilize the chemical
modification on the electrode surface, for example, by reducing interaction with (repulsing)
nucleophilic species such as hydroxy ions, present in the system, which can lead to decomposition
of the silicon nanostructures.

In some of any of the embodiments described herein, the functional moiety is represented

by the following Formula I:

Formula I

wherein the curved line denotes an attachment point to the electrode’s surface (e.g., to a
reactive group on the electrode’s surface);

D is an electron donating moiety as described herein;

R and R are each independently a hydrocarbon substituent as described herein, an alkoxy,
an aryloxy, hydrogen, an electron donating moiety as described herein (D) or L (having also an
attachment point to a reactive group on the electrode’s surface); and

L is abond, or is oxygen, or is generated upon covalent coupling of a second reactive group

as described herein to a first reactive group on the electrode’s surface.
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In some embodiments, R1 and R> are each independently an alkyl as described herein, and

in some embodiments R and R» are each methyl.

In some embodiments, L is oxygen, such that the functional moiety is covalently attached
to the electrode’s surface by a —Si-O- bond.

Functional moieties represented by Formula I in which D comprises an amine as an
electron donating group are also referred to herein as amino-siloxanes or as moieties generated
from amino-siloxanes.

In some embodiments, the functional moiety is attached to the electrode’s surface by a
single —Si-O- bond. In some embodiments, such functional moieties form a monolayer in the
electrode’s surface.

In some embodiments, the functional moiety is covalently attached to the electrode's
surface by means of forming covalent bonds between a reactive group in a compound from which
the functional moiety is derived and a compatible reactive group on the surface of the electrode.
The functional moiety is the moiety formed upon such a covalent attachment of the compound to
the reactive group on the electrode’s surface.

For example, a functional moiety represented by Formula I, in which L is oxygen, is
generated from a corresponding siloxane or orthosilicate, which features, instead of the oxygen, a
hydroxy, alkoxy or aryloxy group.

Reactive groups on the electrode’s surface are either intrinsic or can be generated upon a
suitable treatment.

In some embodiments, the electron donating moiety is an aminoalkyl and the functional
moiety is derived from an aminoalkyltriorthsilicate, such as, for example,
aminopropyltriorthosilicate or N-methylaminopropyltriorthosilicate, or, preferably, from
aminoalkyl dialkylalkoxysilane.

In some embodiments, the electron donating moiety is an aminoalkyl, and the functional
moiety is derived from an aminoalkyl that is further substituted by halide or by triorthosilicate or,
preferably, by dialkylalkoxysilane.

Other bifunctional compounds which comprise an electron donating moiety as described
herein and a reactive group suitable for forming a covalent with a nanostructure as described
herein, are contemplated for generating a functional moiety as described herein on the electrode’s
surface.

A sensing electrode featuring a functional moiety as described herein in any of the

respective embodiments, is also referred to interchangeably as a chemically-modified CF
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electrode, or a chemically-modified CF microelectrode, or amino-modified CF electrode, or a

functionalized electrode and diversions and variations thereof.

According to some embodiments, a process of preparing a functionalized sensing electrode
as described herein, comprises coupling to a carbon electrode featuring a plurality of first reactive
groups on at least a portion of its surface, as described herein, a compound featuring the functional
moiety and a second reactive group that forms a covalent bond with the first reactive groups.

The first and second reactive groups are selected so as to be compatible with one another
in forming a covalent bond therebetween, as described herein, and the coupling is effected under
conditions (e.g., chemical reagents, chemical conditions such as pH and/or physical conditions
such as heat, radiation, etc.) for promoting the formation of a covalent bond between the first and
second reactive groups.

The first and second reactive groups, according to any of the embodiments described
herein, can be such that interact via a chemical reaction such as nucleophilic substitution reaction,
addition-elimination reaction, Diels-Adler reaction, and any other reaction that results in formation
of a covalent bond. Reactions for forming covalent bonds, reactive groups participating in such
reactions and conditions for promoting such reactions are readily recognized by those skilled in
the art.

In some embodiments, the coupling is effected at a gas phase, such that the compound
featuring the functional moiety and the second reactive group is in a gaseous form. In some of
these embodiments, the conditions for promoting the coupling (the formation of a covalent bond
as described herein) are such that this compound is in a gaseous form. Such conditions typically
include elevated temperatures (e.g., 50-150 °C) and reduced pressure, at which the vapor pressure
of the compound is high. Exemplary such conditions are described in the Examples section that
follows.

In some of any of the embodiments described herein, the process further comprises, prior
to the coupling, generating the first reactive group, or a plurality of first reactive groups, on at least
a portion of the surface of the carbon electrode.

In some of any of the embodiments described herein, the first reactive groups are generated
by oxidizing the surface of a portion thereof, to thereby generate, as a non-limiting example,
hydroxy group and/or aldehydes or ketones or carboxylate groups in the electrode-s surface or a
portion thereof.

In some of any of the embodiments described herein, generating the first reactive groups

comprises subjecting the carbon electrode to oxygen plasma treatment.
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Exemplary processes of chemical modification of a carbon electrode and of preparing a

chemically-modified sensing electrode as described herein is described in the Examples section

that follows.

Sensing System:

In some of any of the embodiments described herein, the sensing electrode as described
herein is usable for electrochemical detection of a nitro-containing compound in a sample.

In some of any of the embodiments described herein, the sensing electrode as described
herein is usable for electrochemically determining a presence and/or level of a nitro-containing
compound in a sample.

In some of any of the embodiments described herein, the sensing electrode as described
herein is usable for determining a presence and/or level of a nitro-containing compound in a
sample, upon integrating the electrode in an electrochemical cell.

In some embodiments of the present invention, there is provided an electrochemical cell
which comprises a sensing electrode as described herein in any of the respective embodiments and
any combination thereof. The sensing electrode functions, and is also referred to herein, as a
working electrode.

In some embodiments of the present invention, there is provided a sensing system which
comprises a sensing electrode as described herein in any of the respective embodiments and any
combination thereof. Such a sensing system is also referred to as a sensor.

In some embodiments of the present invention, there is provided a sensing system which
comprises an electrochemical cell as described herein in any of the respective embodiments and
any combination thereof.

According to some of any of the embodiments that relate to a sensing system or an
electrochemical cell, the sensing electrode is a non-functionalized or surface-modified sensing
electrode as described herein in any of the respective embodiments and any combination thereof.

According to some of these embodiments, the sensing system comprises an additional
sensing electrode, e.g., one or more functionalized sensing electrodes as described herein in any of
the respective embodiments.

In some of the embodiments where a sensing system comprises two or more sensing
electrodes, for example, one surface-modified electrode and one chemically-modified sensing
electrode, each electrode forms a part of separate electrochemical cell as described herein in any
of the respective embodiments. Alternatively, or in addition, each sensing electrode forms a part

of a half electrochemical cell.
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The following describes some embodiments of an electrochemical cell of the invention.

In some embodiments, the sensing electrode is electrically connectable to a power source,
and the cell is configured such that when it is operated, at least a portion thereof, i.e., a portion
thereof that have surface reactive groups or functional moieties as described herein covalently
attached thereto, if present, contacts the analyte (a nitro-containing compound or a sample
containing same).

In some embodiments of the present invention, the electrochemical cell further comprises
a reference electrode. Any commercially available or customarily designed reference electrode is
contemplated. In some embodiments, the reference electrode is an aqueous reference electrode.
Exemplary usable reference electrodes include, but are not limited to, Silver/Silver Chloride
electrode (e.g., Ag/AgCl/Saturated KCl electrode such as marketed by Metrohm), a Standard
calomel (e.g., saturated calomel) electrode (SCE), a Standard hydrogen electrode (SHE), a Normal
hydrogen electrode (NHE), a Reversible hydrogen electrode (RHE), a Copper-copper(1l) sulfate
electrode (CSE); a pH-electrode; a Palladium-hydrogen electrode, a Dynamic hydrogen electrode
(DHE), and a Mercury-mercurous sulfate electrode (MSE).

The reference electrode is also electrically connectable to a power source, and the cell is
configured such that when it is operated, a potential difference (voltage) is applied between the
sensing electrode and the reference electrode.

In some embodiments, the electrochemical cell follows a three-electrode design and further
comprises an auxiliary electrode. Preferably, but not obligatory, the auxiliary electrode is a
platinum electrode. Any other auxiliary electrode, commercially available or customarily
designed, is contemplated. Non-limiting examples include gold electrodes, carbon electrodes and
carbon/gold electrodes.

In some embodiments, the auxiliary electrode is electrically connectable to the sensing
electrode.

In some of any of the embodiments described herein, the electrochemical cell further
comprises a device that measures a current generated at the sensing electrode, as a result of redox
reactions occurring at or next to (in the vicinity of) a surface of the sensing electrode. In some
embodiments, this device (e.g., an amperometer, a picoameter) is electrically connectable to the
auxiliary electrode and the sensing electrode.

A schematic presentation of an exemplary assembly of a three-electrode electrochemical
cell 10 according to some embodiments of the present invention is presented in FIG. 1A.

Electrochemical cell 10 comprises a sensing electrode 12 as described herein, which acts

as a working electrode. Sensing electrode 12 can optionally feature surface reactive groups as
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described herein (not shown). When the cell is operated, a portion of the electrode that should be

in contact with the analyte, e.g., by contacting an electrolyte 18 in which the analyte is dissolved.
Sensing electrode 12 is one half of electrochemical cell 10. A reference electrode 22 is the other
half of cell 10. A power source 20 is electrically connectable to sensing electrode 12 and reference
electrode 22 by means of electrical wires 24. Power source 20 is configured to apply voltage
between sensing electrode 12 and reference electrode 22, for example, by applying potential to one
of the electrodes. Optionally, but not obligatory, cell 10 further comprises an auxiliary electrode
26, and a current measuring device 28, and device 28 is electrically connectable to sensing electrode
12 and auxiliary electrode 26.

For an electrochemical cell (e.g., cell 10) to operate, at least the sensing electrode (electrode
12) should be in contact with an electrolyte shown in FIG. 1 as an electrolyte 18. The
electrochemical cell (e.g., cell 10) can comprise an electrolyte (e.g., electrolyte 18, as exemplified
in FIG. 1A), or can comprise means (e.g., an inlet port; not shown in FIG. 1A), for introducing the
electrolyte to the cell, so as to contact at least the sensing electrode (e.g., sensing electrode 12).

