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ABSTRACT

Neonicotinoids (NNIs) are water-soluble, toxic, widespread-used systemic insecticides commonly found in the
environment. Integrated electrochemical sensors enable the rapid on-site detection of NNIs in aqueous samples
by analysing the reduction of the NNI's nitro functional group on the working electrode. We have investigated
graphite (G), glassy carbon (GC) and carbon black (CB) thick films as working electrodes for the electrochemical
detection of the NNI imidacloprid (IMD). Up to 35-pm-thick films of G, GC and CB on alumina were prepared by
screen printing and subsequent firing at 850 °C in argon. G had the largest grain size, the roughest surface, and
the lowest sheet resistance of 6.9 Q/sq. GC and CB had a smoother surface, while their sheet resistances were up
to 27 Q/sq. All three films showed a reversible response to the Fe(CN)3 4~ redox probe with G having the
highest electrochemically active surface area and the highest heterogeneous electron transfer rate constant. In
the IMD solution with neutral pH, G, GC and CB exhibited characteristic reduction peak at —1.1 V and a re-
oxidation peak at +0.2 V. An additional adsorption cathodic peak was observed with CB, indicating a signifi-
cantly higher affinity of CB for IMD adsorption. With LODs under 1 uM, the G, GC and CB pristine thick films
exhibiting great potential for the sensitive detection of IMD.

1. Introduction

Neonicotinoids (NNIs) are systemic insecticides that are effective
against a broad spectrum of crop pests and are therefore used in agri-
culture on a mass scale and frequently with a lack of restraint. NNIs with
-N-NO; group, including imidacloprid (IMD), thiamethoxam (THX), and
clothianidin (CLO), are toxic to pollinators and aquatic invertebrates.
They accumulate in the soil and leach easily into water sources. As they
are very persistent, their harmful effects are long-lasting [1-3]. Thus,
rapid on-site determination of NNIs is required. NNIs with -NOy group
can be directly detected by electrochemical (EC) methods exploiting
irreversible reduction of -NO; on the electrode surface at negative po-
tential. On mercury-based electrodes two reduction signals are
observed, namely i) a four-electron reduction of the nitro group to the
hydroxylamine derivative and ii) a further two-electron reduction of the
hydroxylamine to the amine. The intensity of this second signal is half
that of the first, as expected considering the number of exchanged
electrons. Both cathodic processes are strongly dependent on pH, since
protons are involved in the reduction reactions. A neutral or slightly

alkaline pH of 7-10 is most suitable for the detection of these NNIs
[4-6]. The main challenge in electrochemical detection of NNIs is to
ensure that both the working electrode (WE) and the electrolyte remain
stable in a fairly negative potential range, typically from —0.8 Vto —1.6
V vs Ag/AgCl, where the reduction of NNI is expected to occur [5].
Therefore, the selection of the appropriate potential window for a given
WE and supporting electrolyte is important as well.

Various WE materials have been investigated for the detection of
NNIs. While the use of mercury-based WE has been avoided due to the
toxicity of Hg [4-6], alternatives such as amalgam, metal-based mate-
rial, metal-organic frameworks and carbon-based WE have been re-
ported [7-10]. Among them, carbon-based materials are characterised
by high specific surface area, high electrical conductivity, availability
and low cost, making them one of the most widely used electrode ma-
terials. The reduction of the nitro group on the widely used glassy car-
bon disc electrode (GCE) proceeds differently than on the mercury-based
electrode. Usually one reduction peak is observed in a cyclic voltam-
mogram, which corresponds to the reduction of the -NO, group to hy-
droxylamine via a slow one-electron and a fast three-electron transfer
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process as shown in Fig. 1 [11,12]. To improve the sensitivity and
selectivity of the WE, the electrode surface is commonly modified with
various materials such as metals, metal oxides, carbon-based nano-
materials, supramolecular hosts, molecularly imprinted polymers or
biorecognition agents such as enzymes, antibodies, aptamers and
quench bodies [13,14].

For the on-site detection of analytes electrochemical sensors should
be small, portable and robust and thick film technology is commonly
employed for their fabrication. The components of the sensors are in-
tegrated on a mechanically, temperature and chemically stable ceramic
substrate, aluminium oxide, usually by screen printing and subsequent
curing [15-18]. The electrical connections, counter and reference
electrodes are commonly made from commercially available metal
pastes that are fired in air at a temperature of up to 1200 °C. However,
the processing of C-based WE in the form of thick film on alumina is
challenging. It requires precise control of the chemical composition and
rheological properties of the paste as well as the deposition process to
ensure a uniform thickness of the layer. The post-deposition treatment is
demanding due to different thermal expansion coefficients of the two
materials which can lead to delamination or formation of cracks in the
deposit during thermal treatment. In addition, the thermal treatment
should be carried out in an oxygen-free environment at high tempera-
tures to prevent the layer from decomposing and to achieve high elec-
trical conductivity [19]. Graphite thick films are commonly made from
commercially available pastes according to the procedures recom-
mended by the supplier [20]. Thick films of other carbon-based mate-
rials such as carbon black, glassy carbon or nanostructured materials are
rarely reported and little information has been provided on the formu-
lation of the screen-printing paste and the curing process after deposi-
tion [21-25]. Thus, it is not surprising that the majority of integrated
sensors are based on the commercially available carbon-based WE [20],
which is further modified with other carbon-based materials such as
carbon black, graphene, carbon nanotubes, and nanofibers [10,26,27].
These nanostructured materials improve analytical performance due to
their large surface area, higher electrical conductivity, electrocatalytic
activity, and adsorption capability [28,29]. However, the physico-
chemical properties of carbon electrodes strongly depend on the type of
material, its hybridization state, structure, fabrication process and pre-
treatment of the electrode [27,30].

This paper investigates the development of thick films of graphite
(G), glassy carbon (GC) and carbon black (CB) integrated onto an
alumina substrate for the detection of imidacloprid (IMD). We processed
these films with a self-developed paste that was screen-printed onto the
alumina and then fired under controlled temperature and atmosphere
conditions. All thick films exhibited a uniform surface, low sheet resis-
tance, a large electrochemically active surface and a high rate of het-
erogeneous electron transfer. Our results show that the pristine G, GC
and CB thick films can effectively detect IMD in aqueous samples
without the need to modify or functionalise the electrode materials,
reaching detection limits in the micromolar range. The innovation of
this research lies in the effective processing of integrated thick films of
GC and CB, materials that are not commonly used for screen-printed

Journal of Electroanalytical Chemistry 984 (2025) 119054

electrodes. Furthermore, these unmodified materials are shown to be
capable of detecting IMD, opening the possibility for further use in
miniature integrated electrochemical sensors.

