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A facile electrochemical intercalation and
microwave assisted exfoliation methodology
applied to screen-printed electrochemical-based
sensing platforms to impart improved
electroanalytical outputs+
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Screen-printed electrodes (SPEs) are ubiquitous with the field of electrochemistry allowing researchers to
translate sensors from the laboratory to the field. In this paper, we report an electrochemically driven
intercalation process where an electrochemical reaction uses an electrolyte as a conductive medium as
well as the intercalation source, which is followed by exfoliation and heating/drying via microwave
irradiation, and applied to the working electrode of screen-printed electrodes/sensors (termed EDI-SPEs)
for the first time. This novel methodology results in an increase of up to 85% of the sensor area (electro-
chemically active surface area, as evaluated using an outer-sphere redox probe). Upon further investi-
gation, it is found that an increase in the electroactive area of the EDI-screen-printed based electro-
chemical sensing platforms is critically dependent upon the analyte and its associated electrochemical
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mechanism (i.e. adsorption vs. diffusion). Proof-of-concept for the electrochemical sensing of capsaicin,
a measure of the hotness of chillies and chilli sauce, within both model aqueous solutions and a real
sample (Tabasco sauce) is demonstrated in which the electroanalytical sensitivity (a plot of signal vs. con-
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Introduction

Over recent decades there has been a focus and acceleration
within the research community towards the miniaturisation/
simplification of analytical protocols." As such, the utilisation
of screen-printing technology for the mass production of
screen-printed electrodes (SPEs) has allowed low cost bespoke
electrochemical sensors to be realised,>” allowing researchers to
translate sensor technology from the laboratories to the field.
To impart improvements in the electroanalytical sensing abil-
ities of screen-printed electrochemical platforms, researchers
readily modify SPEs with common nanomaterials such as gra-
phene,* metallic nanoparticles® and metal phthalocyanines,®”
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centration) is doubled when utilising EDI-SPEs over that of SPEs.

to name just a few. The approach for the surface modification
of SPEs involves drop-casting the desired nanomaterials upon
the SPEs but can in some instances produce unstable/irreprodu-
cible surfaces.® Another approach to overcome this is to mix the
nanomaterial into the bulk of the screen-printing ink for the
development of bespoke nanomaterial modified inks.*® An
alternative approach is to make structural/compositional
changes to the SPEs, which could possibly provide increased
electroanalytical signals. For example, Washe et al.'® reported a
solvent-based modification, which is postulated to alter/remove
the binder within the screen-printing ink thus -creating
increased access to the graphitic flakes within the ink and
hence an associated increase in the electrochemically active
area of up to 57 times. However, recent work has questioned
such elaborate increments."’ Other studies have sought to
explore the polishing of SPEs upon polishing pads, which is
generally undertaken only for solid electrode substrates (such as
glassy carbon) which gives rise to changes in the SPE’s surface
morphology and carbon-oxygen functionalities'™"? resulting in
significant improvements in sensor performance."*

An approach used in the academic literature to increase the
area of carbon materials involves electrochemical techniques,

This journal is © The Royal Society of Chemistry 2018
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which offer intercalation with acidic intercalants such as sul-
phuric, perchloric, nitric and trifluoroacetic acids."*™°
Electrochemical Interaction Reactions (EIRs) are utilised to
exfoliate graphite. In these approaches, guest ions (cations, M"
or anions, X™) intercalate under electrochemical perturbation
into the Van der Waal’s gaps between carbon layers and
enlarge the inter-layer distance.'” These EIRs can be summar-
ised as:

cathodic reduction
—_

C,+M"+e

anodic reduction

Ch+X — e =, X"

In such cases, the C, needs to be electrochemically active
and the host carbon structure should be capable of accepting,
not only sterically but also electronically, the guest ions via a
suitable energy band structure.'” Interaction reactions identi-
fied above are reversible and topotactic."” Another interesting
scenario is the creation of ternary phases, via:

cathodic reduction

Ch+M' +e +y solv M (solv),C,~

anodic reduction

C,+X —e 4y solv C, " (solv), X~

Some examples reported in the academic literature utilising
the above approaches include the work of Morales et al.'® who
reported the production of few-layer graphene via electroche-
mically produced graphite intercalation in aqueous perchloric
acid solutions and expansion by microwave radiation, which
contributes to the removal of the trapped solvent causing
further expansion.'® While the approaches above are generally
utilised to produce expanded graphite nanoplatelets'® or few-
layer graphene,'® Zhang et al.®° have utilised this graphite
expansion method to produce a potential anode within a Li-
ion battery, where the expansion of the graphitic structure
allows for an increased number of reaction sites with the elec-
trolyte, leading to improved energy capabilities.”® The utilis-
ation of the above approaches to screen-printed electrodes has
not yet been, to the best of our knowledge, reported which can
potentially be utilised to increase the electrochemical active
surface area to impart improvements in electroanalytical
performance.