When the sensing system further comprises an electrochemical cell that comprises a
chemically-modified, functionalized sensing electrode, such an electrochemical cell can be as
described herein, wherein the working electrode is a chemically-modified, functionalized sensing
electrode as described herein in any of the respective embodiments.

A schematic presentation of an exemplary assembly of such a three-electrode
electrochemical cell 100 according to some embodiments of the present invention is presented in
FIG. 1B.

Electrochemical cell 100 comprises a sensing electrode 14 as described herein, which acts
as a working electrode. Sensing electrode 14 comprises a functional group 16 which can form a
charge-transfer complex with a nitro-containing compound as described herein in any of the
respective embodiments. When the cell is operated, a portion of electrode 14, preferably a portion
having functional moiety 16, should be in contact with the analyte, e.g., by contacting an electrolyte
18 in which the analyte is dissolved. Sensing electrode 14 is one half of electrochemical cell 100.
A reference electrode 22 is the other half of cell 100. A power source 20 is electrically connectable
to sensing electrode 14 and reference electrode 22 by means of electrical wires 24. Power source
20 is configured to apply voltage between sensing electrode 14 and reference electrode 22, for
example, by applying potential to one of the electrodes. Optionally, but not obligatory, cell 100
further comprises an auxiliary electrode 26, and a current measuring device 28, and device 28 is

electrically connectable to sensing electrode 14 and auxiliary electrode 26.
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For an electrochemical cell (e.g., cell 10 or 100) to operate, at least the sensing electrode

(electrode 12 or 14) should be in contact with an electrolyte shown in FIGs. 1A and 1B as an
electrolyte 18. The electrochemical cell (e.g., cell 10 or 100) can comprise an electrolyte (e.g.,
electrolyte 18, as exemplified in FIG. 1A or FIG. 1B), or can comprise means (e.g., an inlet port;
not shown in FIGs. 1A and 1B), for introducing the electrolyte to the cell, so as to contact at least
the sensing electrode (e.g., sensing electrode 12 or 14).

An electrochemical cell according to the present embodiments can follow any of the designs
known in the art, and can include one or more sensing electrode(s), and one or more of a reference
electrode(s) and/or an auxiliary electrode(s). Exemplary designs include, without limitation,
rotating disk-ring electrodes, ultramicro-electrodes, or screen printed electrodes.

The configuration of the components of electrochemical cell 10 or 100 as presented in FIGs.
1A and 1B are for illustrative purpose only and are not to be regarded as limiting in any way.

Electrochemical cell 10 or 100 can each independently be, for example, in a form of a
covered glass (or other inert material like Teflon or quartz) beaker, containing the sample solution
in which the three electrodes are dipped. In some embodiments, electrochemical cell 10 is a micro
cell or a thin layer cell.

Electrochemical cell 10 or 100 can each independently further comprise means for

mixing/stirring a sample with electrolyte 18 (not shown in FIG. 1).
Electrochemical cell 10 or 100 can each independently further comprise means for monitoring
and/or controlling the temperature inside the cell (not shown in FIG. 1). As used herein and in the
art, an electrolyte is an electrically conducting material or medium. An electrolyte can be solid or
fluid, and can be used per se or when dissolved in a polar solvent, such as water. When dissolved
is a solvent, it is referred to as an electrolyte solution. In the context of electrochemical cells, an
electrolyte is also referred to as a background solution.

Herein throughout, the term “electrolyte” also encompasses an “electrolyte solution”.

In an electrochemical cell as described herein (e.g., cell 10, FIG. 1A, and/or cell 100, FIG.
1B), at least the sensing electrode (e.g., sensing electrode 12 or 14) contacts the electrolyte (e.g.,
electrolyte 18) when the cell is operated. In some embodiments, all electrodes contact an
electrolyte (e.g., electrolyte 18) when the cell is operated. In some embodiments, all electrodes
contact the same electrolyte, as exemplified in FIGs. 1A and 1B, and in some embodiments, one
or more of the electrodes contact an electrolyte different from the electrolyte in contact with the
sensing electrode, and a membrane is interposed between the different electrolytes.

In some of any of the embodiments described herein, the electrolyte solution (e.g.,

electrolyte solution 18, FIGs. 1A and/or 1B), features a pH lower than 8, or a pH lower than 7, or
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a pH lower than 6, or lower than 5 or lower. In some embodiments, the electrolyte solution features

a pH in a range of from 1 to 7, or from 1 to 6.5, or from 3 to 7, or from 3 to 6.5, or from 4 to 6.5,
or from 3 to 4, including any intermediate values and subranges therebetween. In some
embodiments the electrolyte solution features pH of about 4.

In some of any of the embodiments described herein, the electrolyte solution (e.g.,
electrolyte 18) is or comprises an aqueous solution.

In some of any of the embodiments described herein, the electrolyte solution (e.g.,
electrolyte 18) comprises a mixture of an aqueous solution and an organic solvent.

Exemplary aqueous solutions include buffer solutions, for example, phthalate buffer
solutions, phosphate buffer solutions or any other buffer solution that provides the desired pH
value, as described herein. Buffer solutions that provide pH values as described herein are well
known to those skilled in the art.

Exemplary organic solvents include, water-miscible solvents, preferably polar and/or
aprotic solvents, and, further preferably, solvents in which a nitro-containing compound is
dissolvable and/or in which an organic quaternary ammonium salt of choice, as described herein,
is dissolvable.

Suitable organic solvents are preferably further characterized as capable of inhibiting or
reducing electrolysis of water and/or of broadening the electrochemical window of water, for
example, up to -2 Vollts.

Suitable organic solvents are preferably further characterized as being chemically
compatible with (e.g., chemically inert to) the electrochemical cell or system as described herein.
In some embodiments, the organic solvent is characterized as being chemically compatible with
plastic and/or any other polymeric materials typically used for constructing electrochemical cells
or systems.

An exemplary solvent is acetonitrile, although other solvents, such as, for example,
dimethyl formamide, dimethylsulfoxide, propylene carbonate, ethanol, methanol, and any mixture
thereof, are contemplated. Another exemplary solvent is ethanol.

A volume ratio between an aqueous solution and an organic solvent can range, for example,
from 10:1 to 1:1, or from 5:1 to 1:1, or from 3:1 to 1:1, or from 5:1 to 3:1, including any
intermediate value and subranges therebetween. For example, an electrolyte solution can comprise
90 vol. % aqueous solution and 10 vol. % organic solvent, or 80 vol. % aqueous solution and 20
vol. % organic solvent, 75 vol. % aqueous solution and 25 vol. % organic solvent, or 70 vol. %
aqueous solution and 30 vol. % organic solvent, or 65 vol. % aqueous solution and 35 vol. %

organic solvent, or 60 vol. % aqueous solution and 60 vol. % organic solvent, or 55 vol. % aqueous
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solution and 45 vol. % organic solvent, or 50 vol. % aqueous solution and 50 vol. % organic solvent.

In some embodiments, an electrolyte solution comprises 70 vol. % aqueous solution and 30 vol. %
organic solvent.

In some of any of the embodiments described herein, an electrolyte solution (e.g.,
electrolyte solution 18, FIGs. 1A and/or 1B), comprises a soluble salt (e.g., a water-soluble salt, or
a salt soluble in the solvent mixture making up the electrolyte solution). Any soluble salt
commonly used in electrolyte solution for increasing the ionic strength is contemplated, typically
an inorganic salt, with potassium chloride being a non-limiting exemplary salt. A concentration of
the salt typically determines, at least in part, the ionic strength of the electrolyte solution and can
range from, for example, 0.IM to 1M, or from 0.1M to 0.5M, including any intermediate value and
subranges therebetween. In some embodiments, a concentration of the salt is 0.25M.

In some of any of the embodiments described herein, the electrolyte solution comprises,
preferably in addition to an inorganic salt, a quaternary ammonium salt, preferably, an organic
quaternary ammonium salt.

An organic quaternary ammonium salt can be represented by the Formula:

RiR:R3R4NTX

wherein: Ri, R2, R3 and R4 is each independently an alkyl, cycloalkyl or aryl, or
alternatively, two or more form together a heterocylic (heteroalicyclic or heteroaryl) ring; and X is
an anion such as halide (e.g., chloride, bormide, iodide), perchlorate, borate, and any other
acceptable anion.

The selection of the anion can be made such that it is inert to the electrochemical window
of water, that is, the anion is preferably such that features a standard electrode potential higher than
hydroxide.

In some embodiments, the anion is other than halide.

In some embodiments, Ri, Rz, R3 and R4 is each independently an alkyl, and in some
embodiments, each is independently an alkyl of from 1 to 4 carbon atoms.

In some of any of the embodiments described herein, the organic quaternary ammonium
salt is soluble in the electrolyte solution as described herein in any of the respective embodiments.

Exemplary organic quaternary ammonium salts that are usable in the context of the present
embodiments include commonly used phase transfer catalysts.

In some of any of the embodiments described herein, a concentration of the quaternary

ammonium salt is lower than 0.5 M, or lower than 0.2M, or lower than 0.1 M. In some
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embodiments, a concentration of the quaternary ammonium salt ranges from 1 to 10 mM, including

any intermediate values and subranges therebetween. In some embodiments, a concentration of
the quaternary ammonium salt is 5 nM.

In some of any of the embodiments described herein, the quaternary ammonium salt is such
that assists in providing a sharp peak of the oxygen reduction and/or of the nitro-containing
compound reduction.

Non-limiting examples of a quaternary ammonium salt is tetrabutylammonium iodide and
tetrabutylammonium perchlorate, although other quaternary ammonium compounds are
contemplated.

In some embodiments, an electrolyte solution comprising a mixture of an aqueous buffer
solution featuring a pH lower than 7 as described herein, an organic solvent, an inorganic salt and
an organic quaternary ammonium salt at a low concentration, when used in combination with a
sensing electrode as described herein, enables to reduce and even diminish a masking effect
resulting from the presence dissolved oxygen (e.g., by reducing an overpotential of oxygen
reduction and/or increasing the gap between the potential at which reduction of a nitro-containing
compound and of oxygen occurs) and allows performing electrochemical detection while
circumventing the need to deaerate (e.g., evacuate oxygen from) the cell or system.