2. Materials and methods

Thick films were prepared from graphite (graphite flake, 99.8 %, Alfa
Aesar, Karlsruhe, Germany), glassy carbon (spherical powder, Thermo
Fisher, Kandel, Germany) and furnace carbon black (special black 250,
Evonik Carbon Black, Frankfurt, Germany) powders. Screen-printing
pastes were prepared by dispersing 15 vol% of the powders in an
organic vehicle, comprising o-terpineol (TPN, >98 %, Merck, Darm-
stadt, Germany), ethyl cellulose (EC, 48 % ethoxyl basis, Sigma Aldrich,
St. Louis, MO, USA), and [2 — (2 — butoxyetoxy)ethyl] acetate (BEEA,
>98 %, Merck, Darmstadt, Germany). The pastes were homogenised on
a three-roll mill (Exact Technologies, Oklahoma City, OK, USA).

The self-developed carbon pastes were screen printed in 8 mm x 8
mm square-shaped patterns on an alumina substrate (96 % AlyOs,
Rubalit 708S, CeramTec) using a screen printer (P-250AVF, KEKO
Equipment, ZuZemberk, Slovenia) as shown in Fig. 2a. Layers were dried
at 120 °C for 15 min in air and subsequently fired in a tube furnace under
argon flow. The layers were heated to 450 °C for 1 h at a heating rate of
2°C min~}, then further heated to 850 °C for 30 min at 5 °C min~ ! and
finally cooled to room temperature at a cooling rate of 5 °C min~! [19].
The electrical connections were made from a colloidal silver paste (Ted
Pella Inc., Redding, California, US). After screen printing, the silver
paste was air dried at room temperature (Fig. 2b) and subsequently
covered with a nitrocellulose-based dielectric layer, which was also air
dried at room temperature (Fig. 2c).

All reagents for electrochemical measurements were of analytical
grades and were used without further purification: sodium dihydrogen
phosphate anhydrous (NaH,PO4, >99.0 %, Merck, Darmstadt, Ger-
many), disodium hydrogen phosphate anhydrous (NagHPO4, >99.0 %,
Merck, Darmstadt, Germany), potassium hexacyanoferrate (II) trihy-
drate (K4[Fe(CN)g]e3H50, >98.5 %, Carlo Erba, Val-de-Reuil, France),
potassium hexacyanoferrate (III) anhydrous (K3[Fe(CN)gl, >99 % Carlo
Erba, Val-de-Reuil, France), hydrochloric acid (HCl, 37 %, Appli Chem,
Dermstadt, Germany), sodium hydroxide (NaOH, >99.0 %, Merck,
Darmstadt, Germany) and imidacloprid (IMD, CoH;9CIN5O2, >98.0 %,
Sigma Aldrich, Saint Louis, MO, USA). All solutions were prepared with
ultrapure water (resistivity >18 MQcm). The supporting electrolyte was
a 0.1 M phosphate buffer solution (PBS) with a pH of 7.0, which was
prepared by dissolving adequate amounts of NaH;PO4 and Nay;HPO4 in
ultrapure water. The pH of the solutions was adjusted using 1 M HCl or 1
M NaOH solution and measured with a pH meter (Mettler Toledo, Co-
lumbus, Ohio, USA). The redox probe used to evaluate the electro-
chemical response of the WEs was a 5 mM hexacyanoferrate (II)/(III)
solution (HCF) with equimolar concentration of Fe?*/Fe3t in PBS. The
voltametric response to IMD was investigated in a 1000 pM IMD solution
in PBS. For the calibration curve, this solution was further diluted with
PBS to obtain 100 pM, 10 pM and 1 pM IMD solutions in PBS. Before
each voltammetric experiment, 50 mL of the solution in the
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Fig. 1. Scheme of imidacloprid reduction on carbon working electrode in neutral or alkaline and acidic medium.
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Fig. 2. Scheme of preparation of carbon WE with silver contacts covered with dielectric layer.

electrochemical cell was purged with nitrogen for 5 min.

The particle size and the particle size distribution of the powders
were measured in isopropanol using a laser diffraction particle size
analyser (S3500, Microtrac, York, PA, USA). All results were derived
from the volume particle size distributions.

The X-ray powder diffraction (XRD) of the powders were collected at
room temperature with a high-resolution diffractometer (X’Pert PRO
MPD, PANalytical, Almelo, The Netherlands) using Cu Ko, radiation (4
= 1.5406 A) in the reflection geometry. The diffraction patterns were
collected in the 20 range from 20° to 60° with a step of 0.034° and an
integration time of 100 s per step. The phases were identified using
X’Pert HighScore Plus 3.0e (PANalytical) and the PDF-4+/Web 2022
database.

The morphology of the powder and the surface of the films were
investigated using a scanning electron microscope (SEM, Quanta 650
ESEM, Thermo Fisher Scientific, USA). The samples were analysed at an
acceleration voltage of 15 kV.

The thermogravimetric analysis (TGA) of the carbon pastes was
performed using a simultaneous thermal analyser (STA, 449 F3 Jupiter,
Netzsch, LCC, Burlington, USA). About 40 mg of the paste was put in
Al,03 crucibles and analysed upon heating from 30 °C to 1200 °C at a
heating rate of 2 °C min~! in argon (5.0) with a flow rate of 100 mL
min~ .

The thickness of the prepared film was evaluated using a contact
stylus profilometer (DektakXT Advanced System, Bruker, Billerica, MA,
USA). The line profiles of the samples were measured at a scanning
speed of 100 pm s~ ! (resolution 0.33 pm pt 1) using a stylus tip with 2
pm radius and 3 mg force. After levelling the data with a cubic curvature
removal, the thickness of the layer t was determined as the average step
height (ASH) of the film using the software Vision 64 (Bruker, USA). The
root-mean-square surface roughness R; was determined from the 6.5
mm roughness profile obtained after high-pass filtering of the primary
profile using a Gaussian regression with a cut-off wavelength of 0.8 mm.
The topography of the films was also analysed by atomic force micro-
scopy (AFM, Jupiter XR, Asylum Research, Oxford Instruments, Santa
Barbara, CA, USA). A silicon AFM tip (OMCL-AC200TS-R3, Olympus,
Japan) was used to scan 80 pm x 80 pm areas in AC topography mode.
The root-mean-square surface roughness R{?F M was calculated from the
obtained AFM map scans.

