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Nitroaromatic compounds are commonly used explosive materials that pose a risk to human health and eco-
systems due to their acute toxicity and carcinogenicity. Nitroaromatics have numerous pathways into the
environment via discarded munitions (e.g. into the Baltic Sea after World War II), after use in mining operations,
and in industrial run-off from factories producing these compounds (which are produced across the world to
date). The current detection method relies on chromatography and mass spectrometry methods, which are time-
consuming, expensive, and require specialist equipment and training. Carbon-based electrochemical sensors offer
a low-cost, fast, and easy on-site method for the detection of a variety of compounds. This study demonstrates an
efficient approach for rapid electrochemical sensing of Tetryl (N-methyl-N-2,4,6-tetranitroaniline) through the
use of boron-doped sp®rich carbon structures. These structures, known as dendrite-like carbon nanowalls (D:
CNW), were fabricated in one-step deposition and extensively characterized to understand the structure and
surface chemistry. Electrodes were used to detect a range of nitroaromatic compounds, most notably tetryl in
both laboratory and real environmental samples, with an excellent sensitivity of 153.0 pA cm™ ppm™! and a
detection limit of 17 ppb. The analytical and electrochemical capabilities of D:CNW electrodes indicate their
suitability for extensive environmental monitoring.

1. Introduction inhalation or drinking water causing harmful health effects like

dermatitis, anaemia, insomnia and respiratory irritation [2,3]. Although

Given their price and simplicity of production, nitroaromatic ex-
plosives are an international concern due to their widespread use in both
armed conflicts and industries such as mining. Tetryl (TET), which is N-
methyl-N-2,4,6-tetranitroaniline, is a common nitroaromatic compound
which has found widespread use in the production of warfare agents,
especially during World Wars I and II [1]. TET is a highly explosive and
time-stable compound, and it is used in military propellants and
detonators.

However, TET released into the environment is a significant hazard.
TET is easily absorbed into the bloodstream either through skin contact,

available toxicity studies indicate its mutagenic effect on bacteria [4],
acute toxicity in mammals [3,5,6], and it is highly toxic to aquatic life
[7,8]. TET has not been fully investigated for potential carcinogenic
effects [9]. However, based on structure-activity relationship studies, its
immunotoxicity potential is likely higher than that of 2,4,6-trinitrotol-
uene (TNT) [9], which is classed as class C carcinogen [10]. Thus,
TET’s presence in the environment merits concern [3], and monitoring
TET concentrations is significant for human health concerns.

To date, TET can enter the environment in numerous ways e.g.
during the disposal of munitions [11] and in wastewater streams from
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their production [12]. In addition, TET is still present in land mines [11],
and has been found in many hazardous waste sites [13], where its
concentrations in the soil can reach as high as 84,400 mg/kg [14]. In the
past, hazardous chemicals, including TET, have been improperly
disposed of in clean water bodies, such as lagoons, seas, rivers, and lakes
[14]. For example, a discharge of wastewater containing 400-460 mg/L
of TET into drainage ditches was documented [14], causing a significant
release of tetryl into the environment. Presently, it is important to
continuously monitor TET factories to avoid the release of these com-
pounds into the environment.

The most commonly used technique for detecting TET presence in
aquatic solution is chromatography coupled with mass spectrometry
[15-17]. Despite the high sensitivity, measurement of samples using this
technique is relatively expensive, as well as requiring cumbersome
sample preparation, and due to the delicacy of the apparatus, it is un-
reasonable to measure samples in the field. A promising approach in-
volves the utilization of electrochemical sensors (ECs) that record the
distinctive electrical signal specific to the analyte. ECs can be used for
both qualitative and quantitative analysis, characterised by fast
response times, high accuracy, and are cost-effective [18].

Among the different materials utilised as electrode material for
electrochemical sensors, the physical and electrochemical properties of
carbon make it one of the most commonly used materials in electro-
chemical sensors [19,20]. The variety of carbon morphologies makes it
suitable for a wide range of pollutant sensing applications including
drugs, pesticides, heavy metals, etc. [21-23].

Nitroaromatic compounds can be detected with great sensitivity on
carbon electrodes that have a high content of sp®hybridized carbon
[24]. This is because, nitroaromatics have in their structure an aromatic
ring containing delocalized n electrons, which can interact with the sp®
surface of the electrode due to n-m electron donor-acceptor stacking
interactions [25,26]. Based on this mechanism, nitroaromatic explosive
compounds have been detected on glassy carbon [27], graphene [28],
carbon nanotubes [29], and boron-doped diamond/graphene nanowall
electrode [25,30]. None of these publications concentrate on detecting
of TET specifically.

In this work, we use spz-rich dendrite-like carbon nanowalls (D:
CNW) synthesized using one step chemical deposition process, as a novel
approach for rapid electrochemical sensing of TET. The D:CNW layer is
successfully doped with boron, which is a key factor to improve the
electrical and electrochemical behaviour of carbon nanostructures. The
distinctive dendrite-like architecture of the carbon electrode offers an
increased surface area facilitating enhanced analyte adsorption, which
results in high sensitivity of nitroaromatic compounds detection. In
addition to an in-depth analysis of the detection capabilities of D:CNW
against TET, the electrode was also tested for the detection ability of
other nitroaromatic compounds, such as TNT, 2,4-dinitrotoluene (2,4-
DNT), and 2,6-dinitrotoluene (2,6-DNT). Our investigation reveals that
the sp?-rich dendrite-like structure of D:CNW, coupled with its high
conductivity and long stability in aquatic solutions, make it a highly
promising electrode material for achieving fast and cost-effective elec-
trochemical detection of explosive materials, especially in environ-
mental and industrial monitoring.

2. Experimental
2.1. Chemicals

Hexaammineruthenium (III) chloride (RuHex) [Ru(NHj3)g]Cl3 (98%
purity), 2,4-DNT (97% purity), 2,6-DNT (98% purity) were purchased
from Sigma Aldrich, Germany. KCI (99.5% purity), NaSO4 (>99% pu-
rity), NagHPO4 (>99% purity), KHoPO4 (>98% purity) were acquired
from Chempur, Poland. All chemicals were of analytical grade and uti-
lized without additional purification.