In some of any of the embodiments described herein, an electrochemical cell and/or a
sensing system comprising same, as described herein, is operable when a concentration of oxygen
in the electrolyte is at least 1 ppm, or at least 10 ppm, or at least 20 ppm, or at least 30 ppm, or
higher.

In some of any of the embodiments described herein, electrochemical detection of a nitro-
containing compound is performed using an electrochemical cell and/or a sensing system
comprising same, as described herein, when a concentration of oxygen in the electrolyte is at least
1 ppm, or at least 10 ppm, or at least 20 ppm, or at least 30 ppm, or higher.

In some of any of the embodiments described herein, an electrochemical cell and/or a
sensing system comprising same, as described herein, is operable when a concentration of oxygen
in the electrolyte is higher than a concentration of a nitro-containing compound in the electrolyte
by at least 10-folds, or at least 20 folds, or at least 30-folds, or at least 50-folds or at least 100-folds,
or at least 1000-folds or at least 5000-folds, and even higher.

In some of any of the embodiments described herein, electrochemical detection of a nitro-
containing compound is performed using an electrochemical cell and/or a sensing system
comprising same, as described herein, when a concentration of oxygen in the electrolyte is higher

than a concentration of a nitro-containing compound in the electrolyte by at least 10-folds, or at
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lIeast 20 folds, or at least 30-folds, or at least 50-folds or at least 100-folds, or at least 1000-folds or

at least 5000-folds, and even higher.

In some of any of the embodiments described herein, the sensing system and/or the
electrochemical cell described herein is/are devoid of means for deaerating the system or cell prior
to contacting the sensing electrode with a sample. Such means typically include physical means
for introducing an inert gas, such as argon gas or nitrogen gas, to the cell, and optionally a source
of the inert gas connectable to the means; and/or means for chemically removing oxygen, for
example, zinc or sodium sulfate.

In some of any of the embodiments described herein, the sensing system and/or the
electrochemical cell described herein is/are devoid of means for bubbling an inert gas in the
electrolyte solution and/or means for connecting the cell and/or the system to a source of an inert
gas.

In some of any of the embodiments described herein, the sensing system and/or the
electrochemical cell described herein is/are devoid of zinc, sodium sulfate, or any other chemical
reagents that can react with oxygen; and/or is/are devoid of means of contacting oxygen with such
chemical reagents.

In some of any of the embodiments described herein, a system as described herein further
comprises means for introducing a sample to the electrochemical cell. The sample should be
introduced to the cell such that it contacts the sensing electrode.

In some embodiments, the sensing system comprises means for introducing a sample to the
electrochemical cell such that it contacts the sensing electrode.

In some embodiments, the sensing system comprises means for introducing a sample to the
electrochemical cell such that it is mixed with or dissolved in the electrolyte solution.

In some embodiments, a sample is introduced to the electrochemical cell by means of an
inlet port, referred to herein also as a sample inlet. In some embodiments, the inlet port is
configured for introducing a gaseous sample to the cell. In some embodiments, the inlet port is
configured for introducing a liquid sample to the cell. In some embodiments, a fluid (gaseous
and/or liquid) sample is bubbled into the electrolyte solution and the inlet port is configured for
effecting such bubbling.

In some of any of the embodiments described herein, the system is devoid of a sample inlet.
This is enabled by the carbon fiber electrode, which is gas permeable and hence gas samples can
enter the electrochemical cell therethrough.

In some of any of the embodiments described herein, the means for introducing a sample

to the electrochemical cell include a pump or a pumping device. An exemplary pump is an air
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pump, in cases where the sample is in a gaseous form. The pump or the pumping device can be in

contact with the CF microelectrode of the present embodiments, such that the pumped sample
permeates through the electrode and is thus introduced to the cell or system. Alternatively, the
pump or pumping device are in contact with the electrolyte, such that the pumped sample
contacts or is mixed with the electrolyte.

In some embodiments, a system as described herein further comprises a gas outlet.

In some of any of the embodiments described herein, a sensing system as described herein
is operable by assembling at least a sensing electrode as described herein and an electrolyte, and
electric means for electrically connecting the sensing electrode to a power source; introducing a
sample into the electrochemical cell, by means that allow the sample to contact (e.g., dissolve in)
the electrolyte, as described herein; applying a potential to the sensing electrode, by means of a
power source as described herein; and measuring an electrochemical signal that is indicative of an
electrochemical reaction in which the nitro-containing compound participates.

In some of any of the embodiments described herein, the electrochemical signal is an
electrical current generated at the sensing electrode is response to said potential, and measuring the
signal is effected by means of an electrical current measuring device. The measured current is
indicative of a presence and/or level (e.g., amount, concentration) of a nitro-containing compound
in the sample.

In some of any of the embodiments described herein, the electrochemical cell comprises a
reference electrode and applying a potential is effected by applying voltage between the sensing
electrode and the reference electrode.

The power source is configured to apply potential to the sensing electrode according to any
known voltammetry method, as described in further detail hereinafter, in embodiments related to a
sensing method.

In some embodiments, the power source is configured to apply a varying potential to the
sensing electrode, and in some embodiments, the power source is configured to apply a linearly
varying potential (as in linear sweep voltammetry); a staircase varying potential; a squarewave
varying potential; or a pulse varying potential (normal pulse or differential pulse), as described in
further detail hereinbelow.

In some embodiments, the power source is configured to apply differential pulse potential.

In some embodiments, the system is configured to determine a current generated in
response to the varying potential, and in some embodiments, the system is configured for
determining a change in the current generated at the sensing electrode, in response to the varying

potential.
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In some of any of the embodiments described herein, the system is configured to determine

an electric current or a change in an electric current, compared to an electric current or a change in
the electric current generated at the sensing electrode, in response to the varying potential, when a
sample is not introduced to the electrochemical cell. Such data is also referred to herein as
“background current” and in some embodiments, the system is configured to subtract the
background current from the determined current or change in current.

In some embodiments, the system is operable in a differential pulse voltammetry mode and
is configured to determine a change in an electrical current that is relative to a change in the
potential (a derivative of the applied potential) in response to a change in the potential, as is known
in the art.

Generally, but not necessarily, the system is configured for providing a voltammogram that
presents values that are in line with the voltammetry methodology used.

Determination of a change in the electrical current, according to any of the respective
embodiments, can be performed by means of a device which is configured to process the received
signals (e.g., the mode of the applied varying potential and corresponding generated current data)
so as to provide a value or a set of values as desired (e.g., a change in electrical current relative to
a derivative of the applied potential, or any other voltammogram). Such a device is also referred
to herein as a signal processor.

In some embodiments, the signal processor is a data processor such as a computer
configured for receiving and analyzing the signals. The signal processor extracts, from each
generated signal or set of signals, a parameter (e.g., a voltammogram) that is indicative of an
electrochemical reaction of a nitro-containing compound, and hence of a presence and/or level of
the nitro-containing compound.

In some embodiments of the invention the signal processor is configured to construct a
fingerprint of a nitro-containing compound, for example, a voltammogram obtained upon
contacting an electrolyte with the nitro-containing compound and applying a certain mode of a
varying potential (e.g., a differential pulse potential).

In some embodiments of the invention the signal processor is configured to construct a
database of fingerprints of a plurality of nitro-containing compounds, for example, a database of
voltammograms obtained upon contacting an electrolyte with a nitro-containing compound and
applying a certain mode of a varying potential (e.g., a differential pulse potential). The database
can include several voltammograms for each nitro-containing compound, each for a different mode
and/or range and/or rate of application of the varying potential, and/or each for a different

electrolyte.
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In some embodiments of the invention the signal processor is configured to search a

database of fingerprints of a plurality of nitro-containing compounds, for example, a database of
voltammograms as described herein, for a fingerprint that matches a received fingerprint, and to
identify accordingly the nitro-containing compound.

In some of any of the embodiments of the invention the signal processor is configured to
determine a level of an identified nitro-containing compound in a sample, by accessing and/or
processing relevant data. Such data can include, for example, a calibration curve, e.g., of
voltgammograms, or of specific values obtained in voltammetry measurements (e.g., a reduction
peak), obtained for varying concentrations of the identified nitro-containing compound, and stored
on a computer readable medium. For example, the signal processor may access the calibration
curve, search for a value (e.g., a reduction peak) that matches the value obtained upon operating
the system, and identify a concentration of the identified nitro-containing compound that matches
this value. Alternatively, or in addition, the data include a lookup table stored on a computer
readable medium, which can be searched for values that match the measured value and are
indicative of a level of an identified nitro-containing compound. Further alternatively, or in
addition, the data include a predetermined relationship between the measured value and a level of
the identified nitro-containing compound. For example, if such a predetermined relationship
comprises a linear relationship, the signal processor can determine the level of an identified nitro-
containing compound by means of extrapolation, based on the pre-determined relationship.

In some of any of the embodiments described herein, the sensing system as described herein
further comprises an additional sensing electrode, which is configured to generate an electrical
signal upon contacting a compound other than a nitro-containing compound. In some of these
embodiments, the additional sensing electrode forms a part of an additional electrochemical cell.
Such a system is configured such that a sample is introduced therein and contacts both sensing
electrodes. The generated electrical signals are thus indicative of the presence/absence and amount
(if present) of both the nitro-containing compound and the other compound.

In some embodiments, such a sensing system further comprises a signal processor as
described herein which is configured to identify the nitro-containing compound, as described
herein, and to identify the other compound, and, optionally, to further determine a level of each
identified compound in a sample.

In some embodiments, the additional sensing electrode is a carbon electrode which is
modified so as to detect the additional compound.

In some embodiments, the additional sensing electrode is configured to detect explosives

other than nitro-containing explosives, for example, peroxide-containing compounds.
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Exemplary sensing electrode and electrochemical cell comprising same, for detecting

peroxide-containing compounds are described in WO 2018/229781.

In some of any of the embodiments described herein, a sensing system as described herein
comprises a plurality (e.g., two, three or more) of functionalized and/or non-functionalized carbon
electrodes (e.g., CF microelectrodes) as described herein.

In some of these embodiments, at least one portion of the carbon electrodes (e.g., CF
microelectrodes) include a non-functionalized carbon electrode (e.g., CF microelectrode), and in
some of these embodiments the non-functionalized carbon electrode can be or can include a
surface-modified electrode as described herein. Optionally, at least one portion of the carbon
electrodes (e.g., CF microelectrodes) is modified so as to feature a functional moiety as described
herein, and is a functionalized electrode as described herein in any of the respective embodiments.