The sheet resistance R; of the films was determined by four-point
probe technique using a high voltage source-measure unit (SMU,
Keithley 237, Cleveland, Ohio, USA). We used a geometric correction
factor of 0.795 for the calculation of R; [19].

The electrochemical experiments were carried out using a poten-
tiostat/galvanostat (Multi Autolab M 204, Methrom, The Netherlands)
operated with Nova 2.1.5 software. Measurements were performed at 25
+ 0.5 °C in a 50 mL conventional three-electrode cell consisting of a
commercially available Ag/AgCl (3.0 M KCl) reference electrode (RE),
and a platinum sheet counter electrode (CE), both from Methrom, while
the carbon-based thick films served as the working electrode (WE).
Before recording the cyclic voltammograms (CVs), the open current
potential (OCP) was measured. All CVs were recorded without ohmic
drop compensation, first in a blank PBS and then in either HCF or IMD
solution.

The CVs in HCF and corresponding PBS measurements on selected
WEs were recorded between —0.2 V and +-0.6 V from the initial potential
of 0.0 V in the positive direction with a step potential of 2.44 mV at scan
rates of 50, 100, 200, and 500 mV s~ . The first set of measurements

were performed in PBS by conducting 5 cycles at 100 mV s ! to deter-
mine the capacitive current icq, as the difference between cathodic and
anodic current at +0.2 V. The reported value is an average value (N = 5)
of icqp determined for each cycle. The second set of measurements in PBS
was performed by recording 3 cycles at all 4 given scan rates. This was
followed by the measurements in HCF under the same conditions as in
PBS. From these measurements, we determined the peak potential E,
and the peak current i, as the difference between the current measured
in HCF and the current measured in PBS (blank solution) at Ej. These
values were used to calculate the ratio of cathodic to anodic peak current
ipc/ipa, the peak to background (P/B) current ratio as the average ratio
between i, or i,, and the current measured in PBS (blank solution) at
corresponding Ej, the peak-to-peak potential separation AE, as the dif-
ference between the anodic (E,,) and cathodic peak potentials (Ejc), and
the half-wave potential E7,; as the mean value between Ep, and Ej,c. The
reported values are average values (N = 5) of the parameters determined
for each cycle. From the CVs recorded in HCF at different scan rates, the
electrochemically active surface area (A.c,) and the standard hetero-
geneous electron transfer rate constant (ko) were determined.

Aqcsq has been calculated using the modified Randles-Sevéik equation
for a quasi-reversible one-electron transfer process (Eq. (1)) [31],

@
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where n is the number of electrons, F is the Faraday constant
(96485 C mol ™), € is the molar concentration of the redox-active
species, v is the scan rate, D is the diffusion coefficient, R is the uni-
versal gas constant (8.314 J mol ! K’l), T is the temperature and K(A,a)
is a modified dimensionless parameter for quasi-reversible reactions
introduced by Matsuda et al (1955) [32]. To determine the parameter K
(A,a), the dimensionless parameters A(A,a) and A must first be calcu-
lated. The parameter A(A,a) was calculated using the following equa-

tion: A(A, &) = (Epj2 — Ep)/ <%> , where Ey, 3 is the peak potential at half

peak current, and the parameter A was calculated using the following
equation: A =¥ /7, where 7 is the mathematical constant (3.14) and ¥
is a dimensionless kinetic parameter. The parameter ¥ acts as a poly-
nomial function of the product nAE, in the range 63 mV < nAE, < 212

mV and was calculated using the empirical equation: ¥ =

%, which was developed by Lavagnini et al [33] from

the experimentally determined AE, and a known number of exchanged
electrons during the redox process (one for HCF). The parameters
A(A, o) and A were calculated for the data obtained from the measured
CVs at different v. The electron transfer coefficient (a) was estimated
geometrically from the plot A(A,@) vs. log(A) (Fig. S3a) and the
parameter K(A,a) from the plot K(A,a) vs. log(A) (Fig. S3b) [31]. The E,
E,/2 and AE, values measured at different v for G, GC and CB are listed in
Table S1 in the Supporting information. Finally, A.cs, was determined
from the slope of the anodic peak currents (ip,) vs. the square root of the
scan rates (v 2), considering the diffusion coefficient of the oxidised, i.e.
hexacyanoferrate(IIl) species, Dp = 7.260107° cm? s! [34] and KA,a)
calculated for CV scans at 100 mV s~!. The peak current density, Jjp» Was
calculated by normalising i, with Aecsq.

The value of k¥ for scan rates at which the product nAE, is between
63 mV and 212 mV was determined using the Nicholson method (Eq.
(2)) [35,36], in which k% fora quasi-reversible electrochemical reactions
isrelated to a dimensionless kinetic parameter ¥, calculated as discussed
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above. The slope of the curve ¥ vs. v plot was used for the calcu-
lation of k°. The a value used in Eq. (2) was the same as that determined

for the calculation of K(A,a).

Do\ “? nefF \7'?
_ 10, (Do
¥ =k O(DR) o(rzoDooR.Tﬂ/) 2)

The potential window of the selected WEs in the negative potential
region was determined based on a qualitative inspection of a series of
CVs in HCF obtained by incrementally decreasing the lower vertex po-
tential of the sweep range by 50 mV increments from —0.2 Vto —1.5V
between subsequent scans. The limits of the potential range are identi-
fied as the onset potential of hydrogen evolution reaction (HER) at
which the current was in the same range as the peak current of the HCF
redox probe (i.e. approximately 1.0 mA).