The TNT and TET explosives were obtained from a 120 mm mortar
projectile and standard booster, respectively and purified for testing
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purposes by the Military Institute of Armament Technology (Zielonka,
Poland). The purification process consisted of 3 recrystallizations from
acetone and a constant weight drying procedure. Selected properties of
the explosives used in the tests are presented in the Table S1, SI 1.

2.2. Preparation of solutions

Because nitroaromatic compounds exhibit limited solubility in
water, TET standard stock solutions of 10, 100, 1,000, 10,000 ppm were
made in acetonitrile of HPLC-grade purity (Sigma Aldrich, Germany). 3
other nitroaromatic compounds: TNT, 2,4-DNT, 2,6-DNT of 1,000 ppm
each were also made dissolved in acetonitrile.

Aqueous solutions of nitroaromatic compound were made by spiking
an aliquot volume of stock solution into 0.1 M phosphate buffer solution
(PBS) at pH of 6.75. In this way, the following TET concentrations of 3.9
ppb, 7.8 ppb, 15.6 ppb, 31.3 ppb, 62.5 ppb, 125 ppb, 0,25 ppm, 0.5 ppm,
1 ppm, 2 ppm, 4 ppm, 8 ppm, 16 ppm, 32 ppm were obtained. Addi-
tionally, 1 ppm solutions in 0.1 M PBS at 5.70 pH of TET, TNT, 2,4-DNT,
2,6-DNT were created.

TET was also detected in a more complex background electrolyte,
from environmental samples described in section 2.5. These samples
were prepared similarly to the PBS standard samples — aliquots of the
TET stock solutions were added to environmental samples resulting in
concentrations 3.9 ppb — 32 ppm. Due to the low conductivity of the
environmental solutions, Na;SO4 background electrolyte was added to
them to a final concentration of 0.05 M.

Tests based on the pH of the solution have been performed by
varying the pH of the 0.1 M PBS buffer, made to pH = 5.70 (£ 0.02),
6.75 (£ 0.01), and 8.00 (+ 0.01) were made by mixing corresponding
volumes of 0.2 M NasHPO4, 0.2 M KH5POy4, and deionised water (DI)
with ionic conductivity of 0.05 uS/cm.

An additional test was conducted to detect 2 ppm 2,4-DNT using
three different electrodes: a glassy carbon (GC) disc electrode (¢ = 3
mm, Mineral, Poland), boron-doped diamond that was grown according
to [31] without any post-treatment method (BDDas grown), and boron-
doped diamond that underwent post-growth chemical treatment
(BDDg¢id cleaned) to remove sp2 phase impurities using hot aqua regia, hot
’pyranha’ solution, and hydrogen plasma treatment resulting in H-
terminated diamond (according to the cleaning procedure in [31]).

2.3. Electrode growth

D:CNW electrodes were prepared by growing on p-type (100) -ori-
ented silicon wafers (7 mm x 7 mm dimensions, 500 + 25 pym thickness,
1 - 10 Q cm resistivity — see Fig. S1a, SI 2) using a microwave plasma-
enhanced chemical vapour deposition system — MPECVD (SEKI Tech-
notron, model AX54008S, Japan). Before conducting D:CNW growth, the
silicon substrates underwent seeding through sonication in a water
based nanodiamond slurry for 20 min. The deposition was performed at
a plasma power of 1300 W and microwave radiation of 2.45 GHz, at the
pressure of 50 Torr, and substrate temperature of ca. 800°C for 5 h. The
boron-to-carbon ratio of gas mixtures (diborane (ByHg) — boron pre-
cursor, and CHy4 — carbon precursor) was set to 6,000 ppm. The molar
ratio of CH4/Hj in gas mixture was kept at 12 % at 165 sccm total flow
rate. A nitrogen admixture (3 sccm) was added as catalyst of D:CNW
growth.

2.4. Characterisation techniques

A Zeiss Gemini FE-SEM 500 field emission scanning electron mi-
croscope (FE-SEM) was used to image the surface of D:CNW utilizing the
in-lens detector at 5 kV.

Scanning transmission electron microscopy (STEM) observations
were conducted in a JEOL ARM200F TEM, operated at 200 kV. An
electron transparent sample of D:CNW was prepared by using a standard
focused ion beam (FIB) lift-out procedure [32]. Prior to the FIB sample
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preparation, a protective titanium layer of approximately 200 nm thick
was sputter deposited (NanoPVD-S10A, Moorfield, United Kingdom) to
prevent the damage to the underlying D:CNW during the FIB milling
process. Briefly, two trenches are cut using a gallium ion beam, then the
sample is lifted out as a lamella and attached to a support grid, where it
is then further thinned to electron transparency. Annual dark field (ADF)
STEM images were then taken from the FIB lamella. Electron energy loss
spectroscopy (EELS) spectra were acquired in STEM mode at an energy
resolution of 0.9 eV, measured from the full width half maximum
(FWHM) of the zero-loss peak with a spectrometer semi-collection angle
of 25 mrad; probe convergence semi-angle of 30 mrad and a dispersion
of 0.1 eV per channel.

Confocal InVia, a micro-Raman spectrometer from Renishaw, was
used to collect Raman spectra of D:CNW electrodes. An excitation
wavelength of 514 nm, generated by an Ar ion laser, was employed. The
wavenumber range covered 100 to 3200 em L.

A Kratos Analytical Axis Ultra DLD spectrometer with a mono-
chromatic Al Ka X-ray source (1486.69 eV) was used for X-ray photo-
electron spectroscopy (XPS). The pressure of XPS chamber was below 1
x 1071% mbar. The measurements were conducted at room temperature
and at a take-off angle of 90° with respect to the surface parallel. The
core level spectra were recorded using a pass energy of 20 eV (resolution
approx. 0.4 eV), from an analysis area of 300 x 700 mm. The work
function and binding energy scale of the spectrometer were calibrated
using the Fermi edge and 3ds,» peak recorded from a polycrystalline Ag
sample prior to the commencement of the experiments. For composi-
tional analysis, the analyser transmission function has been determined
using clean metallic foils to determine the detection efficiency across the
full binding energy range. To investigate the chemical composition of
the D:CNW electrode surface, all data collected were fitted in CasaXPS. A
Shirley-type background was subtracted from C 1s, O 1s, B 1s spectra,
whereas linear background correction was performed for N 1s spectrum.
Signals were fitted with mixed symmetric Gaussian-Lorentzian line-
shape or with asymmetric lineshape (signals: 284.1 eV of C 1s; 397.2 eV
and 398.2 eV of N 1s; 186.0 eV, 187.4 eV, 188.6 €V of B 1s). Before XPS
measurements, samples were heated up in the tube furnace (Lindberg/
Blue M™, Thermo Fisher Scientific, Ltd.) to 500°C for 1 h under argon,
to reduce adventitious carbon contamination at the surface.