In some embodiments, there are two functionalized electrodes, such that at least one portion
of the carbon electrodes (e.g., CF microelectrodes) feature a first functional moiety and at least
another portion of the carbon electrodes (e.g., CF microelectrodes) features a second functional
moiety which is different from the first functional moiety, whereby both functional moieties
interact with a nitro-containing material as described herein in any of the respective embodiments.

In some of these embodiments the sensing system comprises three, four or more portions
of carbon electrodes (e.g., CF microelectrodes), some are non-functionalized (and optionally
surface-modified), and some are functionalized such that each featuring a different functional
moiety that interacts with a nitro-containing compound as described herein.

In some of any of these embodiments, the sensing system comprises a plurality of
electrochemical cells or a plurality of electrochemical half cells, each being individually
connectable to a power source, and, optionally, each being individually connectable to a device for
measuring the electrochemical parameter as described herein.

In some of any of these embodiments, each of the measuring devices can independently be
connected to a signal processor, or, alternatively, all measuring devices are connected to the same
signal processor.

Such a sensing system can generate for different nitro-containing compounds different
defined fingerprints, and allows using, for example, a dedicated database, for the identification of
the nitro-containing compound based on such fingerprints database, according to the guidelines

provided herein.
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Electrochemical Detection:

According to an aspect of some embodiments of the present invention there is provided a
method of detecting a nitro-containing compound in a sample, while utilizing a sensing electrode
as described herein in any of the respective embodiments.

In some embodiments, a method as described herein utilizes a sensing electrode and an
electrolyte solution, as described herein in any of the respective embodiments.

In some embodiments, a method as described herein utilizes a sensing system, as described
herein in any of the respective embodiments.

In some embodiments, a method as described herein utilizes an electrochemical cell, as
described herein in any of the respective embodiments.

In some embodiments, a method as described herein is devoid of a step of deaerating the
electrolyte or an electrochemical cell or a system comprising the electrolyte prior to performing the
detection. In some embodiments, the method is devoid of introducing an inert gas to the cell, for
example, is devoid of bubbling an insert gas in the electrolyte solution.

In some embodiments, a method as described herein is performed when a concentration of
dissolved oxygen in the electrolyte at the time of detection is at least 1 ppm, and/or is higher by at
least one order of magnitude (or two or three or more orders of magnitude) than a concentration of
the nitro-containing compound in the electrolyte, as described herein.

Herein throughout, the terms “detection”, “detecting” and grammatical diversions thereof,
and the terms “sensing”, are used interchangeably, and refer to determining a presence and/or level
of a nitro-containing compound.

In some of embodiments, the method as described herein is a method of electrochemical
detection of nitro-containing compounds.

In some embodiments, the method is effected by contacting a sensing electrode as described
herein in any of the respective embodiments with a sample, and applying a potential to the sensing
electrode.

In some embodiments, the method is further effected by measuring an electrochemical
parameter upon applying the potential to the sensing electrode, and in some embodiments, the
electrochemical parameter is an electrical current generated at the sensing electrode or a change in
the electrical current at the sensing electrode. A presence and/or level of the electrochemical
parameter is indicative of a presence and/or level of the nitro-containing compound.

In some embodiments, the sensing electrode forms a part of an electrochemical cell as

described herein in any of the respective embodiments, or a part of a sensing system as described
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herein in any of the respective parameters, and contacting the sensing electrode with the sample is

effected by introducing the sample to the electrochemical cell or system, as described herein.

The sample can be introduced to the cell or system by means of a sample inlet, or by means
of a pump, as described herein.

In some embodiments, contacting the sensing electrode with the sample is effected by
introducing the sample to an electrolyte solution, preferably an electrolyte solution as described
here in any of the respective embodiments.

In some embodiments, contacting the sensing electrode with the sample is effected by
contacting a gas permeable sensing electrode with a gaseous sample, for example, by means of an
air pump as described herein. In some embodiments, the electrolyte and the sensing electrode form
a part of an electrochemical cell or sensing system as described herein, and in some of these
embodiments, the sensing electrode contacts the electrolyte.

In some embodiments, the method further comprises contacting the sensing electrode with
the electrolyte, either prior to or subsequent to introducing the sample to the electrolyte.

In some embodiments, applying a potential to the sensing electrode is performed
immediately after contacting the sensing electrode with the sample.

In some embodiments, applying a potential to the sensing electrode is performed
immediately after contacting the sensing electrode with an electrolyte to which the sample was
introduced.

In some embodiments, applying the potential is performed while a concentration of
dissolved oxygen in the electrolyte is at least 1 ppm, as described herein.

In some embodiments, the sensing electrode forms a part of an electrochemical cell as
described herein and applying the potential is performed by applying a voltage between the sensing
electrode and a reference electrode.

In some embodiments the potential is a varying potential.

In some embodiments, measuring an electrochemical parameter is by a voltammetry
experiments. Voltammetry measurements are also referred to in the art as potentiostatic
electrochemical analyses.

As known in the art, voltammetry experiments are conducted for obtaining information
(e.g., presence, identity and/or level) of an analyte by measuring a generated current or a change
in the current in response to application of a varying potential.

In order to obtain a quantitative measurement of an analyte (e.g., a nitro-containing
compound as described herein) by potentiostatic electrochemical analysis, the amount of electrons

used for the reduction/oxidation of the analyte should be monitored. In thermodynamic
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equilibrium the ratio of the redox-reactive species at the surface of the electrode can be obtained

by Nernst equation:

E=E%+ zjﬁTlog (Z—Z)

Where Co is the concentration of the oxidized form, and Cr is the concentration of the reduced
form, E is electrode potential, E is standard electrode potential, R is the gas constant (8.314 ﬁ),

T is the temperature (Kelvin scale), n is the number of electrons participate in the redox reaction
and F is the Faraday constant (96,487 coulombs).

The entire measured current is composed of Faradic currents and non-Faradic charging
background current. The Faradic current obtained by the electrochemical reaction behaves
according to Faraday’s low, which means that 1 mole of redox active substance will involve a
charge change of nx 96,487 coulombs.

The information retrieved by voltammetry experiments, in its simplest form, is obtained as
a voltammogram of I = f(E).

A voltammogram is a current versus potential curve used to describe the analyte’s
electrochemical reaction performed at the electrode as a result of the applied potential, and its
derived current. It may have a complicated multi-stepped shape according to the complexity of the
chemical reaction.

In some embodiments, and depending on the type of voltammetry used, the potential is
varied continuously or stepwise or in pulses.

In some embodiments, the potential or varying potential applied to the sensing electrode is
such that allows reduction or at least partial reduction of one or more nitro groups in a nitro-
containing compound, typically to a corresponding amine group or groups.

Exemplary potentials that can be applied to a sensing electrode as described herein range
from O to about -2 Volts.

Voltammetry experiments can be categorized as linear sweep voltammetry and cyclic
voltammetry.

Cyclic voltammetry is the process of electrochemical analysis in which the applied voltage
is of a multi or mono-triangular shape. The resulting plot of current versus linear triangular
potential scan of the working electrode is called cyclic voltammogram, while the plot of current
versus linear potential scan of the working electrode is called linear sweep voltammogram. Cyclic

voltammetry is usually the preliminary process used to determine the reduction potential of an



10

15

20

25

30

WO 2020/129070 PCT/IL2019/051394

39
analyte, the media's influence and the thermodynamics, as well as kinetics, of the electrochemical

reaction.

In response to the triangular shaped potential, the measured current of the electrochemical
cell that contained initially only the oxidized species, gradually increases up to a sharp peak at
Eppred), followed by current decrease when most species adjacent to the electrode surface are
reduced. When reversing the potential's direction, a gradual increase of current at the opposite
direction ends in a sharp peak at Epjox), where the chemical reaction proceeds to the opposite
direction towards the oxidized form. When most species adjacent to the electrode surface are
oxidized, the current decreases until the point of potential reverses, and so on.

Since an electrochemical reaction is located at the interface between the working electrode
and the electrolyte solution, the reduced and oxidized species causing the sharp peaks of the
voltammogram are concentrated to a narrow diffusive layer adjacent to the electrode. As aresult,
the shape of the curve's peak depends on the rate of diffusion. The peak's incline correlative to the
concentration of electroactive particles on the electrode's surface, while the sharp decline depends
solely on time, and results from the absence of electroactive particles near the surface due to
limited diffusion.

In order to increase the sensitivity of voltammetric measurements, the share of the Faradic
currents in the obtained voltammogram can be increased on the expense of the nonfaradaic
background current. Such alterations are enabled by applying a series of short duration potential
steps (each last for several milliseconds) in a technique termed "pulse voltammetry". At the end
of each potential step, two different current decay rates are obtained: sharp exponential decay to a
negligible level is characteristic to the charging current, while slower decay is typical to the Faradic
current. By recording the current's signal at the later regime, more of the signal is attributed to the
Faradic current, while the contribution of the charging current is negligible. The differential pulse
voltammogram is obtained from the subtraction of the pre-pulse current from the current that is
obtained after the pulse is switched off, plotted against the applied potential. The corresponding
sensitivity is thereby increased. The differential pulse voltammetry techniques vary by the shape
of the applied potential waveform, and the current sampling technique.

Alongside increased sensitivity, differential pulse voltammetry allow the detection of two
different analytes with similar redox potentials, by analysis of the peak's width according to the
number of electrons that participate in their redox reaction. Exemplary values used for differential
voltammetry measurements are 25-50 mV for current pulse amplitudes and 5 mV/second for the

scan rate, while steeper amplitudes and faster scan rates are also contemplated.
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In some of any of the embodiments described herein, the potential is a differential pulse

varying potential.

In some of any of the embodiments described herein, the range of a varying potential ranges
from -2 to +1 Volts, including any intermediate subranges therebetween.

In some of any of the embodiments described herein, an electrochemical parameter
measured in a method as described herein is a change in electrical current relative to a derivative
of the applied potential, although any other voltammogram is contemplated.

In some of any of the embodiments described herein, the measured electrochemical
parameter is processed by a signal processor, as described herein in any of the respective
embodiments, to thereby determine a presence, a composition and/or a level of one or more nitro-
containing compounds in the sample.