The CVs of IMD and corresponding PBS measurements with selected
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WEs were recorded between —1.5V and +0.6 V from the initial potential
of 0.0 V in the positive direction with a step of 2.44 mV at scan rates of 5,
10, 20, 50, and 100 mV s~ L. Each fresh electrode was first conditioned
by performing 5 cycles at 100 mV s~ in PBS, followed by the recording
of 3 cycles in PBS at all 5 given scan rates. Then 3 consecutive cycles
were measured in 1000 pM IMD at 100 mV s~ . Subsequently, one CV
cycle was recorded in 1000 pM IMD at all 5 given scan rates. All mea-
surements in IMD were performed after 1 min of accumulation at OCP
under stirring conditions at 750 min~!. To avoid memory effects, 3 CV
cycles in PBS at 100 mV s~ ! were performed after each measurement in
IMD solution to remove any adsorbed species. The current peaks of the
first cycle measured in IMD were characterised by evaluating i, and E,,.
The i, values obtained at different scan rates were plotted against v and
12 to evaluate the reaction-limiting process, i.e., the adsorption- vs.
diffusion-controlled mechanism.

Fig. 3. XRD patterns and SEM images of the graphite (a, b), glassy carbon (c, d) and carbon black (e, f) powder. %: hexagonal graphite (PDF 00-56-0159), ©: cubic

carbon (PDF 00-060-0053), a: hexagonal graphite (PDF 04-015-2407).
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The CVs of selected WEs were recorded at 100 mV s~! in IMD solu-
tion with concentrations of 1 yM, 10 pM, 100 pM and 1000 pM, starting
with the lowest concentration to minimise possible memory effects. The
ip values at different IMD concentrations were used to obtain calibration
curves and determine the limits of detection (LODs) as the IMD con-
centration at which the obtained i), exceeded the 3-fold value of the
standard deviation of the blank (o).

3. Results and discussion
3.1. Properties of carbon powders

The XRD patterns of the G, GC, and CB powders are shown in Fig. 3a,
¢, e. The characteristic peaks of all carbon materials correspond to the
hexagonal crystal structure of graphite (PDF 00-56-0159). The most
pronounced peaks at 26.6° and 54.7° are the basal plane reflections,
indexed as the reflexes (002) and (004), respectively, while 42.4° and
44.5° correspond to the two-dimensional (100) and (101) lattice re-
flections of crystalline graphite. In the XRD pattern of G (Fig. 3a), we
additionally identified low-intensity peaks at ~43° and ~50°, attributed
to a cubic structure of carbon (PDF 00-060-0053). In the XRD pattern of
glassy carbon (Fig. 3c), we identified two strong diffraction peaks, well
separated but close to each other, at ~26.5°, as well as two low-intensity
peaks at ~54.5° and one peak at ~42°. They were indexed by hexagonal
structures of graphite with slightly different unit cell size (PDF 00-56-
0159, PDF 04-015-2407). The XRD diffraction pattern of the CB pow-
der (Fig. 3e) is characterised by two broad, low-intensity peaks at ~25°
and ~43°, and a relatively high background, which is characteristic of
carbon black [37,38]. The broadening of the peaks could be correlated
with the small particles, evident in the particle size distribution
(Fig. Slc) and in the SEM image (Fig. 3f). On the other hand, the GC
powder consists of a mixture of sub-micrometre-sized particles and a few
micrometre-sized spherical particles (Fig. 3d), which is consistent with a
bimodal particle size distribution with a fraction maximum at 0.7 pm
and 3.3 pm (Fig. S1b). Particles of the G powder are platelet-shaped with
a log-normal particle size distribution with a median of 15 pm (Fig. 3b,
Fig. Sla).

3.2. Properties of carbon pastes

The pastes of G, GC, and CB were analysed by thermogravimetric
analysis (TGA) to determine the post-deposition curing of the screen-
printed layers. The TGA of the pastes conducted in an argon atmo-
sphere (Fig. 4) shows that all 3 materials exhibit similar behaviour, as
~70 % of their initial mass is lost up to 1200 °C in two distinct steps. The
first step takes place between room temperature and 200 °C, where ~60
% of the mass is lost. Upon further heating to 350 °C, additional ~11 %
decrease in mass is observed. No mass change was recorded between
350 °C and 1200 °C. The mass loss up to 350 °C corresponds well to the
amount of organic vehicle in the paste, namely 42 wt% of TPN, 17.5 wt
% of BEEA and 10.5 wt% of EC. These results suggest that the entire
amount of organic vehicle is eliminated from the pastes when they are
heated to 350 °C in an argon atmosphere and that the ~30 wt% of G, GC,
and CB remain thermally stable up to 1200 °C. Based on these results,
the screen-printed layers were annealed at 450 °C to remove the organic
vehicle and subsequently heated at 850 °C. This temperature was
selected based on previous results showing that annealing graphite thick
films at 850 °C leads to lower sheet resistances and an improved elec-
trochemical response [19].

3.3. Thick film characterization

The G, GC, and CB thick films were black in colour, free of cracks and
adhered well to the alumina substrate after annealing at 850 °C in argon.
Furthermore, when these films were immersed and rinsed with water,
they did not delaminate from the substrate, confirming their mechanical

Journal of Electroanalytical Chemistry 984 (2025) 119054

100
- G

TG (%)
(@)}
o

TG (%)

TG (%)

28.9 %

0 200 400 600 800 1000 1200

Temperature (°C)

Fig. 4. TGA of graphite (G), glassy carbon (GC), and carbon black (CB) pastes
between room temperature and 1200 °C in an argon atmosphere.

stability and suitability for electrochemical applications. From the
thickness profiles (Fig. 5), it is evident that all films exhibited a uniform
thickness over the entire length of the film. The thickness varied in the
range of 25-40 pm for G, 18-22 pm for GC, and 19-22 pm for CB thick
film and is in good agreement with the surface roughness R of the thick
films (Table 1). The ability to integrate such high-quality films on
alumina substrates, especially CB and GC, is indeed a remarkable
novelty.

The SEM and AFM images of the surface of the G, GC, and CB thick
films are shown in Fig. 6. The G thick film (Fig. 6a, b) exhibits a ho-
mogeneous surface with irregularly shaped, randomly orientated, a few
tens of micrometre-sized flake-like particles, similar to the initial pow-
der. This is reflected in the rough surface. The surface of GC consists of
spherical particles up to ~5 pm in size, homogeneously distributed be-
tween particles less than one micrometre in size, which is reflected in a
relatively smooth surface (Fig. 6¢, d). The surface of CB is homogeneous
with evenly distributed particles in the sub-micrometre range, which is
reflected in the smoothest surface with the lowest Ry (Fig. 6e, f, Table 1).