The electrical conductivity of D:CNW electrode was measured using
four-point probe (Pro4, Signatone, USA) connected with source measure
unit (Keithley 2450, Tektronix, UK).

The electrochemical investigations were carried out employing a
potentiostat-galvanostat instrument (VMP-300, Bio-Logic, France)
controlled by the EC-Lab software. Electrochemical tests were per-
formed within a three-electrode cell (WE: D:CNW; CE: platinum coil; RE:
Ag/AgCl/3M KCl or Ag/AgCl wire — see Fig. S1b, SI 2) at room tem-
perature (22 + 1 °C). The electrochemical measurement was performed
in a 2 mL solution each time. All solutions were deoxygenated before
measurements. The geometric surface of the working electrode was
determined by a 4 mm diameter silicone gasket. DI water having an ionic
conductivity of 0.05 pS/cm was utilised to create the solutions for
electrochemical analyses.

Electrochemical characterization measurements of D:CNW elec-
trodes were conducted using cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) in 1 mM [Ru(NH3)¢]Cl;3 solution
in 1 M KCL Additional CV experiments were performed in 0.1 M PBS at v
=100 mV s}, in order to determine a solvent window for D:CNW
electrodes. CV vs scan rate was also recorded at the 5, 10, 25, 50, 100,
200, and 300 mV s! to examine electrode kinetics. Electrochemical
behaviour and stability tests were carried out using EIS. EIS were
measured with an amplitude of 10 mV in the frequency range from 25
mHz to 100,000 Hz (10 points per frequency decade). Electrochemical
impedance spectra tests were performed at the formal potential (Ep) (the
working electrode was stabilized at Ef for 10 min), which was calculated
from Eq. (1) based on single CV cycle:
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Eyq + By

Ef = 3

(€8]
where Ep, and Ep. corresponds to the potential of anodic and cathodic
peak, respectively.

DPV was used as a nitroaromatic detection technique. The DPV
technique was selected due to its extensive use in the detection of
nitroaromatic compounds [33-35], as well as our prior research on
explosive compound detection employing this method [25,30]. A
parameter optimisation experiment (Fig. S2, SI 3) was conducted to
optimise the D:CNW response. Based on the highest current obtained,
the optimum value for pulse width was determined to be 20 ms (Fig. S2a,
SI 3). Measurements were then taken to determine pulse height.
Considering the values of the reduction peaks currents (Fig. S2b, SI 3)
and on the background height, a value of 110 mV was chosen. Step
height of —5 mV and step time of 500 ms were selected based on peak
shape. Differential pulse voltammograms were collected by applying a
potential that varied from 0 V to —0.8 V (vs Ag/AgCl/3.0 M KCI).
Before DPV measurements, samples were conditioned by polarising
from 0 to —0.8 V until the background response was stabilised. All
current density values were calculated basing on geometric surface area
of D:CNW electrode, and thus represent an underestimate for the true
current density.

Based on the results of detection currents of TET, the limit of
detection (LOD) was calculated using Eq. (2) [25,36,37]:

LoD — 39

)
where oy reflects the standard deviation of a blank, and “a” denotes the
slope of the calibration curve.

2.5. Environmental samples

Different environmental samples have been taken as a background
matrix for TET detection. Industrial or post-industrial areas in Poland
have been selected: (1) the former area of “Zachem Chemical Plant” in
Bydgoszcz, where freshwater sample (ZCP) were collected and (2) the
area of the Municipal Waste Management Plant (MWMP) in Gdansk
Szadotki, where water sample from a piezometer at the tributary of the
landfill (MWMP-P) and a water sample from the plant’s deep well
(MWMP-W) acting as a reference point were taken. Environmental
sampling site descriptions and real-life sample characterisation can be
found in SI 4.

3. Results and discussion
3.1. Material characterisation

A thorough investigation utilizing a SEM was undertaken to examine
the surface morphology of the D:CNW electrode growth (Fig. 1a; Fig. S3,
SI 5). The resulting film exhibits remarkable homogeneity and conti-
nuity, as evidenced by Fig. S3a, SI 5. Notably, the average thickness of
the carbon layer falls at 3.97 um + 0.18 um, calculated from 15 cross-
sectional measurements depicted in Fig. S3b, SI 5.

To further characterise the D:CNW layer, a cross-sectional analysis
was performed using a lamella from FIB cutting the sample inside the
STEM. The D:CNW sample’s cross-section, shown in Fig. 1b, illustrates
the growth of the D:CNW carbon structure (the sample was cut all the
way down to the silicon substrate). As can be seen, the electrode
morphology exhibits extensive development reminiscent of dendritic
structures. These complex branched dendrite formations begin to man-
ifest in the early stages of deposition. Using Gwyddon 2.60 software
(Czech Republic), the estimated dimensions of the dendrites were
measured (derived from a set of 7 measurements). The length of a sol-
itary dendrite core is comparable to the thickness of the D:CNW


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

A. Dettlaff et al.

C) —— Experimental
—— Fitting peaks
5 .—G-band Fitting
©
> —D'-band
‘®»
&
z 2D-band D+G-band
_ o .:]\sfl\

1000 1500 2000 2500 3000
Raman shift / cm™

Chemical Engineering Journal 493 (2024) 152620

[oX
N

Intensity / a.u.

280 300 320 340
Energy loss / eV

Dendrite:
—— Edge
——Core

Intensity / a.u.