In some of any of the embodiments described herein, a time ranging from introducing a
sample so as to contact the sensing electrode to measuring the electrochemical parameter is less
than 2 minutes, or less than 1 minute, or even less.

In some of any of the embodiments described herein, the method further comprises, prior
to contacting the sample with the sensing electrode (e.g., prior to introducing the sample to the
electrochemical cell), applying the potential, and measuring the electrochemical parameter, to
thereby measure a background signal. In some embodiments, upon measuring the electrochemical
parameter resulting from contacting the sensing system and the sample, the background signal is
subtracted from the measured electrochemical parameter.

In some of any of the embodiments described herein, the method further comprises,
subsequent to measuring the electrochemical parameter, applying an opposite potential to the
sensing electrode, to thereby regenerate the electrode.

In some of any of the embodiments described herein, a method as described herein is
effected in an oxygen-containing environment, as described herein.

Sample:

As used herein, the phrase "nitro-containing compound” encompasses compounds which
include one or more nitro groups, attached to, for example, saturated or unsaturated, linear or
cyclic, hydrocarbon backbone.

A nitro-containing compound can therefore be comprised of an aliphatic or alicyclic or
aromatic hydrocarbon moiety, substituted by one or more nitro groups. The hydrocarbon moiety
can optionally be interrupted by one or more heteroatoms such as nitrogen, oxygen, sulfur,
phosphor, silicon, boron. The hydrocarbon moiety can optionally be further substituted by other

substituents, as described herein.
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In some of any of the embodiments described herein, the nitro-containing compound

comprises an aromatic moiety (e.g., an aryl) substituted by one or more nitro groups.

In some embodiments, the nitro-containing compound is an explosive.

As used herein, the term "explosive" encompasses an explosive material, an explosive
residue (e.g., a substance obtained upon explosion) and a material associated with an explosive
material (e.g., a starting material for preparing an explosive material).

Nitro-containing explosives include, without limitation, nitroaromatic-based explosives,
nitroamine-based explosives, nitrate ester-based explosives, and inorganic nitrate-based
explosives.

Exemplary nitro-containing compounds which can be detected by utilizing the methods,
devices and systems described herein include, but are not limited to, 2-nitrotoluene; 3-nitrotoluene;
4-nitrotoluene; 2.4,6-trinitrotoluene (TNT); 2.,4-dinitrotoluene; 3.,4-dinitrotoluene; 2,6-
dinitrotoluene; ethylene glycol dinitrate (EGDN); nitroglycerine (NG); nitrocellulose; ammonium
nitrate, cyclotrimethylenetrinitramine (cyclonite; RDX); pentaerythritol tetranitrate (PETN);
homocyclonite (octogen; HMX); 2.4,6-Trinitrophenylmethylnitramine (Tetryl); picric acid; 1,2,3-
propanetrial trinitrate and any mixture and/or formulation thereof, including, for example, 1,2,3-
propanetrial trinitrate Formulations (e.g., NitroBid); C-2 (RDX, TNT, DNT and NG); C-3 (RDX,
TNT, DNT, Tetryl and NG); C-4 (RDX and PETN), Semtex (RDX and PETN); Detasheet (RDX
and PETN); Dynamites (EDGN and NG); Pentolite (PETN+TNT); PTX-1 (RDX, TNT and Tetryl);
PTX-2 (RDX, TNT and PETN); and Tetryol (TNT and Tetryl).

Herein, a nitro-containing compound is also referred to interchangeably as an analyte.

The sample encompasses samples suspected as containing a nitro-containing compound,
such that the system and method described herein is utilized for determining a presence and
optionally a level (a concentration or an amount) of a nitro-containing compound and further
optionally an identity (e.g., a chemical composition) of a nitro-containing compound. Optionally,
the sample is known to contain a nitro-containing compound and the method and system described
herein is utilized for determining an amount (level) and/or identity of the nitro-containing
compound.

In some of any of the embodiments described herein, the sample is a fluid sample, and can
be a liquid sample or a gaseous sample.

In some of any of the embodiments described herein, the sample is air.

In some of any of the embodiments described herein, the nitro-containing compound is in

a fluid state (e.g., is in a liquid state or a gaseous state).
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The term "fluid" is defined as a substance that tends to flow and to conform to the outline

of its container. Typical fluids include liquids and gasses, but may also include free flowing solid
particles.

In some of any of the embodiments described herein, the nitro-containing compound is in
a gaseous state.

By "gaseous state" it is meant that at least a portion of the compound is in a form of vapors.
Thus, for example, the compound can be a liquid or a solid at room temperature, yet, it is volatile
to some extent, such that a portion thereof is in a gaseous state at room temperature. Alternatively,
the compound can be in such a gaseous state upon heating a sample containing same.

Since, as noted herein, the method and system described herein can be utilized for detecting
ultra-trace amounts of nitro-containing compounds, the portion of a compound in a gaseous state
can be ultra-law, as is further detailed hereinbelow.

In some of any of the embodiments described herein, a concentration of the nitro-
containing compound in the sample is lower than 1 micromolar.

In some of any of the embodiments described herein, a concentration of the nitro-
containing compound in the sample ranges from 1 micromolar to 1 attomolar, or from 1 microliter
to 1 nanomolar, or from 1 microliter to 1 picomolar, or from 1 micromolar to 1 femtomolar, or
from 1 nanomolar to 1 picomolar, or from 1 nanomolar to 1 femtomolar, or from 1 nanomolar to
1 attomolar, or from 1 picomolar to 1 femtomolar, or from 1 picomolar to 1 attomolar, or from 1
femtomolar to attomolar.

The concentration of the nitro-containing compound encompasses a concentration of the
compound's vapors in air or other gaseous samples, as well as a concentration of the compound in
a liquid sample.

Accordingly, in some of any of the embodiments described herein, the method and system
described herein can be utilized to detect low-volatile nitro-containing compounds, with ultra-low
vapor pressure, without concentrating the sample and/or heating the sample prior to contacting it
with the system.

In some of any of the embodiments described herein, a sample comprises two or more
nitro-containing compounds, for example, two or more nitro-aromatic compounds, or, for
example, a mixture of two or more nitro-containing explosives each of a different chemical family
(e.g., a mixture of a nitro-aromatic compound, nitrate-ester compound and a nitro-amine

compound).
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In some of any of the embodiments described herein, a sample comprises one or more

nitro-containing compounds, and one or more additional compounds of interest (target compounds
or analytes).

In some of any of the embodiments described herein, the sample comprises oxygen.

If the sample is a gaseous sample (e.g. air), the sample inherently comprises oxygen, and
when it is dissolved in an electrolyte, dissolved oxygen is also present in the electrolyte.

If the sample is a liquid sample, for example sea water or from any other water source, it
also comprises dissolved oxygen.

A sample as described herein can be analyzed using the methods and systems as described
herein per se, without further processing.

It is expected that during the life of a patent maturing from this application many relevant
electrodes and electrochemical cell configurations will be developed and the scope of the term
electrode and electrochemical cell is intended to include all such new technologies a priori.

As used herein the term “about” refers to = 10 % or £ 5 %.

The terms "comprises”, "comprising”, "includes”, "including", “having” and their
conjugates mean "including but not limited to".

The term “consisting of” means “including and limited to”.

The term "consisting essentially of" means that the composition, method or structure may
include additional ingredients, steps and/or parts, but only if the additional ingredients, steps
and/or parts do not materially alter the basic and novel characteristics of the claimed composition,
method or structure.

As used herein, the singular form "a", "an" and "the" include plural references unless the
context clearly dictates otherwise. For example, the term "a compound” or "at least one
compound" may include a plurality of compounds, including mixtures thereof.

Throughout this application, various embodiments of this invention may be presented in a
range format. It should be understood that the description in range format is merely for
convenience and brevity and should not be construed as an inflexible limitation on the scope of
the invention. Accordingly, the description of a range should be considered to have specifically
disclosed all the possible subranges as well as individual numerical values within that range. For
example, description of a range such as from 1 to 6 should be considered to have specifically
disclosed subranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3
to 6 etc., as well as individual numbers within that range, for example, 1, 2, 3, 4, 5, and 6. This

applies regardless of the breadth of the range.
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Whenever a numerical range is indicated herein, it is meant to include any cited numeral

(fractional or integral) within the indicated range. The phrases “ranging/ranges between” a first
indicate number and a second indicate number and “ranging/ranges from” a first indicate number
“to” a second indicate number are used herein interchangeably and are meant to include the first
and second indicated numbers and all the fractional and integral numerals therebetween.

As used herein the term "method" refers to manners, means, techniques and procedures for
accomplishing a given task including, but not limited to, those manners, means, techniques and
procedures either known to, or readily developed from known manners, means, techniques and
procedures by practitioners of the chemical, pharmacological, biological, biochemical and medical
arts.

As used herein, the term “amine” describes both a -NR’R” group and a —NR'- group,
wherein R’ and R" are each independently hydrogen, alkyl, cycloalkyl, aryl, as these terms are
defined hereinbelow.

The amine group can therefore be a primary amine, where both R” and R” are hydrogen, a
secondary amine, where R’ is hydrogen and R” is alkyl, cycloalkyl or aryl, or a tertiary amine,
where each of R” and R” is independently alkyl, cycloalkyl or aryl.

Alternatively, R' and R" can each independently be hydroxyalkyl, trihaloalkyl, cycloalkyl,
alkenyl, alkynyl, aryl, heteroaryl, heteroalicyclic, amine, halide, sulfonate, sulfoxide, phosphonate,
hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy, thioaryloxy, cyano, nitro, azo, sulfonamide,
carbonyl, C-carboxylate, O-carboxylate, N-thiocarbamate, O-thiocarbamate, urea, thiourea,
N-carbamate, O-carbamate, C-amide, N-amide, guanyl, guanidine and hydrazine.

The term “amine” is used herein to describe a -NR'R" group in cases where the amine is
an end group, as defined hereinunder, and is used herein to describe a —NR'- group in cases where
the amine is a linking group.

Herein throughout, the phrase “end group” describes a group (a substituent) that is attached
to another moiety in the compound via one atom thereof.

The phrase "linking group” describes a group (a substituent) that is attached to another
moiety in the compound via two or more atoms thereof.