Note that for all materials, the R; determined from the thickness
profiles are larger than the R’;F M determined from the AFM images
(Fig. 6b, d, f). The differences in Rq could be related to the principles of
measurement. The AFM measures the interaction forces between the tip
and the surface to create a topographic map, while the profilometer
records height deviations on the surface, providing information about
the surface profile and roughness over larger areas than the AFM. In
addition, a surface of 80 pm x 80 pm was examined with the AFM while
a 6.5 mm long line was analysed with the profilometer. We hypothesise
that examining a larger area would provide more representative values,
especially for G with a rougher surface. In this case, the R’;F M was
determined only for the dark area where the forces between the tip and
the surface were measured (Fig. 6b). The light areas (LA) represent re-
gions where the forces could not be measured due to higher roughness.
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Fig. 5. Thickness profiles of graphite (G), glassy carbon (GC), and carbon black
(CB) thick films on alumina fired at 850 °C in argon.

Table 1
Average thickness and roughness of G, GC, and CB thick films fired at 850 °C in
argon.

G GC CB
t [um] 34.4+ 0.9 18.7 + 1.1 18.1+1.1
R, [pm] 3.7+£02 0.7 £0.1 0.4 +0.1
RE™ [um] 2.1% 0.56 0.07

" Determined from the smooth region.

Consequently, the R‘&‘F M was lower and could even be considered
incorrect, than the results obtained with the profilometer.

The sheet resistance of the G, GC, and CB thick films measured at
room temperature was the lowest for the G thick films, 6.9 + 0.4 Q/sq.
Higher and comparable sheet resistances were determined for GC and
CB thick films with 27 + 1 Q/sq and 21 + 1 Q/sq, respectively. The
lower sheet resistance of G thick films can be attributed to the graphite
structure, as it crystallises in a hexagonal structure with layers of carbon
atoms (Fig. 3a). The delocalised electrons can therefore move in these
layers and contribute to higher electrical conductivity. On the other
hand, CB consists of nano-sized grains with low-intensity, broad
diffraction peaks of the hexagonal structure (Fig. 3e). Its layered struc-
ture has lower level of order and consequently the mobility of electrons
is slower than in G. The GC thick films had the highest resistivity,
although they are crystalline (Fig. 3c) and contain micrometre-sized
particles.

We demonstrated that by managing each processing step, we can
produce G, GC, and CB films on alumina substrates with high perfor-
mances. The different particle size distributions of the starting powders
used in the fabrication of the self-developed screen-printing paste led to
different surface morphologies in the resulting films, as shown by SEM

Journal of Electroanalytical Chemistry 984 (2025) 119054

and AFM images. Annealing at 850 °C in an argon atmosphere resulted
in homogeneous films with high conductivity and a sheet resistance of
less than 27 Q/sq. Notably, the conductivity appears to be largely un-
affected by variations in the crystal structure of the starting powders.

3.4. Functional properties

3.4.1. Electrochemical response to redox probe

The CVs measured for the HCF redox probe using WE made from G,
GC, and CB thick film are shown in Fig. 7 and the evaluation of their
properties is summarised in Table 2. It can be seen that all electrodes
exhibit similar behaviour, with good reversibility of the redox process
with i,¢/ipq close to unity and a similar E; /2 of ~0.22 V. G and GC exhibit
comparable i.q, and AE,. However, G shows a higher P/B current ratio
than GC. CB has significantly larger icq, the smallest P/B current ratio
and the largest AE,. The CVs recorded at different scan rates with G, GC,
and CB used as WEs, with the plots of i, vs. V172 as insets, are shown in
Fig. S2, and the E,, E,/» and AE, at various scan rates are listed in
Table S1, both in Supporting information. The linear relationship be-
tween i, and v'/? indicates that the redox process is controlled by the
diffusion of the electroactive species in all cases. A common method to
determine whether the redox system is adsorption- or diffusion-
controlled is also to analyse the dependence of the peak current on the
scan rate. The relationship between the logarithm of the peak current
(log ip) and the logarithm of v (log v) gives a linear dependence with the
gradient of 0.5 for a purely diffusion-controlled and of 1 for a purely
adsorption-controlled system [39,40]. The slopes of the plot of log |i|
vs. log |v| (not shown), where i, represents the average value of absolute
ipq and i, were 0.61 (R* = 0.9989), 0.51 (R* = 0.9992), and 0.48 (R =
0.9905) for G, GC, and CB, respectively. For CB and GC, the slope is
around 0.5, indicating that the process is mainly controlled by the
diffusion of the electroactive species, while the slope of G indicates a
mixed system with non-negligible adsorption in addition to a diffusion-
controlled system. The CVs measured at different scan rates (Fig. S2)
were also used for the determination of A, Since the peak potentials
depend on the scan rate, and nAE, ranged between 63 mV and 212 mV
for majority of the measurements (Table S1), we assume electrochemi-
cally quasi-reversible reaction. The A, was thus calculated based on
the modified Randles-Sevéik equation (Eq. (1)) [32]. The largest value of
Aecsq Was found for G with the platelet-shaped particles and the highest
surface roughness, while GC and CB, which have a smoother surface and
similar Ry, exhibited similar A, values, as expected. However, when
comparing the current densities of the cathodic and anodic processes (jp,
and jpq, respectively), the highest value is obtained for CB. The CB thick
film consists of sub-micrometre-sized particles, which have a higher
surface-to-volume ratio and provide more active sites for the reactants to
interact with the electrode compared to other two materials. A mean
value is observed for GC with a few micrometre-sized spherical particles,
while the lowest value was found for G. The plot of ¥ vs. v~/ for the
determination of k¥ is shown in Fig. S2d. The highest k value was ob-
tained for G with the highest electrical conductivity. Although the GC
layers have a higher resistance than the CB layers, a higher k° value was
determined for GC, possibly due to a more crystalline structure, that
could be favourable for faster charge transfer. Considering the electro-
chemical properties of integrated G, GC, and CB, all these materials have
been promising candidates for the detection of IMD.