280 300 320 340
Energy loss / eV

Fig. 1. Morphology and structure characterisation of D:CNW electrode: a) In-lens SEM image of D:CNW surface; b) ADF STEM image of D:CNW FIB cross section;
inset: the regions where EELS spectra are taken highlighted; c) fitted Raman spectra of D:CNW; High loss EELS spectra of d) crushed GC (black) compared to D:CNW
(blue) taken over the full spectrum area, e) dendrite edge (red) compared to dendrite core (purple), illustrated in Fig. 1b inset.

electrode (4.20 + 0.05 pm). The length of the dendrite is expected to be
influenced by the growth period in a similar manner to how the thick-
ness of the carbon layer depends on the duration of the MPECVD pro-
cess. The thickness of horizontal branches varies according to their
specific position. The branches in the central region of the dendrite are
the longest, measuring roughly 182 + 47 nm. The length of the branches
close to the substrate is 86 + 12 nm, while the breadth near the top is
around 112 + 3 nm. The width subsequently decreases to a single
nanometer at the upper border of the dendrite. This intricate surface
structure is significantly different from the carbon structure typically
found in literature [38-46], which exhibit a nanowall-like form without
any branching. To our knowledge, there have been no previous reports
of carbon-nanowall structures with this level of complexity. The samples
clearly have a highly structured surface, with a high aspect ratio, which
we believe originates from the growth conditions, including a high
methane content, boron admixtures, and elevated temperature.

Raman spectra of D:CNW surface are shown in Fig. 1c. Two major
peaks are identified at 1352 cm™! and 1582 cm ™!, which correspond to
the D-band and G-band, respectively. The D-band signifies a flaw in the
graphitic structure, stemming from out-of-plane vibrations, while the G-
band arises from in-plane vibrations of the C-C bond within the sp®
orbital, indicating the presence of graphitic structure [47]. The intensity
ratio between the D- (Ip) and G-bands (Ig) is ca. 1.99, which, according
to the literature, corresponds to a highly sp?rich carbon surface
[48-50]. Secondary bands, known as D' and D', are attributed to C=C
bond and structural disorder or defects, respectively [51]. Notably, the
D' band is characteristic of structures with relatively low levels of dis-
order, such as graphite-like carbons and glassy carbon, but is not
observed in highly disordered carbon forms like carbon black. The peak
observed at 1180 cm ™! reflects the D4-band, and it is ascribed to the
presence of TPA (trans-poly acetylene) [52] and is conjugated with
increased hydrogen content [53] (film is deposited in rich hydrogen
plasma).

Additional bands are also evident, including an intense band origi-
nating from the second harmonic of the D-band (2D), which is associated
with crystalline graphitic structures [54]. Another observed band, the
D+G band, is attributed to a defect-induced double resonance inter-
valley scattering process [55]. The summary of the fitting spectra is
shown in Table 1.

To verify the repeatability of the CVD process, Raman spectroscopy

Table 1
Fitting of characteristic Raman bands of D:CNW.

1

Centre of peak / cm™ Percent of the total area / % Classification Ref.

1180 2.8 D4-band [55]
1352 42.5 D-band [51]
1508 7.8 D’-band [51,56]
1582 23.8 G-band [51]
1615 2.9 D'-band [51]
2698 12.9 2D-band [57]
2928 7.3 D+G-band [55]

measurements were carried out on 3 independent CVD processes
(Fig. S4, SI 6), which shows Raman spectra with the same bands as
shown in Table 1, which confirms the repeatability of the D:CNW growth
process in terms of chemical composition.

The D:CNW structure was then examined by electron energy loss
spectroscopy to estimate the bonding character of which the material is
composed. The Fig. 1d shows EELS spectra of the carbon K-edge spectra
of D:CNW and glassy carbon (GC) electrode, with the latter serving as a
reference material containing 100 % sp2 bonded carbon [58] in this
experiment. As can be seen, both spectra are composed of two major and
well-defined peaks. The peak at 293 eV reflects the excitation of the 1s
core level electrons to unoccupied anti-bonding ¢* states, whereas the
second signal is placed at ~ 286 eV and it originates from 1 s — a*
transition, labelled in Fig. 1d [59]. The presence of a peak at about 286
eV is related to the presence of an spz-rich phase in the carbon structure,
and in the case of materials made only of sp>-hybridised carbon, this
peak does not appear at all [59,60]. It can be observed that the n* peak is
significantly higher for a GC electrode suggesting that D:CNW material
is not purely sp? material. Thus, the sp? sp® bonding distribution in the
layer was calculated using the two-window method proposed by Bruley
etal. [61]. To achieve this, the spectrum obtained for GC, was compared
to the D:CNW spectrum in Fig. 1d, taken over the entire spectrum region
of D:CNW (blue rectangle in Fig. 1b). This method takes the ratio be-
tween the integral intensity over the n* region (280 — 290 eV; window
1), and the integral intensity over n* + ¢* (280 — 300 eV) for both glassy
carbon and for D:CNW. In glassy carbon the ratio between the two peaks
was 0.257, which we assign as 100% sp2 [58]. The same treatment was
applied to the D:CNW data, which was calculated to be 78% of GC
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intensity (i.e. 78% spz).

It was observed that the sp? carbon content varies slightly between
the centre and edge of the dendrite. At the edge of a single dendrite (red
highlighted area of inset Fig. 1b), the content is higher at 78%, while in
the dendrite’s core (purple highlighted area of inset Fig. 1b) it is only
73%. This difference in sp? content amount could be explained by the
fact the core nucleates grow from the sp3 nanodiamond particles [62].
This is supported by the observation that the spectrum obtained for the
core which differs from that taken at the edge of the dendrite showing
the presence of characteristic for sp® carbon gap visible at ca. 303 eV
[63].The discernible variation in the carbon structure is also noticeable
for the shape of the spectra seen in Fig. le.

The elemental composition and the chemical bonds on D:CNW sur-
face were examined via X-ray photoelectron spectroscopy (Fig. 2). The
peak fitting for the C 1s spectrum is shown in Table 2. The XPS survey
spectrum, depicted in Fig. 2a, illustrates the presence of carbon, oxygen,
nitrogen, and boron. Carbon is the basic building material of the elec-
trode layer, reaching an atomic concentration of 96.6 at%. Based on the
XPS C 1s spectrum (Fig. 2b), eight carbon components of different ori-
gins were discerned. The main asymmetric peak observed at 284.1 eV
represents sp? C=C carbon and reaches 73.1% of total carbon, whereas
the peak at 284.6 eV can be attributed to sp®> C-C carbon bonds. The D:
CNW electrodes have been effectively doped with boron, which is
crucial to enhancing the electrical and electrochemical properties of
carbon nanowall-like structures [64], as evidenced by the presence of
peaks at 282.7 eV on the C 1s spectrum (high resolution B 1 s is pre-
sented in (Fig. S5a, SI 7). The total amount of embedded boron is esti-
mated to be 1.7% from the relative integral intensities of the C 1s vs the B
1s.