The term "alkyl" describes a saturated aliphatic hydrocarbon including straight chain and
branched chain groups. Preferably, the alkyl group has 1 to 20 carbon atoms. Whenever a
numerical range; e.g., "1-20", is stated herein, it implies that the group, in this case the alkyl group,
may contain 1 carbon atom, 2 carbon atoms, 3 carbon atoms, etc., up to and including 20 carbon
atoms. More preferably, the alkyl is a medium size alkyl having 1 to 10 carbon atoms. Most

preferably, unless otherwise indicated, the alkyl is a lower alkyl having 1 to 5 carbon atoms. The
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alkyl group may be substituted or unsubstituted. Substituted alkyl may have one or more

substituents, whereby each substituent group can independently be, for example, hydroxyalkyl,
trihaloalkyl, cycloalkyl, alkenyl, alkynyl, aryl, heteroaryl, heteroalicyclic, amine, halide, sulfonate,
sulfoxide, phosphonate, hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy, thioaryloxy, cyano,
nitro, azo, sulfonamide, C-carboxylate, O-carboxylate, N-thiocarbamate, O-thiocarbamate, urea,
thiourea, N-carbamate, O-carbamate, C-amide, N-amide, guanyl, guanidine and hydrazine.

The alkyl group can be an end group, as this phrase is defined hereinabove, wherein it is
attached to a single adjacent atom, or a linking group, as this phrase is defined hereinabove, which
connects two or more moieties via at least two carbons in its chain.

The term "aminoalkyl” is used herein to describe an alkyl substituted by an amine, as
defined herein. In some embodiments, the amine substitutes a terminal carbon atom in the alkyl.

The term "cycloalkyl" describes an all-carbon monocyclic or fused ring (i.e., rings which
share an adjacent pair of carbon atoms) group where one or more of the rings does not have a
completely conjugated pi-electron system. The cycloalkyl group may be substituted or
unsubstituted.  Substituted cycloalkyl may have one or more substituents, whereby each
substituent group can independently be, for example, hydroxyalkyl, trihaloalkyl, cycloalkyl,
alkenyl, alkynyl, aryl, heteroaryl, heteroalicyclic, amine, halide, sulfonate, sulfoxide, phosphonate,
hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy, thioaryloxy, cyano, nitro, azo, sulfonamide,
C-carboxylate, O-carboxylate, N-thiocarbamate, O-thiocarbamate, urea, thiourea, N-carbamate,
O-carbamate, C-amide, N-amide, guanyl, guanidine and hydrazine. The cycloalkyl group can be
an end group, as this phrase is defined hereinabove, wherein it is attached to a single adjacent
atom, or a linking group, as this phrase is defined hereinabove, connecting two or more moieties
at two or more positions thereof.

The term "aryl" describes an all-carbon monocyclic or fused-ring polycyclic (i.e., rings
which share adjacent pairs of carbon atoms) groups having a completely conjugated pi-electron
system. The aryl group may be substituted or unsubstituted. Substituted aryl may have one or
more substituents, whereby each substituent group can independently be, for example,
hydroxyalkyl, trihaloalkyl, cycloalkyl, alkenyl, alkynyl, aryl, heteroaryl, heteroalicyclic, amine,
halide, sulfonate, sulfoxide, phosphonate, hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy,
thioaryloxy, cyano, nitro, azo, sulfonamide, C-carboxylate, O-carboxylate, N-thiocarbamate,
O-thiocarbamate, urea, thiourea, N-carbamate, O-carbamate, C-amide, N-amide, guanyl,
guanidine and hydrazine. The aryl group can be an end group, as this term is defined hereinabove,
wherein it is attached to a single adjacent atom, or a linking group, as this term is defined

hereinabove, connecting two or more moieties at two or more positions thereof.
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The term "heteroaryl" describes a monocyclic or fused ring (i.e., rings which share an

adjacent pair of atoms) group having in the ring(s) one or more atoms, such as, for example,
nitrogen, oxygen and sulfur and, in addition, having a completely conjugated pi-electron system.
Examples, without limitation, of heteroaryl groups include pyrrole, furane, thiophene, imidazole,
oxazole, thiazole, pyrazole, pyridine, pyrimidine, quinoline, isoquinoline and purine. The
heteroaryl group may be substituted or unsubstituted. Substituted heteroaryl may have one or
more substituents, whereby each substituent group can independently be, for example,
hydroxyalkyl, trihaloalkyl, cycloalkyl, alkenyl, alkynyl, aryl, heteroaryl, heteroalicyclic, amine,
halide, sulfonate, sulfoxide, phosphonate, hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy,
thioaryloxy, cyano, nitro, azo, sulfonamide, C-carboxylate, O-carboxylate, N-thiocarbamate,
O-thiocarbamate, urea, thiourea, O-carbamate, N-carbamate, C-amide, N-amide, guanyl,
guanidine and hydrazine. The heteroaryl group can be an end group, as this phrase is defined
hereinabove, where it is attached to a single adjacent atom, or a linking group, as this phrase is
defined hereinabove, connecting two or more moieties at two or more positions thereof.
Representative examples are pyridine, pyrrole, oxazole, indole, purine and the like.

The term "heteroalicyclic” describes a monocyclic or fused ring group having in the ring(s)
one or more atoms such as nitrogen, oxygen and sulfur. The rings may also have one or more
double bonds. However, the rings do not have a completely conjugated pi-electron system. The
heteroalicyclic may be substituted or unsubstituted. Substituted heteroalicyclic may have one or
more substituents, whereby each substituent group can independently be, for example,
hydroxyalkyl, trihaloalkyl, cycloalkyl, alkenyl, alkynyl, aryl, heteroaryl, heteroalicyclic, amine,
halide, sulfonate, sulfoxide, phosphonate, hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy,
thioaryloxy, cyano, nitro, azo, sulfonamide, C-carboxylate, O-carboxylate, N-thiocarbamate,
O-thiocarbamate, urea, thiourea, O-carbamate, N-carbamate, C-amide, N-amide, guanyl,
guanidine and hydrazine. The heteroalicyclic group can be an end group, as this phrase is defined
hereinabove, where it is attached to a single adjacent atom, or a linking group, as this phrase is
defined hereinabove, connecting two or more moieties at two or more positions thereof.
Representative examples are piperidine, piperazine, tetrahydrofurane, tetrahydropyrane,
morpholino and the like.

The term "amine-oxide” describes a -N(OR’)(R”) or a -N(OR')- group, where R’ and R”
are as defined herein. This term refers to a —-N(OR")(R") group in cases where the amine-oxide is
an end group, as this phrase is defined hereinabove, and to a -N(OR')- group in cases where the
amine-oxime is an end group, as this phrase is defined hereinabove.

The term "halide” and “halo” describes fluorine, chlorine, bromine or iodine.
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The term “haloalkyl” describes an alkyl group as defined above, further substituted by one

or more halide.

The term “sulfate” describes a —O-S(=0)—OR’ end group, as this term is defined
hereinabove, or an —O-S(=0),-O- linking group, as these phrases are defined hereinabove, where
R’ is as defined hereinabove.

The term “thiosulfate” describes a —O—-S(=S)(=0)-OR’ end group or a —O—S(=S)(=0)-O—
linking group, as these phrases are defined hereinabove, where R’ is as defined hereinabove.

The term “sulfite” describes an —O-S(=0)-O-R’ end group or a -O-S(=0)-O- group
linking group, as these phrases are defined hereinabove, where R’ is as defined hereinabove.

The term “thiosulfite” describes a —-O-S(=S)-O-R’ end group or an —O-S(=S)-O- group
linking group, as these phrases are defined hereinabove, where R’ is as defined hereinabove.

The term “sulfinate” describes a —S(=0)-OR’ end group or an —S(=0)-O- group linking
group, as these phrases are defined hereinabove, where R’ is as defined hereinabove.

The term “sulfoxide” or “sulfinyl” describes a —S(=O)R’ end group or an —S(=0)- linking
group, as these phrases are defined hereinabove, where R’ is as defined hereinabove.

The term "sulfonate” describes a —S(=0)2-R’ end group or an —S(=0)2- linking group, as
these phrases are defined hereinabove, where R’ is as defined herein.

The term “S-sulfonamide” describes a —S(=0)2-NR’R” end group or a —S(=0)2-NR’—
linking group, as these phrases are defined hereinabove, with R” and R*’ as defined herein.

The term "N-sulfonamide" describes an R’S(=0)>—NR”— end group or a -S(=0)>-NR’—
linking group, as these phrases are defined hereinabove, where R’ and R’” are as defined herein.

The term “disulfide” refers to a —S—SR’ end group or a —S-S- linking group, as these
phrases are defined hereinabove, where R’ is as defined herein.

The term "carbonyl" or "carbonate” as used herein, describes a -C(=0)-R’ end group or a
-C(=0)- linking group, as these phrases are defined hereinabove, with R’ as defined herein.

The term "thiocarbonyl" as used herein, describes a -C(=S)-R’ end group or a -C(=5)-
linking group, as these phrases are defined hereinabove, with R’ as defined herein.

The term “oxime” describes a =N—-OH end group or a =N-O- linking group, as these
phrases are defined hereinabove.

The term “hydroxyl” describes a —OH group.

The term "alkoxy" describes both an -O-alkyl and an -O-cycloalkyl group, as defined
herein.

The term "aryloxy" describes both an -O-aryl and an -O-heteroaryl group, as defined

herein.
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The term "thiohydroxy" describes a -SH group.

The term "thioalkoxy" describes both a -S-alkyl group, and a -S-cycloalkyl group, as
defined herein.

The term "thioaryloxy" describes both a -S-aryl and a -S-heteroaryl group, as defined
herein.

The term "cyano” describes a -C=N group.

The term “isocyanate” describes an -N=C=0 group.

The term "nitro" describes an -NO2 group.

The term “acyl halide” describes a —(C=0O)R"" group wherein R"" is halide, as defined
hereinabove.

The term "azo" or “diazo” describes an -N=NR’ end group or an -N=N- linking group, as
these phrases are defined hereinabove, with R’ as defined hereinabove.

The term “C-carboxylate” describes a -C(=0)-OR’ end group or a -C(=0)-O- linking
group, as these phrases are defined hereinabove, where R’ is as defined herein.