Table 3 summarises the Ares and k° values for different electrodes: G,
GC, and CB. We collected A, q and k° values from the literature, which
were obtained through cyclic voltammetry at various scan rates using
the [Fe(CN)G]B’/ 4~redox probe, similar to our measurement approach.
Additionally, Aesq was normalised with the geometric surface area to
calculate the actual surface area, Ay expressed in cmz/cmgeo. It is
evident that the A,.q of commercially available graphitic electrodes is
much smaller than that of our samples, even though their roughness
levels are similar. The surface roughness of commercial electrodes varies
between 0.65 and 2.52 pm. The electrodes discussed in this study exhibit
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Fig. 6. SEM and AFM images of graphite (a, b), glassy carbon (c, d), and carbon black (e, f) thick films. LA: light area, where the forces between the tip and the

surface could not be measured.

kP values within the same range as commercial electrodes [36]. It was
shown that electrochemical pretreatment of the WE can enhance its
electroanalytical properties, resulting in an increased k° value
[12,41,42]. However, the graphite electrodes reported in this work,
which were assessed in their as-prepared state without any further
electrochemical pretreatment, exhibited the highest Ay and k° values
compared to other screen-printed [31,43,44] and aerosol-deposited [45]
graphite electrodes.

Reports of integrated GC or CB materials are rare in the literature.
Most GC reported are glassy carbon disc electrodes (GCE) [43,46,47]. In
these articles A, was not reported, while the k° ranged from 0.3 to 12
x 1072 cm s~ 1. The screen-printed GC-based electrodes were prepared
from a mixture of GC powder and polyvinyl chloride solution in

cyclohexanone and paraffin oil [48], and from a composite mixture of
GC powder and commercially available carbon ink (GC-carbon ink)
[24,25]. In addition, the GC films were prepared by chemical vapour
deposition [49]. However, the electrochemical properties were not
specified for any of them.

On the contrary, carbon black is primarily utilised as a modifier
applied through drop-casting onto integrated graphite WEs [27,50-53].
The modification of graphite electrodes with CB enhance their response,
as evident by an increased k° value and a reduced charge transfer
resistance (R.) determined by electrochemical impedance spectroscopy
[50,51,53]. However, the current response strongly depends on the
particle size and morphology of the CB powder used for the modifica-
tion, as well as the base electrode itself, as shown in reviews [26,27].
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Fig. 7. Cyclic voltammograms using G, GC, and CB as WE, recorded in 0.1 M
PBS (blank, dashed lines) and 5 mM HCF in 0.1 M PBS supporting electrolyte
(solid lines) at 100 mV s~ between —0.2 V and +0.6 V from initial potential

0.0 V in the positive dir

Table 2

Summary of the electrochemical properties of the G, GC, and CB thick film as WE

ection.

obtained from the CVs recorded in 5 mM HCF in 0.1 M PBS.

G GC CB
icqp [MA] 113+ 2 107 + 6 755 + 21
P/B current ratio 16 +1 11+1 1.9+0.1
ipe/ipa 0.958 + 0.001 0.958 + 0.014 1.023 + 0.004
E1/5 [mV] 218 +1 221 +1 220 +1
AE, [mV] 143 + 8 138 +7 177 + 3
Acesa [em?] 2.51 +0.15 1.30 + 0.01 1.26 + 0.01
—jpe [mA/em?] 0.352 + 0.019 0.440 + 0.002 0.562 + 0.007
Jjpa [MA/cm?] 0.368 + 0.020 0.459 + 0.009 0.549 + 0.005
k° [1073 cm/s] 43+05 3.5+ 0.4 2.5+ 0.2

Table 3
Aea and KO for different graphite (G), glassy carbon (GC) and carbon back (CB)
electrodes.

WE material Areal [cmz/cméeo] k° [1073 cm/s] [reference]

SP G, C110 (Drop Sens) 0.79 6.2 [36]

SP G, KS 530 (Kanichi) 0.69 1.2 [36]
SP G, TE100 (Zensor) 0.49 0.25 [36]

SP G 3.92 £0.23 4.3+ 0.5 This work
SP G 0.3 0.401 + 0.022 [31]

SP G / 2.2 [43]
SP G / 3.2+ 0.2 [44]
AD G 1.44 £ 0.06 1.9 [45]

SP GC 2.03 £0.01 3.5+ 04 This work
GCE / 12 [43]

GCE / 0.279 [46]
GCE / 0.369 [47]

SP CB 1.97 + 0.01 2.5+0.2 This work
CB-SPG / 4.52 [52]
CB-SPG / 15.9 [50]
CB-SPG / 20+ 2 [51]

SP — screen-printed, AD — aerosol-deposited, GCE — glassy carbon disc electrode.

Although the k° value reported for CB in this study is lower than that for
graphite WEs modified with CB, it reflects the response characteristics of
a pristine, unmodified CB electrode. CB has also been used for the
preparation of carbon black paste electrodes [54-56], composite
CB-carbon ink, CB-G ink and CB-cellulose acetate inks for the fabrication
of integrated electrodes [51,57], but their A, and kP values have not
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been evaluated.

Since the stability of the electrode at high negative potentials is
crucial for the detection of IMD and other NNIs, special attention was
paid to the investigation of the potential window at negative potentials
on the investigated films in PBS by gradually decreasing the lower vertex
potential. It was confirmed that all three electrodes, namely G, GC and
CB, could withstand potential cycles down to —1.5 V, with the onset
potential for HER at around —1.2 V for all three electrode materials,
allowing detection of the IMD reduction peak at around —1.1 V.

3.4.2. Electrochemical detection of imidacloprid

The CVs measured in 1000 pM IMD solution after 1 min of accu-
mulation at OCP under stirring conditions with the corresponding
measurements in PBS (without accumulation) are shown in Fig. 8. When
G and GC were used as WE, a single and relatively broad cathodic peak
was observed at about —1.1 V (C1), which corresponds to the reduction
of the nitro functional group of IMD to hydroxylamine [11]. The peak
observed using G is more pronounced and has a higher i,.; compared to
GC, where the peak also appears to be lower and broader. On the other
hand, two overlapping cathodic peaks (marked as C1 and C2) can be
observed when CB was used as WE. The first reaction (C1) leads to the
formation of a shoulder superimposed with a response of the second
reduction peak (C2). Since the shoulder occurs at the same peak po-
tential as the C1 observed at the other two electrodes, it could be
attributed to the same reduction process, i.e., the reduction of the nitro
group. The second cathodic peak (C2) appears at a more negative po-
tential of about —1.4 V and is significantly higher than C1. Since such
high currents were not observed for HER in blank PBS (Fig. 8), C2 can be
attributed to a different faradaic process, which is additionally