Herein, we explore the feasibility of an anodically driven
electrochemically intercalation process, where an electro-
chemical reaction uses an electrolyte as a conductive medium
and as an intercalation source, which is followed by exfoliation
and heating/drying via microwave irradiation, applied to the
working electrode of screen-printed electrodes/sensors
(EDI-SPEs) for the first time. In this approach, perchloric and
formic acids are utilised as both the electrolyte and the inter-
calation compounds and the EDI-SPEs are evaluated towards
redox probes and commonly benchmarked analytically useful
analytes: sodium nitrite, dopamine, uric acid and capsaicin.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Experimental section

All chemicals used were obtained from Sigma-Aldrich at
analytical grade and were used without any further purifi-
cation. All solutions were prepared with deionised water of res-
istivity not less than 18.2 MQ cm. Phosphate buffer solution
(PBS) of pH 7 was prepared using disodium hydrogen phosphate
(0.025 M) and potassium dihydrogen phosphate (0.025 M).
Perchloric acid and phosphoric acid were diluted with water to
obtain the desired concentration. Voltammetric measurements
were carried out using an Emstat (Palmsens Instruments BV,
The Netherlands) potentiostat and controlled by PS Trace 4.4
software. When it was necessary an external electrode Ag/AgCl,
3 M KCl (BAS, RE-5B) and a platinum wire were used as reference
and counter electrodes respectively. SEM images were obtained
with a JEOL JSM-5600LV model. The X-ray photoelectron spec-
troscopy (XPS) data was acquired using a AXIS Supra with a Al
X-ray source (1486.6 eV) operating at 300 W for survey scans and
450 W for narrow scans. Al X-rays were monochromated using a
500 mm Rowland circle quartz crystal X-ray mirror. The angle
between X-ray source and analyser was 54.7°.

Procedure to fabricate the EDI-SPEs

The SPEs fabricated herein have been extensively characterised
via Raman and XPS analysis and have been published within
recent literature;*' this information is re-reported here for the
convenience of the reader. Screen-printed graphite electrodes
were fabricated in-house with appropriate stencil designs
using a microDEK 1760RS screen-printing machine (DEK,
Weymouth, UK). For each of the screen-printed electrodes, a
carbon-graphite ink formulation was first screen-printed onto
a polyester flexible film (Autostat, 250 pm thickness). This
layer was cured in a box fan oven with extraction at 60 °C for
30 min. Next, a silver/silver chloride (60:40) reference elec-
trode was applied by screen-printing Ag/AgCl paste (Product
Code: C2040308P3; Gwent Electronic Materials Ltd, UK) onto
the plastic substrate. This layer was once more cured in an
oven at 60 °C for 30 min. Finally, an insulating dielectric paste
ink (Product Code: D2070423D5; Gwent Electronic Materials
Ltd, UK) was printed to cover the connections and define the
3 mm diameter graphite working electrode. After curing at
60 °C for 30 min the screen-printed electrodes are ready to use
and have been thoroughly benchmarked previously.>**?

The procedure for the expansion of the electrochemical
active area consists of two facile steps: Step 1, electrochemical
intercalation step:

anodic reduction

Cu(SPE) + X —e~ C,"(SPE)X™

where two different supporting electrolytes were explored
namely, perchloric acid (HClO,) and formic acid (CH,O,),
which have been reported within the literature to be the most
beneficial towards the intercalation of graphite.'”**** In this
approach, the perchloric and formic acid act as both the elec-
trolyte and intercalation compound used in the EIR.
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Step 2, expansion step: where the electrochemically driven
intercalation compounds are removed via heating, in this case,
microwave irradiation (Argos Stores, UK Simple Value, UK,
Model: MM7 17CNF (F)-PM), which will also remove the trapped
species, but assist with further expansion of the graphite. In this
work, we also considered heating via a fan oven (see later).

Electrochemical characterisation (see the ESIT) of the elec-
trodes utilised throughout this work was via the effective elec-
troactive area (A.)/electrode area. To evaluate this parameter
(Aegr) we utilised the redox probe 1 mM hexaammineruthe-
nium(m) chloride in 0.1 M KCl, and the Randles-Sevéik
equation (at 298 K):* 1,2 = 2.65 x 10° n*2D"?1">CA ¢ where
n is the number of electrons involved in the electrochemical
process, D is the diffusion coefficient (9.1 x 107® em? s7%) of
the electrochemical redox probe used,”” v is the applied vol-
tammetric scan rate, C is the concentration of the electroactive
substance, and A is the effective electrode area.