The term “O-carboxylate” describes a -OC(=0O)R’ end group or a -OC(=0)- linking group,
as these phrases are defined hereinabove, where R’ is as defined herein.

The term “C-thiocarboxylate” describes a -C(=S5)-OR’ end group or a -C(=S)-O- linking
group, as these phrases are defined hereinabove, where R’ is as defined herein.

The term “O-thiocarboxylate” describes a -OC(=S)R’ end group or a -OC(=S)- linking
group, as these phrases are defined hereinabove, where R’ is as defined herein.

The term “N-carbamate” describes an R”OC(=0)-NR’- end group or a -OC(=0)-NR’-
linking group, as these phrases are defined hereinabove, with R” and R” as defined herein.

The term “O-carbamate” describes an -OC(=0)-NR’R” end group or an -OC(=0)-
NR’- linking group, as these phrases are defined hereinabove, with R and R” as defined herein.

The term “O-thiocarbamate” describes a -OC(=S)-NR’R” end group or
a -OC(=S)-NR’- linking group, as these phrases are defined hereinabove, with R and R” as
defined herein.

The term “N-thiocarbamate” describes an R”OC(=S)NR’- end group or a -OC(=S)NR’-
linking group, as these phrases are defined hereinabove, with R” and R” as defined herein.

The term “S-dithiocarbamate” describes a -SC(=S)-NR’R” end group or
a-SC(=S)NR’- linking group, as these phrases are defined hereinabove, with R” and R” as defined
herein.

The term “N-dithiocarbamate” describes an R”SC(=S)NR’- end group or a -SC(=S)NR’-

linking group, as these phrases are defined hereinabove, with R” and R” as defined herein.
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The term "urea", which is also referred to herein as “ureido”, describes a -NR’C(=0)-

NR”R’”” end group or a -NR’C(=0)-NR”- linking group, as these phrases are defined hereinabove,
where R’ and R” are as defined herein and R™ is as defined herein for R' and R".

The term “thiourea”, which is also referred to herein as “thioureido”, describes a -NR’-
C(=S)-NR”R’’* end group or a -NR’-C(=S)-NR”- linking group, with R’, R” and R’’’ as defined
herein.

The term *“C-amide” describes a -C(=0)-NR’R” end group or a -C(=0O)-NR’- linking
group, as these phrases are defined hereinabove, where R’ and R” are as defined herein.

The term “N-amide” describes a R’C(=0)-NR”- end group or a R’C(=0)-N- linking group,
as these phrases are defined hereinabove, where R’ and R” are as defined herein.

The term “guanyl” describes a R’ R”NC(=N)- end group or a -R’NC(=N)- linking group,
as these phrases are defined hereinabove, where R’ and R” are as defined herein.

The term “guanidine” describes a —R’NC(=N)-NR”R’’> end group or a -—
R’NC(=N)- NR”- linking group, as these phrases are defined hereinabove, where R’, R" and R™
are as defined herein.

The term “hydrazine” describes a -NR’-NR”R’’” end group or a -NR’-NR”- linking group,
as these phrases are defined hereinabove, with R’, R, and R" as defined herein.

The term “silyl” describes a -SiR’R”R”” end group or a -SiR’R”- linking group, as these
phrases are defined hereinabove, whereby each of R’, R” and R"™ are as defined herein.

The term “siloxy” or “siloxane” or “alkoxysilane” describes a —Si(OR’)R”R’” end group
or a-Si(OR’)R”- linking group, as these phrases are defined hereinabove, whereby each of R’, R"
and R”" are as defined herein.

The term “silaza” describes a —Si(NR’R”)R’” end group or a -Si(NR’R”)- linking group,
as these phrases are defined hereinabove, whereby each of R’, R” and R™’ is as defined herein.

The term “silicate” or “triorthosilicate” describes a -O-Si(OR’)(OR”)(OR™) end group or
a -O-S1(OR’)(OR”)- linking group, as these phrases are defined hereinabove, with R’, R" and R
as defined herein.

As used herein, the term “hydrazide” describes a -C(=0)-NR’-NR”R”’ end group or a -
C(=0)-NR’-NR”- linking group, as these phrases are defined hereinabove, where R’, R” and R*”
are as defined herein.

As used herein, the term “thiohydrazide” describes a -C(=S)-NR’-NR”R””’ end group or a
-C(=S)-NR’-NR”- linking group, as these phrases are defined hereinabove, where R’, R” and R*”

are as defined herein.
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As used herein, the term “methyleneamine” describes an -NR’-CH>-CH=CR”R’” end

group or a -NR’-CH2-CH=CR”- linking group, as these phrases are defined hereinabove, where
R’, R” and R’” are as defined herein.

It is appreciated that certain features of the invention, which are, for clarity, described in
the context of separate embodiments, may also be provided in combination in a single embodiment.
Conversely, various features of the invention, which are, for brevity, described in the context of a
single embodiment, may also be provided separately or in any suitable subcombination or as
suitable in any other described embodiment of the invention. Certain features described in the
context of various embodiments are not to be considered essential features of those embodiments,
unless the embodiment is inoperative without those elements.

Various embodiments and aspects of the present invention as delineated hereinabove and

as claimed in the claims section below find experimental support in the following examples.

EXAMPLES
Reference is now made to the following examples, which together with the above

descriptions illustrate some embodiments of the invention in a non limiting fashion.

MATERIALS AND METHODS

Exemplary carbon fiber microelectrodes (also referred to as Micro-carbon-fibers
electrodes):

Spectracarb™ 2050A-1050 carbon paper microelectrode, 0.18 mm thick was obtained from
Engineered Fiber Technology, USA.

AvCarb® P75 carbon paper microelectrode, 0.245 mm thick was obtained from AvCarb
material solutions.

Freudenberg H23 carbon paper microelectrode, 0.210 mm thick was obtained from
Freudenberg FCCT, Germany.

Sigracet 39 AA carbon paper microelectrode, about 0.280 mm thick, was obtained from
SGL carbon.

ELAT - Hydrophilic Plain Cloth® carbon fabric microelectrode, 0.406 mm thick, was
obtained from Fuel Cell Store.

Plain Carbon Cloth - 1071 HCB carbon fabric microelectrode, about 0.350 mm thick, was
obtained from AvCarb material solutions

Panex 30 Carbon Fiber Fabric carbon fabric microelectrode, about 0.020 mm thick, was

obtained from AbCarb Material Solutions.
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Electrode samples having an area of 0.35 cm? were used in all experiments, unless

otherwise indicated.

Nickel foil (thickness of 0.125 mm, >99.9%), Tetrabutylammonium iodide (TBA-
1>98.0%, electrochemical grade), Acetonitrile (99.8%), and Ethanol (>99.5%), were purchased
from Sigma-Aldrich, Israel.

2,4,6-Trinitrotoluene (TNT, 1.000 mg/ml in acetonitrile), 1,3,5-Trinitroperhydro-1,3,5-
triazine (RDX, 1.000 mg/ml in acetonitrile), [3-Nitrooxy-2,2-bis(nitrooxymethyl)propyl] nitrate
(PETN, 1.000 mg/ml in acetonitrile), were purchased from AccuStandard, USA.

Parafilm PM996 was purchased from Alex Red, Israel.

All other reagents were obtained from known vendors.

Millipore Mill-Q water (deionized water, 18 mega-ohm) was used in all experiments.

Scanning electron microscope (SEM) measurements were performed using Quanta 200
FEG environmental scanning electron microscope.

X-ray Photoelectron Spectroscopy (XPS) measurements were performed in UHV (2.5x10 "
10 Torr base pressure) using 5600 Multi-Technique System (PHI, USA). The sample was irradiated
with an Al Ko monochromated source (1486.6 eV) and the outcome electrons were analyzed by a
Spherical Capacitor Analyzer using the slit aperture of 0.8 mm. The samples were analyzed at the
surface only. They were uncharged during measurements.

A three-electrode cell (volume 3 ml) was used in all experiments, unless otherwise
indicated, in which a platinum (Pt) electrode (0.4 cm?) was used as the counter electrode, a silver-
silver chloride (Ag-AgCl), with 3 molar potassium chloride, was used as the reference electrode
with a double junction salt bridge (Metrohm), and micro-carbon-fibers (0.35 cm?, 0.18 mm in
diameter), or micro-carbon-fibers chemical modified electrode (0.35 cm?, 0.18 mm in diameter)
was used as the working electrode.

A non-modified (non-functionalized) working electrode was prepared from micro-carbon-
fibers paper (0.18x20x5 mm), and nickel foil (0.2x25x5mm) as a current collector (electrical
contact); the connection and the insulation of micro-carbon-fibers with nickel contact was
performed by Parafilm. The electrode with current collector was pressed with a pressure of about
2 kg/cm? for 30 seconds at room temperature. The electrode was carefully washed with ethanol,
rinsed with distilled water and dried at room temperature.

Differential pulse voltammetry was performed using Autolab PGSTAT 302N, with
baseline correction regime; the conditions were: modulation time = 0.05 seconds, interval time =

0.1 seconds, modulation amplitude = 50 mV.
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Linear sweep voltammetry were performed using Autolab PGSTAT 302N, at a scan rate

of 0.1 Volt/second, unless otherwise indicated.

EXAMPLE 1
Micro-carbon-fibers electrode conditioning and characterization

All the equipment utilized in electrode preparation was washed with isopropanol, dried
under nitrogen stream and subjected to plasma treatment at 100W for 10 minutes.

Preparation of surface-modified electrodes:

Generally, prior to surface modification, the carbon microelectrode is immersed in ethanol
for 5 minutes and washed with deionized water. Thereafter, the carbon microelectrode’s surface
is activated by 10 minutes exposure to 1 % potassium hydroxide (weight percent in deionized
water) followed by gentle wash with deionized water.

The micro-carbon-fiber electrode is subjected to Oz plasma treatment at 30-60 Watts for
3-10 minutes at 0.2-0.4 Torr, to thereby generate an exemplary surface-modified electrode as
described herein, as illustrated in FIG. 2A.

Preparation of chemically-modified carbon electrodes:

An exemplary modification of the carbon microelectrode with amino-silane mono-layer in
solution phase was performed using a previously published amino-silane modification on oxidized
organic surface [Dixit et al. Nat Protoc 6, 439-445, (2011)], and as exemplified in FIG. 2B, as
follows:

Once the electrode's surface was pre-treated (e.g., oxidized), as shown in FIG. 2A, it was
treated with 3-aminopropyldimethylethoxysilane (APDMES) or another amino-siloxane
derivative for further silane-based modification. The micro-carbon-fibers electrode was left to
react with 3-aminopropyldimethylethoxysilane for 2 hours at 80 °C in a glass sealed reactor.