Apart from the incorporated boron, small amounts of nitrogen and
oxygen (~0.9% each, based on relative integral intensities C1s to N 1s /
O 1s) are also evident in the layer (Fig. S5b, SI 7). The presence of ox-
ygen is probably due to contamination of the sample with atmosphere
oxygen [71]. Nitrogen incorporation into the sample derived from the
nitrogen gas used in the MWECVD process, which catalyses the growth
of nanowall structures. According to the literature [72], the simulta-
neous presence of nitrogen, which has one extra electron compared to
carbon, and boron, which has one less electron, should result in a charge
compensation, which will result in a decrease in the charge carrier
concentration. In the case of D:CNW material, the impact of the charge
compensation process is expected, however, it should be noted that the
amount of boron built into the layer far exceeds the amount of incor-
porated nitrogen. Moreover, the amount of boron is sufficient to provide
adequate conductivity for electrochemical purposes (D:CNW electrode
has a high electrical conductivity of 1.14 x 10° S/cm estimated through
four-point probe testing, resulting in efficient electron transfer and more
effectively facilitates electron transfer at the electrode-electrolyte
interface [73]). It should be emphasize, that the incorporation of ni-
trogen atoms into D:CNW is low, despite the relatively high reactor feed
gas ratio of N:C = 0.5, but the XPS indicates less than 1% uptake into the
sample. The unique structures have arisen from complex growth
mechanism involving multi-species interactions beyond CN~, H,CNH,,
BH , and CH', radicals [64,74]. The low nitrogen content can be
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Table 2
Contributions of the components in the C 1 s spectra of the D:CNW samples.
Binding Energy / Relative composition /  Assignment Ref
eV %
Cl1 282.7 2.6 CB [65]
s 284.1 73.1 C=C(pd) [66]
284.6 6.6 C-C (sp*) [66]
286.2 5.4 C-O0/C-N/C-O- [66,67]
C
287.5 1.5 C=0/N-C=0 [67,68]
288.5 1.6 0C=0 [66]
290.5 7.6 T-T* [68,69]
293.5 1.6 T-T* [70]

explained by the growth mechanism where primarily the CN™ radicals
are present on the growth surface, serving as attachment points for other
carbon radicals. This interaction initiates the process of nitrogen
abstraction through the bonding of CHs groups, thereby actively
participating in the intricate mechanism underlying the formation of
nanowalls. Moreover, it plays a pivotal role in facilitating the nucleation
of twin formations within the subsequent layer of nanowalls, thereby
influencing their structural development and eventual properties [60].
In the context of boron atoms, derived from BH ™, radicals, are inte-
grated into the D:CNW structure [74]. Following that the nitrogen in
indispensable for forming and growing carbon nanowall structures
without any external catalyst [74].

Analysis of the XPS spectra also allows for an evaluation of sp2 to sp3
carbon ratio by determining the D-parameter proposed by Lascovich
et al. [68,75]. The D-parameter was established by measuring the dis-
tance between the highest and lowest points visible on the first-order
differential of the carbon Auger peak (Fig. 2c), resulting in D = 20.2
eV. Due to the linear dependence of the D-parameter on the carbon
content of the sp2 hybridisation [68,75], where diamond = 14.2 eV and
graphite = 22.5 eV, the D:CNW layer contains approximately 74% sp2
carbon.

The electrochemical behaviour of D:CNW was comprehensively
tested using CV and EIS (Fig. 3). First, the solvent window in 0.1 M PBS
was established for a geometric current density of + 0.35 mA cm 2,
which corresponds to the points at which solvent (water) electrolysis
becomes distinguishable from the background currents (Fig. 3a). D:CNW
electrode exhibits a quite wide solvent window of 2.82 V, which will
allow the detection of nitro compounds whose reduction potential is
predominantly in the 0 to —1 V range.

Four slight peaks could be visible at —0.41 V, —1.25V, +0.05 V, and
+1.15 V (vs Ag/AgCl/3M KCI). The occurrence of these signals might
may be attributed to the oxidation and reduction of functional groups
located on the electrode’s surface in particular oxygen groups such as
quinone, carbonyl, and ketone moieties [76,77]. The presence of these
groups has previously been confirmed in XPS testing (see Table 2).

The electrochemical kinetics was studied using the outer-sphere
electron, one-electron transfer, RuHex redox mediator (Fig. 3b-c). As
can be seen in CV in Fig. 3b, the peak-to-peak separation, AE), repre-
senting the potential distance between the peak maximum of [Ru
(NHs)6]?* oxidation and the peak of [Ru(NH3)g]>" reduction (AE,=|E,

(=}
-

+  Experimental
—— Fitting
Background

Survey C1s

Intensity / a.u.
Intensity / a.u.

c=C C1s

c)

D-parameter

1400 1200 1000 800 600 400 200 O
Binding Energy / eV

206 294 292 290 288 286 284 282 280 250 255 260 265 270 275 280 285
Binding Energy / eV

Kinetic Energy / eV

Fig. 2. D:CNW electrode XPS results: a) survey spectrum, b) high resolution spectra of C 1s, c) the first differential of Cuger peak.
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Fig. 3. Electrochemical behaviour of D:CNW recorded in 0.1 M PBS (pH = 6.75) a) cyclic voltammetry recorded at scan rate 100 mV s’l, and 1 mM [Ru(NHj3)e]Cl3
solution in 1 M KCI: b) cyclic voltammogram recorded as a function of scan rate; c) dependence of the peak current on the square root of scan rate (based on results

from Fig. 3 b); d) Nyquist representation of EIS (inset: EEC used for fitting).

ox — Ep red| [781), is practically independent of scanning rate. For the
slowest scan rate (5 mV s’l), the value of AE, is 60.7 mV, whereas for
the 300 mV s ! AE,, increases to 62.7 mV (see Table S3, SI 8). The ob-
tained values of AE), are very close to the theoretical value of the com-
plete electrochemically reversible process calculated using Eq. (3) [78]
(56.4 mV in 22 °C):

RT
AE, = 2.218— 3
p o F 3

R - gas constant [8.314 J K! mol_l]; T — the temperature [295 K]; n —
the number of electrons [—]; F — Faraday’s constant [96,485 C mol~1].