To fully understand and benchmark these sensing plat-
forms an array of scan rates was utilised (0.05 to 0.5 V s') to
estimate Ay To determine if the expansion causes an
improvement in the surface’s electron transfer behaviour, we
evaluated the effect of the standard heterogeneous rate con-
stant (k°), using the Nicholson method:***® k° = [2.18(DanFv/
RT)0.5]PIo(@2nfIRIAL] where the constants are the same as
described previously, apart from the transfer coefficient a,
which is assumed to correspond to 0.5, F is the Faraday con-
stant, R the universal gas constant, and the experiments are
performed at a temperature T. AE;, is peak-to-peak separation.

In the case of the determination of capsaicin in hot chilli sauce,
~2 g of Tabasco hot sauce was accurately weighed in a small
conical flask and diluted with methanol (typically mL). The
samples were ultra-sonicated for 20 minutes in order to extract the
capsaicin, via liquid-liquid extraction from the chilli sauce. After
this step, the samples were centrifuged for 10 min. The real sample
was then filtered via gravitation into a 20 mL volumetric flask and
diluted with methanol. Finally, 1.0 mL of the final solution was
placed within an electrochemical cell and diluted further with
9 mL of 0.1 M H;PO,, which acts as the supporting electrolyte.

Results and discussion

We explore the use of screen-printed electrodes (SPEs) that
have been subjected to the anodic electrochemically driven

SPEs/Graphite Surface
After Electrochemically
Driven Intercalation

SPEs/Graphite Surface
Before Electrochemically
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intercalation process as detailed in the Experimental section,
where the electrolyte serves as a conductive medium to under-
take electrochemical experiments while also acting as the
intercalation source. This is followed by a further exfoliation
and heating/drying step via microwave irradiation, all applied
to the working electrode of screen-printed electrodes/sensors,
for the first time (see Fig. 1). The microwave irradiation power,
time and electrolytes have been explored and are summarized
in the ESL.1 The electroanalytical performance of the EDI-SPEs
is considered and compared with that of the unmodified SPEs,
towards the electroanalytical sensing of various electro-
chemical redox probes and electroanalytical targets, to allow
direct comparison with prior published literature work.
Herein, the redox probes hexaammineruthenium(ur) chloride/
0.1 M KCl and ammonium iron(n) sulfate/0.2 M HCIO, are
used to electrochemically benchmark the EDI-SPEs with the
academic literature as well as to explore electroanalytically
useful probes. This data is presented in the ESIT and demon-
strate that both the intercalation and expansion steps do not
induce any significant oxygenated species upon the electrode
surface and additionally that there has been no significant
electronic change in the electrode/material structure, such
results have been corroborated with comparative XPS analysis
of unmodified and EDI-SPEs, presented in ESI Fig. 5.1

First, as depicted in Fig. 2 and Table 1, the electroanalytical
performance of the EDI-SPEs is benchmarked towards sodium
nitrite, dopamine, uric acid and capsaicin. In all cases, utilis-
ing the unmodified and EDI-SPE electrochemical analysis over
the concentration range is linear, however it is apparent that
the EDI-SPE does not significantly improve the sensitivity of
the EDI-SPEs/sensor towards the detection of dopamine,
sodium nitrite and uric acid. Nonetheless, there are slight
analytical improvements (when utilising the EDI-SPEs) within
the limits of detection (LOD, 3c) of each analyte (sodium
nitrite, dopamine and uric acid), but the response is hindered
due to the increased capacitive current. The electrochemical
detection of capsaicin (presented in Fig. 2G and H) reveals
that the EDI-SPEs result in an improved sensitivity (0.126 and
0.239 pA pM " for the SPEs and the EDI-SPE respectively) and
LOD (1.76 and 0.36 uM for the SPEs and the EDI-SPE respect-
ively) when utilising the EDI-SPEs over that of SPEs.

Thus, we can conclude that this modification technique/
process does not improve the electroanalytical performance of
analytes that undergo diffusional or mixed diffusional-adsorp-

SPEs/Graphite Surface
After Microwave
Irradiation

Driven Intercalation

—

Microwave Irradiation

Fig. 1 Schematic overview of the modification protocol of the microwave assisted electrochemically driven intercalated screen-printed electrodes

(EDI-SPEs).
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Fig. 2 Cyclic voltammograms utilising EDI-SPEs explored towards the electroanalytical detection of: (A) 50 yM nitrite, (C) 50 yM dopamine,
(E) 50 pM uric acid and (G) 50 pM capsaicin obtained for SPEs (solid line) and EDI-SPEs (checked lines). Resulting calibration plots for (B) nitrite,