Another exemplary modification was performed in gas phase using a device as depicted
ion FIG. 2C. Gas phase modification is usable for large scale production of multiple modified
carbon microelectrodes.

The carbon microelectrode and a vial containing the amino-siloxane derivative were placed
in a device as depicted in FIG. 2C, the device was put in an oven heated to 100 °C. Vacuum was
generated in the oven and the device was maintained under these conditions for 4 hours. The oven
was then subjected to steam cleansing, the vial containing the amino-siloxane derivative was
removed and the device was put back in the heated oven and maintained therein at reduced pressure
and 100 °C for additional 3 hours. After steam cleansing, the device was removed from the oven

and the electrodes were removed from the device and kept in closed vessels until used.
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In an alternative procedure, the pre-treated carbon microelectrode was left to react with the

vapors of the amine-siloxane for 16 hours at 85 °C in a vacuum (-0.1 MPa) oven (vacuum drying
oven, BIOBASE®).

All modified electrodes, once obtained, were washed with isopropanol and dried with Na
stream.

Scanning electron microscope and X-ray photoelectron spectroscopy analysis of micro-
carbon-fibers electrode:

By surface-treating (FIG. 2A) and thereafter modifying (FIG. 2B) the carbon
microelectrode (carbon paper or carbon fiber microelectrode), long term covalent binding of amino
groups mono-layer to the electrode was obtained, as depicted in the schematic representations of
an exemplary carbon paper electrode (Spectracarb™ 2050A-1050) in FIGs. 2A and 2B (left).

Scanning electron microscope (secondary electrons) images and X-ray photoelectron
spectroscopy atomic concentrations for carbon (C), oxygen (O) nitrogen (N) and silicon (Si)
analysis upon surface treatment (FIG. 2A and FIG. 2B upper images) and after chemical
modification (FIG. 2B lower images) of the electrode, show that the micro-carbon-fibers electrode
(before modification) is composed of rough fibers with few microns width, which are assumed to
contribute to the active surface area of the electrode.

The X-ray photoelectron spectroscopy analyses presented in FIG. 2B show the atomic
concentration of carbon (C), oxygen (O), nitrogen (N) and silicon (Si) on the micro-carbon-fibers
electrode surface before and after the amino moiety modification. The rise in the atomic
concentration of oxygen indicates the oxidation of the micro-carbon-fibers electrode surface after
the modification. The rise in the atomic concentration of nitrogen and silicon, which have the same
values of the atomic concentration, indicates the successful chemical modification of the micro-
carbon-fibers surface with 3-aminopropyldimethylethoxysilane.

The advantage of the described modification method is the stability of the amine
monolayer. The observed lifetime of the electrode was longer than one month when stored in dry

air at room temperature (data not shown).
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EXAMPLE 2

Oxygen reduction by chemically modified micro-carbon-fiber electrodes

The electrochemical reduction of nitro-based explosives includes at least 3-4 stages, from
nitro, nitroso and hydroxilamine as intermediate products to amines [See, for example, Chua et al.
J Phys Chem C 116, 4243-4251, (2012)]. Reduction of nitro compounds to amines involves
transfer of not only electrons, but also protons. A background solution with low pH has therefore
been used in experiments testing its performance.

Preliminary experiments showed that the optimal mix of potassium chloride, acetonitrile
and low concentration of a quaternary ammonium salt in aqueous buffer phthalate pH 4.0, have
sufficiently improved the oxygen peak's shape, to form two separate electrochemical windows for
nitro-aromatic, nitrate-ester and nitro-amine detection. A detailed description of assays conducted
for determining an optimal pH of the electrolyte (background) solution is provided in Example 4
hereinbelow.

Differential pulse voltammetry was performed as described hereinabove, and the oxygen
reduction peak obtained by micro-carbon-fibers electrodes was measured. The background
solution contained 0.25 M Potassium chloride, 5 mM Tetrabutylammoniumiodide in aqueous
buffer phthalate pH 4.0/acetonitrile mix at 7/3 volume ratio, respectively.

Differential pulse voltammetry was performed as described hereinabove for measuring the
oxygen reduction peak obtained by unmodified micro-carbon-fibers electrode and by an electrode
that was subjected to plasma treatment described in Example 1 herein. The obtained differential
pulse voltammetry curves are presented in FIG. 3, with the dashed line showing data obtained with
an unmodified micro-carbon-fibers electrode (untreated electrode), and the black solid line
showing data obtained for micro-carbon-fibers electrode subjected to plasma treatment (oxygen
plasma treated electrode. The background solution contained 0.25 M Potassium chloride, 5 mM
Tetrabutylammoniumiodide in aqueous buffer phthalate pH 4.0/acetonitrile mix at 7/3 volume
ratio, respectively.

As shown in FIG. 3, the electrochemical windows of the plasma-treated micro-carbon-
fibers electrode are broader than those of the untreated electrode, and the over-potential of oxygen
is lowered by about 200 mV.

Although the invention has been described in conjunction with specific embodiments
thereof, it is evident that many alternatives, modifications and variations will be apparent to those
skilled in the art. Accordingly, it is intended to embrace all such alternatives, modifications and

variations that fall within the spirit and broad scope of the appended claims.
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All publications, patents and patent applications mentioned in this specification are herein

incorporated in their entirety by reference into the specification, to the same extent as if each
individual publication, patent or patent application was specifically and individually indicated to
be incorporated herein by reference. In addition, citation or identification of any reference in this
application shall not be construed as an admission that such reference is available as prior art to the
present invention. To the extent that section headings are used, they should not be construed as
necessarily limiting.

In addition, any priority document(s) of this application is/are hereby incorporated herein

by reference in its/their entirety.
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WHAT IS CLAIMED IS:

1. A sensing system comprising a sensing electrode, said sensing electrode being a

gas-permeable carbon microelectrode.

2. The sensing system of claim 1, wherein said carbon microelectrode is a surface-

modified carbon microelectrode featuring a plurality of surface reactive groups.

3. A sensing system comprising a sensing electrode, said sensing electrode being a

surface-modified carbon electrode featuring a plurality of surface reactive groups.

4. The sensing system of claim 3, wherein said carbon electrode is a carbon
microelectrode.
5. The sensing system of claim 3 or 4, wherein said carbon electrode is a gas-

permeable carbon electrode.

6. The sensing system of any one of claims 2 to 5, wherein said surface reactive group

comprise hydroxy groups.

7. The sensing system of any one of claims 1 to 6, wherein said carbon electrode is a

carbon fiber microelectrode.

8. The sensing system of any one of claims 1 to 5, wherein said carbon electrode is a

carbon paper microelectrode.

9. The sensing system of any one of claims 1 to 8, further comprising a carbon
electrode having a functional moiety covalently attached to a surface of said electrode, said
functional moiety being such that forms a charge-transfer complex with a nitro-containing

compound.

10. The sensing system of claim 9, wherein said functional moiety comprises an

electron donating moiety.
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11. The sensing system of claim 10, wherein said electron donating moiety is a Ci-10

alkyl substituted by an electron donating group.

12. The sensing system of claim 10 or 11, wherein said electron donating group is

amine.

13. The sensing system of any one of claims 10 to 12, wherein said functional moiety

comprises a silyl substituted by an aminoalkyl, said alkyl being 1-10 carbon atoms in length.

14. The sensing system of any one of claims 1 to 13, usable for determining a presence
and/or level of a nitro-containing compound in a sample, upon integrating the electrode in an

electrochemical cell which further comprises an electrolyte.

15. The sensing system of any one of claims 1 to 14, wherein said sensing electrode

forms a part of an electrochemical cell.

16. The sensing system of any one of claims 1 to 15, comprising a plurality of sensing

electrodes wherein each of said sensing electrodes forms a part of an electrochemical cell.

17. The system of claim 15 or 16, further comprising an electrolyte solution in contact

with each of said sensing electrode.

18. The system of claim 17, wherein said electrolyte features a pH lower than 8, or

lower than 7.

19. The system of claim 17, wherein said electrolyte comprises a mixture of an aqueous

solvent and an organic solvent.

20. The system of claim 17, wherein said electrolyte comprises a quaternary ammonium

salt.

21. The system of any one of claims 1 to 20, being devoid of means for deaerating the

system prior to contacting the system with a sample.
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22. The system of any one of claims 1 to 21, further comprising a power source

electrically connected to said sensing electrode.

23. The system of any one of claims 1 to 22, further comprising a device for measuring

an electrochemical parameter of said sensing electrode.

24, The system of any one of claims 15 to 23, being configured such that upon
contacting a sample containing a nitro-containing compound with said sensing electrode, a
presence and/or level of an electrochemical parameter generated in response to applying potential

to said sensing electrode is indicative of a presence and/or level of the nitro-containing compound.

25. A method of detecting a nitro-containing compound in a sample, the method
comprising:

contacting the sample with a sensing system according to any one of claims 1-24;

applying potential to said sensing electrode; and

measuring an electrochemical parameter of said sensing electrode, wherein a presence
and/or level of said parameter is indicative of a presence and/or level of the nitro-containing

compound in the sample.

26. The method of claim 25, wherein said electrochemical parameter comprises an
electrical current generated at said sensing electrode, wherein a presence and/or level of said

electrical current is indicative of a presence and/or level of the nitro-containing compound.

27. The method of claim 25 or 26, wherein said sensing electrode forms a part of an

electrochemical cell, and wherein contacting the sample is with said electrochemical cell.

28. The method of any one of claims 25 to 27, being devoid of deaerating the sensing

system or the electrochemical cell.

29. The method of any one of claims 25 to 28, wherein the sample comprises oxygen.

30. The method of any one of claims 25-29, wherein contacting the sample with the

system comprises contacting an electrolyte solution comprising the sample with the sensing

electrode.
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31. The method of any one of claims 25 to 30, wherein a concentration of dissolved
oxygen in said electrolyte is at least 1 ppm.
32. The method of any one of claims 25 to 31, wherein said nitro-containing compound

is a nitro-containing explosive.
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