L=

-4 /c1

Y,

-15 -1.0 -0.5 0.0 0.5
E.op (V vs. Ag/AgCI)

Fig. 8. Cyclic voltammograms using G, GC, and CB as WE, recorded in 0.1 M
PBS (dashed lines) and in 1000 pM IMD in 0.1 M PBS supporting electrolyte
(solid lines) at 100 mV s~ ! between —1.5 V and +0.6 V from initial potential
0.0 V in positive direction.
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supported by a significantly different signal shape (onset of a current
peak). Since the measurements were recorded after 1 min of accumu-
lation, it is possible to assume that C2 corresponds to the reduction of
adsorbed IMD, which requires higher reduction overpotentials
compared to dissolved species. This was additionally confirmed by
recording CV immediately after immersing the electrodes in the solu-
tion, i.e., without a 1-min accumulation process (Fig. S4). In this case,
only one cathodic peak, namely C1, was observed, confirming that there
was not enough time for IMD adsorption. The 30 %, 19 %, and 28 %
increase in iy.; observed after 1-min accumulation compared to the
measurement without accumulation on G, GC, and CB, respectively,
demonstrates a potential benefit of accumulation for improved sensi-
tivity and thus lower LODs, particularly in the case of significantly lower
environmentally relevant concentrations. However, the optimization of
accumulation time was not the main objective of this work, but served to
gain a deeper understanding of the mechanism of the reaction process
and to improve the reproducibility of the results. Since peak C2 was the
most pronounced signal obtained with CB, these results suggest that CB
has the highest adsorption affinity for IMD among the investigated
electrode materials. However, due to the relatively broad peaks C1
recorded on GC and G, it is possible that adsorption also occurred on
these materials, but the overpotential for the reduction of adsorbed IMD
overlapped with the reduction of dissolved IMD species. During the
positive potential scan, an anodic peak (A1) was also observed on all
three WEs at approximately +0.2 V for G and GC, and at +0.3 V for CB.
Since the peak was not detected during the first forward scan, i.e., before
the reduction of IMD, it can be explained by the re-oxidation of the
product(s) formed during the C1 and C2 processes. This was verified by
stirring the solution during the second positive potential sweep (after
recording C1) below 0.0 V, resulting in the absence of peaks Al on G and
GC, which reappeared in the next positive scan (recorded without stir-
ring), as shown in Fig. S4. Since the peak was not recorded on G and GC
in the case of stirring the solution in the second semi-cycle, this indicates
that the species reduced during the C1 process are not adsorbed on the
surface of G and GC. On the other hand, stirring the solution did not
entirely remove the adsorbed species from CB, as the current A1 was still
observed (Fig. S4c, solid line), indicating a much stronger adsorption
interaction of the reduced IMD product on the surface of CB, as predicted
above. To the best of our knowledge, this is the first report of an anodic
re-oxidation peak for NNIs utilising a carbon-based WE. This result
emphasises the novel potential of carbon materials to improve our un-
derstanding of sensing NNIs.

In order to compare the observed peak currents in the IMD solution
using electrode materials with different A, the peak current densities
were calculated and are summarised in Table 4. When comparing the
peak current densities of C1 (jpc;), the highest values were found for CB,
followed by GC and G, similar to what was observed for the HCF redox
probe. The peak current density of the C2 process (j,c2) observed on CB is
even higher than jj;. It is noteworthy that when 3 consecutive CV scans
are performed in 1000 pM IMD solution after 1 min of accumulation
(without stirring the solution between cycles), as shown in Fig. S5, a
broader C1 current peak and the appearance of the peak C2 on CB are
observed only in the first scan. This further confirms that the processes
causing this phenomenon could be related to the reduction of adsorbed
IMD, as the IMD did not have enough time to adsorb on the electrode
surface between scans, since the 1-min preconcentration step was only

Table 4

Summary of the peak current densities of CVs recorded in 1000 pM IMD solution
in 0.1 M PBS supporting electrolyte at 100 mV s~! on G, GC and CB thick-film
WEs.

G GC CB
Jjpaz [mA/cm?] 0.22 0.35 1.78
Jper [mA/ecm?] -1.09 ~1.81 —2.94
Jpez [mA/cm?] —5.01
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applied before the first cycle. There is also a considerable decrease of
both C1 and Al peak currents in the second CV cycle compared to the
first scan. The cathodic and anodic peak currents in the second cycle
were only 49 %, 59 %, and 55 % of the initial i,.; and 58 %, 63 % and 50
% of the initial i,q; for G, GC and CB, respectively. Subsequent scans
exhibited a much smaller decrease, indicating a stabilization of the
current signals after the second cycle. Similar behaviour was also
observed for the CVs recorded without accumulation (not shown).
Therefore, the significantly lower currents in the second and later scans
are most likely related to a diffusion gradient due to the decreased
concentration of analyte in the vicinity of the electrode, which is in
accordance with the irreversible reaction mechanism of IMD. However,
there are also reports of such behaviour being attributed to the occu-
pation of the active sites on the WE surface by the adsorbed oxidised
products [58]. The re-oxidation peak Al confirms that some oxidised
species are formed during the Al process.

Further information on the reaction mechanism was obtained from
the CVs recorded with G, GC, and CB at different scan rates, including
the dependence of i, on v172 and ipq on v, as shown in Fig. S6. Since two
cathodic peaks were observed on CB, both i,.; and iyc2 were determined
by subtracting the capacitive current without deconvolution and plotted
against 172, The ratio between ipc; and ipc2 changed with scan rates, with
Cl being predominant at slower v, while C2 became increasingly
dominant at faster v. Both peaks show linear behaviour with /2, with
C2 having a slope approximately 2 times larger. All cathodic peak cur-
rents increase linearly with 1%/ for all electrode materials, suggesting
that the redox processes C1 and C2 are diffusion-controlled. This was
further confirmed by the slopes of log |ixc| vs. log |v| (not shown), which
were 0.48 (R = 0.9964), 0.43 (R = 0.9950) and 0.32 (R* = 0.9931) for
ipc1 on G, GC, and CB, respectively, indicating a purely diffusion-
controlled process C1, while the slope for i, on CB was 0.60 ®? =
0.9833), which indicates a mixed system with both adsorption- and
diffusion-controlled redox process. On the other hand, the anodic peak
currents increase linearly with v for all materials, suggesting that the
redox process Al is adsorption-controlled for all carbon electrodes.
Again, the slopes of log |ipa| vs. log |v| (not shown) of 1.03 (R* =
0.9979), 1.03 (R? = 0.9971) and 0.84 (R? = 0.9957) for G, GC and CB,
respectively, confirm that this process is purely controlled by adsorption
for G and GC, while a mixed system with adsorption predominance is
obtained for CB. Since cathodic peaks (C1 and C2) are higher and more
pronounced than Al, they are generally more suitable for the detection
of IMD. However, the use of the re-oxidation peak Al could be of
importance in case of interreferences due to complex matrix and/or
sensor systems without purging, e.g., on-field detection with flow-
through systems. Its diffusion-dependent mechanism further empha-
sises the importance of the accumulation process for improved
sensitivity.