(D) dopamine, (F) uric acid and (H) capsaicin, obtained for SPEs (circles) and EDI-SPEs (squares). In all cases, scan rate: 0.1V s

tive reaction mechanisms using the EDI-SPEs. However, it is
clear that analytes that require a strong adsorptive mechanism,
as is the case with capsaicin, demonstrate an improved electro-
analytical performance when utilising EDI-SPEs. The observed
electrochemical behaviour agrees with independent work by

Compton et al.>® who demonstrate that the electrochemical

This journal is © The Royal Society of Chemistry 2018
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mechanism of capsaicin is via an adsorption mechanism
(rather than diffusion). Hence, they utilise this adsorption (via
adsorption stripping voltammetry) using multi-walled carbon
nanotubes (MWCNT) modified electrodes where the adsorp-
tion is favoured strongly by pi-pi interactions between the aro-
matic moieties in capsaicin and the surface of the carbon

Analyst, 2018, 143, 3360-3365 | 3363
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Table 1 Figures of merit for different analytes using SPEs (unmodified)
and EDI-SPEs

Sensitivity LOD Linear
Analyte Methodology (LA M) (M) range (uM)
Nitrite SPEs 0.024 1.66 10-100
EDI-SPEs 0.038 6.32 10-100
Dopamine SPEs 0.032 0.92 5-100
EDI-SPEs 0.031 4.91 5-100
Uric acid SPEs 0.024 1.70 5-100
EDI-SPEs 0.020 2.47 5-100
Capsaicin SPEs 0.111 4.76 5-100
EDI-SPEs 0.209 2.77 5-100
A
40+
40 60 80 100 A
[CAP]/uM ;
30
<
=
G
— 201
104
0

02 00 02 04 06 08 10 12
E/V (vs. Ag/AgCl)

Fig. 3 Calibration curves for the electroanalytical detection of capsai-
cin using EDI-SPEs. The insert shows the analysis of addition of capsai-
cin to pH 1.2 phosphate buffer solution using linear sweep voltammetry
(plot of peak current vs. capsaicin concentration with the average and
standard deviation presented). The main figure shows the linear sweep
voltammograms obtained for different additions of capsaicin made into
the chilli sauce (dotted lines) and the blank response (black solid line)
prior to capsaicin addition. See experimental section for more details.

Table 2 Recovery assays (five analyses, S1-S5) for capsaicin determi-
nation in Tabasco sauce samples

Added/ Recovery/ Recovery/ Relative
Samples uM uM % error/%
S1 10 9.41 94.1 -5.9
S2 20 18.64 93.2 —6.8
S3 30 30.35 101.2 +1.2
S4 40 40.06 100.1 +0.1
S5 50 45.55 91.1 -8.9
Recovery analysis
Mean recovery (Rexp) 95.94
Standard deviation of 4.45
recoveries (Sg)
Number of samples (N) 5
tep 2.0
£(0.025, 4) 2.8
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nanotubes (CNTs). Thus in our work, the exfoliation increases
the surface area of the basal sheets of graphite providing more
aromatic surfaces for capsaicin to adsorb onto; hence the
observed increase in the sensitivity (~x2).>°

Next, we consider the applicability of the EDI-SPEs towards
the detection of capsaicin within a real sample, Tabasco sauce.
Fig. 3 demonstrates linear sweep voltammograms directly from
five spiked Tabasco sauce samples. However, the content of
capsaicin in the real sample was found to be under the detec-
tion limit of this analytical procedure, therefore recovery
assays were employed in order to validate the methodology,
with an average recovery of 95% utilising the EDI-SPEs (see
Table 2); in summary we can conclude that the EDI-SPEs are
useful for the electroanalytical determination of capsaicin
within real chilli sauce.

Conclusions

We have explored an electrochemically driven intercalation
process where the electrochemical reaction uses an electrolyte
as a conductive medium as well as the intercalation source,
which is followed by exfoliation and heating/drying via micro-
wave irradiation, applied to the working electrode of screen-
printed electrodes/sensors for the first time. We demonstrate
proof-of-concept that the protocol can be used beneficially to
increase the surface area of electrochemical sensors of adsorp-
tion controlled electrochemically active analytes. We demon-
strate that the electroanalytical detection of capsaicin using
the EDI-SPEs exhibits a double increase in the electroanalytical
sensitivity with a lower limit of detection in comparison with
unmodified SPEs. We extended this exciting work to the deter-
mination of capsaicin in real hot chilli sauce demonstrating
that EDI-SPEs can be employed as an interesting alternative
for the determination of capsaicin in chilli hot sauce with
improved analytical sensitivity. This approach has generic
advantages for electrochemically active probes that occur via
an adsorptive mechanism and should be considered further
allowing improvements in the electroanalytical sensitivity.
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