The anodic and cathodic peak currents, i, ox and iy req, €xhibit a direct
proportionality to the square root of the scan rate (Fig. 3c) and the i req :
ip ox is almost 1.0 regardless of the scan rate (see Table S3, SI 8). Both of
these phenomena are indicative of reversible redox reactions [79,80],
which indicates D:CNW have rapid electron kinetics, highlighting its
suitability for electrochemical sensing applications.

EIS measurements were obtained to gain more insights into the
electrochemical processes occurring at an electrode-electrolyte inter-
face. In order to extract information about the system’s response to
varying frequencies of applied AC voltage, the EIS experimental data
were fitted using an electrical equivalent circuit (EEC). A Randles circuit
[81] (Fig. 3d inset) was chosen as an appropriate EEC. It consists of 4
components: i) the uncompensated resistance — R, (the electrolyte

resistance between WE and RE electrodes, the resistance of WE itself,
and resistance of connection); ii) a capacitor related to the capacitance
of the electrical double layer — Cq; iii) resistor reflecting the charge
transfer resistance — R, (equal to the diameter of a semicircle at high-
frequency region); iv) a Warburg impedance element, Zy, represented
by a straight line in low frequency region, in which the potential is
maintained for a sufficient duration, leading to species depletion in the
electrode’s proximity, causing the increase in impedance [81]. Utilizing
the fit, an R, equal to 6.5 + 0.8 Q cm? (measured using 4 different
electrodes), whereas the electrode double layer capacitance is relatively
high at 66.8 - 19.3 pF cm ™2 (Table $4, SI 8), this value is not only from
high intrinsic capacitance but also from the high electrode surface area
as is the case with other carbon nanowall structures [45]. The electrode
is also characterised by a charge transfer resistance of 0.5 + 0.2 Q cm?.
The D:CNW electrode demonstrates a comparatively low value of R
when compared to other carbon materials with sp? content measured in
RuHex redox pair: i) nanosized graphene sheets R;; = 1.19 — 4.13 Q cm?
[82], ii) as grown boron-doped diamond (BDD) showed R, of 9.8 Q cm?
[22], iii) conductive printable electrodes tuned by boron-doped nano-
diamond foil additives Re; = 15.0 @ cm? [37]. The notably low R, value
achieved by D:CNW material suggests rapid charge transfer, which may
originate from a high content of boron dopant, uniform electrode
coverage and an interconnected network of D:CNW that can improve
electron transport pathways.
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Based on the R, value, which manifests the kinetics of heterogeneous
charge transfer, heterogeneous electron transfer (HET) rate constant, k°
[cm s’l], was determined using Eq. (4) [22,83]:

. RT
~ R PACR, @
where R represents the molar gas constant with a value of 8.314 J mol ™!
K_l, T stands for the temperature [298 K], n reflects the number of
electrons [1], F is the Faraday constant [96,485 C mol’l], A [cm?] is
attributed to the geometric electrode area, and ¢ [mol cm~3] corre-
sponds to the concentration of redox mediator.
k° value estimated for RuHex redox reaction recorded on D:CNW
electrode reached 6.67 x 10T cm s~ ! (& 2.16 x 107! cm s™1). The value
is in close proximity to the HET value associated with a completely
reversible electrochemical process, which is typically expected to be
equal to or greater than 1 cm s~1 [84]. Obtained for D:CNW electrode k°
value is also higher than the HET values found in the literature for
>classical’ nanowall electrodes [83,85].

3.2. Electrochemical detection of tetryl

First, TET detection using the DPV technique was performed in a
laboratory-grade, 0.1 M PBS solution at a pH close to neutral (pH =
6.75) with a known concentration of the explosive material. The elec-
trochemical response of TET was analysed on the D:CNW electrode by
examining its concentration, as shown in Fig. 4. TET reduces electro-
chemically generating three distinct peaks at potentials of about —0.16
V (“i” peak), —0.33 V (“ii” peak), and —0.48 V (“iii” peak) vs Ag/AgCl/
3M KCl. An additional, fourth, weakly separated reduction peak is
observed at a potential of —0.58 V (“iv” peak).

Given the similar chemical structure of TET to TNT (see Fig. 5a), a
similar electroreduction mechanism is also expected. TET contains an
additional fourth nitro moiety in its structure, which differs from 2,4,6-
trinitrotoluene, which contains only three —-NO; groups. Negative
polarisation of the working electrode, that is immersed in TNT solution,
should cause a reduction of three nitro groups to three amine groups
[25]. As a result, three cathodic signals are expected. Given that tetryl
has an additional nitro group compared to TNT (see Fig. 5a), the pres-
ence of another fourth peak originating from the additional nitro group
can be expected. Due to the limited literature available on TET elec-
troreduction, a new mechanism for TET reduction has been proposed
(Fig. 6), based on existing mechanisms for TNT reduction [25,86].

When comparing the electrochemical response of TET and TNT at the
same electrode and pH of 5.70 (Fig. 5b), the initial cathodic peak for TET
occurs at —0.10 V, whereas for TNT it appears at —0.31 V. Thus, the
reduction of one of the nitro groups requires a lower overpotential
compared to 2,4,6-trinitrotoluene. It should be noted that TET has an

<
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Fig. 5. a) Chemical structures of examined nitroaromatic compounds (2,6-
DNT, 2,4-DNT, TNT, TET); b) current responses of compounds shown in Fig. 5a
recorded on D:CNW in 0.1 M PBS, pH = 5.70 (data after background subtrac-
tion); ¢) SEM x 10,000 magnification before and after 3,000 cycles; d) Nyquist
plot of impedance spectra of selected D:CNW electrode recorded 1 mM RuHex
in 1 M KCI at the formal potential over a period of 14 days.

additional nitro group attached to the nitrogen (in the case of TNT -NOy
always links to the carbon atom). According to a mass spectrometric
analysis of TET [87], this group will fragment first. So it is expected, that
the “i” peak originates from the electroreduction of the only group of
TET that is attached to nitrogen (see the first stage of reaction in Fig. 6).
Next, based on density functional theory (DFT) calculations made by
Chua et al. [86], the nitro group in the ortho position (with respect to the
methyl group) will next undergo a further reduction (second stage). The
DFT results agree with the experiment carried out for 2-nitrotoluene and
4-nitrotoluene, in which the reduction overpotential was lower for the
—NO; group substituted in the ortho position [88]. The second group in
the ortho position will probably be the next group to be reduced, fol-
lowed by the para group [86].