Fig. 9 shows CVs recorded using G, GC, and CB as WE in IMD solution
at different concentrations from 1 pM to 1000 pM. At concentrations
lower than 1000 pM, only one cathodic peak was obtained at all three
electrodes. The indistinct C2 peak on CB at lower concentrations could
be explained by the lower adsorption efficiency at lower concentrations
of IMD, which requires a longer accumulation time to further increase
the C2 current and thus improve the detection. However, compared to
the other two electrode materials, the peak C1 on CB is significantly
broader at all studied concentration levels, which could be a further
indication of an accompanying adsorption process. As demonstrated in
the insets in Fig. 9, it was possible to obtain a measurable signal for IMD
even at a concentration of only 1 uM on all three electrodes. The in-
tensities of i,.; are higher than the 3-fold value of the standard deviation
of the blank value (opp). Fig. 9d shows the dependence of the absolute
value of i, on the concentration of IMD for the G, GC, and CB WE. G and
GG show a similar behaviour with a linear dependence of log i, on the
log ¢ plot between 1 and 100 pM, while at 1000 pM IMD the recorded
currents deviate from the linear dependence. In contrast, i, obtained on
CB exhibits a linear relationship with concentration over the entire
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Fig. 9. Cyclic voltammograms recorded in 1 pM, 10 pM, 100 pM, and 1000 M IMD solution in 0.1 M PBS supporting electrolyte at 100 mV s~* between —1.5 V and
+0.6 V from initial potential 0.0 V in positive direction after 1 min accumulation (under stirring conditions) using different WE materials: a) G, b) GC and c) CB. The
insets (blue curves) show the measurement in 1 pM IMD solution. d) Plot of log i, vs. log ¢ for G (red cross), GC (blue circle), and CB (black square) thick-film WE. For
GC and G, the R? values were determined for the linear range, i.e., for concentrations below 100 uM. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

concentration range investigated, i.e., 1-1000 pM, indicating a broader
linear range for IMD detection using CB electrode material. In addition,
the iy, values obtained on CB are slightly higher compared to those
obtained on the other two electrodes, with significant difference at the
lowest concentration (1 pM). There are only a few papers that report on
the limit of detection (LOD) values determined using the linear scan
technique. For pristine bulk glassy carbon electrodes (GCEs), the LOD
value for IMD is around 30 pM, while for more sensitive techniques,
namely square wave voltammetry, a lower LOD value of 11 pM is re-
ported [59,60]. The LOD values reported in this paper for G, GC and CB
are about 10-times lower, i.e., in the range of 1 pM. The LODs reported
for modified GCE are even lower, down to 0.02 pM [61-66] and similar
concentration range is reported for electrochemically pretreated GCE
using pulsed techniques [12]. From these results, we conclude that the
integrated G, GC, and CB are effective for detecting IMD at concentra-
tions as low as 1 pM using CV and, moreover, offer a great potential for
further sensors development based on pulsed methods for obtaining
lower LODs. Among investigated materials, CB showed the highest
sensitivity which is mainly related to the concomitant adsorption pro-
cess, based on the high adsorption affinity of IMD towards the CB sur-
face. Accumulation and thus preconcentration of the analyte can be
further utilised to achieve even lower LODs, particularly in combination
with more sensitive pulsed techniques.

In this study, we demonstrate the successful processing of homoge-
neous, crack-free thick films of G, GC and CB on alumina from our self-
developed pastes under optimised screen printing and annealing con-
ditions. The produced thick films, including materials GC and CB that
are rarely used for screen-printed electrodes, enable the detection of

10

IMD. In addition, they achieve a sensitivity for IMD of 1 pM determined
by cyclic voltammetry (CV), in their pristine and unmodified state. This
opens up possibilities for their application in the development of mini-
ature integrated electrochemical sensors.

4. Conclusions

This work has shown that well-adhered and conductive graphite (G),
glassy carbon (GC), and carbon black (CB) thick films can be prepared by
screen printing and subsequent annealing at 850 °C in argon. Sheet re-
sistances below 27 Q/sq were achieved for all carbon materials. The
morphology of the films is greatly dependent on the particle size of the
starting powder material. Larger G particles resulted in a higher surface
roughness and consequently a higher electrochemically active surface
area, while similarly lower values were obtained for GC and CB. The
higher conductivity of G resulted in a higher heterogeneous electron
transfer rate, although the values for all electrodes were in a similar
range to those reported in the literature for integrated electrodes. CB
stands out by having a relatively high capacitive current, resulting in less
pronounced current peaks, however the peak current density at this
electrode is the highest. This can be attributed to the sub-micrometre-
sized particles exhibiting a higher surface-to-volume ratio. All three
electrodes display the required stability between —1.5 V and +0.6 V,
allowing both the cathodic and anodic detection of imidacloprid (IMD).
A characteristic peak of reduction of the amino functional group at —1.1
V and a re-oxidation peak at +0.2 V were obtained at all three elec-
trodes, while CB also exhibited an additional cathodic peak at —1.4 V. It
has been demonstrated that the latter is due to the reduction of adsorbed
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IMD, which is due to significantly higher affinity of CB for IMD
adsorption compared to G and GC. Our results show that with a 1-min
accumulation-based preconcentration step under stirring conditions all
investigated carbon-based electrodes enable the detection of IMD at
concentrations as low as 1 pM. Further optimization of the accumulation
parameters and the application of other (pulsed) techniques could
additionally enhance the sensitivity and significantly improve the
detection limits for IMD utilising the investigated carbon-based thick-
film electrodes for sensor applications.
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