The complete reduction of TNT to 2,4,6-triaminotoluene is believed
to require 18 electrons and 18 protons [25,86]. In the case of TET, an
additional 6 electrons and 6 protons are needed for the irreversible
reduction of the fourth -NO group, resulting in a total of 24 electrons
and 24 protons. This process can be viewed as a proton-electron coupled
reaction, where protons and electrons are exchanged in a single kinetic
step [89].

The effect of the presence of protons on the TET reduction reaction
becomes especially visible when comparing the results obtained in 0.1 M
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Fig. 4. a) DPV of TET measured on D:CNW in 0.1 M PBS, pH = 6.75; b) concentration dependence of TET on D:CNW based on the magnitude of “i” reduction peak

(with the error bars indicating the standard deviation).
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Fig. 6. Proposed mechanism of TET electroreduction.

PBS with different pH (see Fig. S6, SI 9). Depending on the solution pH,
the position of the cathodic peak maximum shifts. As the pH increases,
peak “i” peak position changes from ca. —0.11 V at pH = 5.70, to ca.
—0.15V for pH = 6.75 and reaches the peak at —0.19 V (vs Ag/AgCl/3M
KCl) for pH of 8.00. Similar behaviour was observed during our previous
studies concerning TNT [25]. pH dependence of the cathodic “i” peak
potential is linear with a slope of 37.1 mV / pH (see Fig. S7, SI 9). The
shift in the peak being pH dependent further increases confidence that
the mechanism proposed (which is proton dependent) is valid because as
the H' concentration increases the potential required to perform the
first reduction is lower (closer to 0).

Based on the most characteristic TET peak, i.e. peak “i”, a calibration
curve was plotted against TET concentration (Fig. 4b). Two regions of
linear relation between the peak current and concentration of TET were
observed: 3.9 — 500 ppb and 1 - 8 ppm (see Table 3).

Based on the calibration curve obtained for the low concentrations, a
high value of sensitivity for the detection of TET on the D:CNW electrode
of 153.0 pA em 2 ppm ! was obtained. Next, by using Eq. 2, LOD cal-
culations were performed. The D:CNW shows very low LOD value of 17
ppb (59.2 nM). The high sensitivity of the electrode is likely due to the
high amount of sp? carbon building up the dendrite-like structures. The
sp? carbon has been shown to play a key role in the detection of nitro-
aromatic compounds, through n-donor-acceptor interactions between
the electrode and TET [24,90]. The outstanding sensitivity of the D:CNW
electrode in detecting nitroaromatic compounds is demonstrated by
comparing the current heights observed in a PBS solution with 2 ppm
2,4-DNT on several carbon electrodes: GC, BDDas grown, BDDacid cleaned
(Fig. S8, SI 10). The intensity of the “i” peak is significantly greater for
the D:CNW electrode, exceeding 16-fold.

D:CNW exhibited good repeatability. Based on the maximal “i” peak
current measured with five different electrodes to detect 1 ppm TET in
0.1 M PBS (pH = 6.75) solution, the calculated relative standard devi-
ation (RSD) value was 2.64 %, whereas the mean recovery was 90.40%.

Two approaches were used to examine the stability of the D:CNW
sample by comparing: i) the surface morphology of the D:CNW before
and after 3,000 cycles in the range 0 to —0.95 V (vs Ag/AgCl/3 M KCl) in
0.1 M PBS using CV (v = 100 mV s’l), which could show the effect of
long term polarisation on the sample (Fig. 5¢); ii) by comparing the
impedance spectra collected during a 14-day period of storing the
sample in DI water (Fig. 5d). The first test showed no noticeable dif-
ferences in the D:CNW structure — dendritic structures have not been
degraded, their shape is preserved despite long cycling of the sample.
The second test was evaluated by measuring the EIS spectra of 4 carbon
electrodes. EIS was performed in 1 mM RuHex redox mediator in 1 M
KCl at formal potential over a period of 2 weeks. After each measure-
ment, the samples were washed with demineralised water and after-
wards stored in DI water between the electrochemical tests. Comparing
the results of the Nyquist plot shown in Fig. 5d, no significant changes in

Table 3
Sensing performance of D:CNW electrode towards TET in 0.1 M PBS (pH = 6.75).

Electrode  Linear range Calibration curves

D:CNW 3.9 - 500 ppb (0.14 - juA em 2] = 153.0 (45.0) crgr [ppm] +
1.74 yM) 3.3 (£1.1)
1-8ppm (3.48-13.93  j[pA cm 2] = 40.2 (+£2.8) crgr [ppm] +
uM) 95.4 (+£12.8)

the impedimetric spectrum could be seen over time. The obtained
spectra were fitted with the same EEC used for the electrochemical
characterization of the D:CNW electrode in order to improve the
comparability of the results. After 14. days no significant differences in
the charge transfer resistance were observed (R, slightly increased from
0.5+ 0.2Q cm? to 0.7 + 0.6 Q cm?).

A variety of nitroaromatic chemicals, including TET, TNT, 2,4-DNT,
2,6-DNT, and nitrotoluenes, can be detected by D:CNW electrodes; they
are not just selective for TET (see Fig. 5b). For environmental moni-
toring, our primary concern is to detect potentially harmful chemicals
rapidly and in a cost-effective manner. In turn, the control of production
processes should also cover a wider range of compounds, as explosives
factories rarely focus on a single compound. In this instance, the sensor’s
ability to detect a wide range of explosive compounds and their de-
rivatives is undoubtedly advantageous. It’s important to emphasize that
the electrochemical reaction of TET is highly distinctive: electro-
reduction generates four cathodic peaks, and therefore it should be easy
to detect. Moreover, the “i” peak appears relatively fast (at a small
overpotential), which also distinguishes it from other nitroaromatic
compounds.

The final step was assessing the feasibility of utilising the electro-
chemical sensor in practical settings, including samples obtained from
industrial and post-industrial locations as outlined in sections 2.5 and SI
4. Despite the challenging environmental conditions and non-uniformly
flat background current response, the presence of TET was successfully
detected in all TET spiked samples (Fig. 7).

Fresh water sample collected from the site of the “Zachem Chemical
Plant” in Bydgoszcz contains a greater amount of organic matter
compared to the samples from the Gdansk landfill area (chemical oxygen
demand (COD) = 59.2 mg L! obtained for ZCP and COD below 10 mg L}
for samples MWMP-P and MWMP-W). Moreover, it is estimated that
93.9% of total nitrogen in ZCP is organic nitrogen. The abundant pres-
ence of organic matter is expected to diminish the sensitivity of TET
detection. The electroreduction process of nitroaromatic compounds
leads to the formation of different types of radicals, which are inter-
mediate products [86,91]. These radicals can over-react with this mat-
ter, resulting in the reduced sensitivity recorded for the ZCP sample, for
which the first well-created peaks are only visible at a TET concentration
of 1 ppm (although the background current is relatively flat, Fig. 7a).
Therefore, this sample displays only one linear range, which extends
from a concentration of 1 ppm to 16 ppm (R? = 0.997).

In contrast, samples from the waste site contained extra electroactive
compounds, leading to additional peaks visible in background mea-
surements giving a peak at —0.24 V (vs Ag/AgCl/3M KCl) and a slight
one at —0.0125 V (see Fig. 7b-c). Additional peaks could be seen also at
low TET concentration measurements. For 0.125 ppm additional signal
is visible at —0.050 V (for the MWMP-P sample), whereas for 0.5 ppm
the signal shifted to —0.106 V. The phenomenon is probably related to
the reduction of recombinant products: the reduction products gener-
ated in the detection of 0.25 ppm of TET adsorbed at the electrode and
then with the second scan were reduced at different potentials.

However, it should be emphasised that, despite the presence of
electroactive compounds, it was possible to detect 0.125 ppm and 0.25
ppm of TET in MWMP-P and MWMP-W, respectively. Detection capa-
bilities of D:CNW in environmental samples are greater in laboratory
samples with high purity and known composition than recorded in
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Fig. 7. Detection of TET in a) ZCP, b) MWMP-P, ¢c) MWMP-W samples recorded on D:CNW. Calibration curves prepared from peak “i” for the solution d) ZCP, e)

MWMP-P, f) MWMP-W.

environmental samples. It should be noted, however, that the D:CNW
electrode response has been tested in very complex matrices originating
from industrial and post-industrial sites.

The literature on the electrochemical detection of TET in aqueous
samples, and thus having applications in environmental monitoring, is
limited. Table 4 summarises the work available in the literature on TET
detection (not including chromatographic methods). The work of Bozic
et al. [92] shows the possibility of using an electrochemical method in
the form of square wave voltammetry, however, the study did not cover
either linearity or stability ranges, which is a significant drawback. In
contrast, the work of Hay et al. [93] considers the electroreduction
mechanism of TET; however, the solvent is ionic liquids, which do not
reflect environmental conditions. It should be noted that D:CNW elec-
trode shows very high sensitivity (LOD = 0.0592 uM) and does not
change significantly with time. Moreover, compared to the other elec-
trodes shown in Table 4, the preparation of the D:CNW electrode rep-
resents a single step in the form of the MPECVD process. The electrode
also does not undergo any post-treatment process.

Table 4
Non-chromatographic methods for the detection of TET in aqueous
environment.
Electrode material Method Linear LOD / Ref.
range / uM M
Modified silica Optical: fluorescence ND 0.592 [94]
NPs
NA Optical: fluorescence ~ 3.48 -17.41 3.483 [95]
Au with MCU! Electrochemical: ND 0.052 [92]
SWv
pTTP-GC? Electrochemical: 0.031 - 0.031 [33]
DPV 0.871
GC/P(0-PDA-co- Electrochemical: CV 17.41 - 13.23 [96]
AND-AUZn0 348.26
D:CNW Electrochemical: 0.14-1.74 0.0592 This
DPV 3.48 - work
27.90

ND - no data; NA — not applicable. 'MCU —11-mercapto-1-undecanol; 2pTTP-GC
— Poly[meso-tetrakis(2-thienyl) porphyrin] modified glassy carbon electrode; 3
GC/P(0-PDA-co-ANI)-Auyano — glassy carbon (GC) electrode coated with poly(o-
pheny-lenediamine-aniline) film.

4. Conclusions

The study yielded a sp?rich carbon nanowall electrode material
characterized by a developed surface area in its novel dendrite-like
structure. The presence of ca. 74-78% sp? carbon, a key element for
the efficient electrochemical detection of nitroaromatic compounds, was
confirmed both by calculating the D-parameter within the XPS tests and
using the two-window EELS method.

The study successfully developed an electrochemical TET sensor that
can be used in both laboratory and environmental samples. Further-
more, the work proposes a mechanism for the electroreduction of TET in
aqueous environments. It has been shown that the D:CNW electrode
exhibits an exceptional sensitivity of 153.0 pA cm ™2 ppm~! and an
impressive detection limit of 17 ppb. Furthermore, despite a very com-
plex matrix of environmental samples from industrial and post-
industrial sites, it was possible to detect 0.125 ppm and 0.25 ppm
(depending on the environmental sample) using this electrode.

Different polynitroaromatic compounds have been shown to have
different reduction potentials (assuming a constant solution pH). Using
the D:CNW electrode, the signal from TET, TNT or DNT can be easily
recognised. It was shown that the D:CNW electrode has both cyclic
polarisation resistance in PBS solution in the potential range at which
nitroaromatic compounds are expected to be present, and does not
change significantly over time when the sample is stored in an aqueous
environment.

Thus, by leveraging the unique properties of D:CNW, we envision the
development of advanced electrochemical sensors capable of rapid, cost-
effective and on-site detection of hazardous nitroexplosive compounds,
thereby addressing critical needs in environmental monitoring and in-
dustrial processes.
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