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The adverse effects of oxalic acid (OA) on human health linked with its excessive consumption neces-
sitates an improved sensor. Here, we demonstrate an electrochemical sensor for oxalic acid detection
based on silver nanoparticles (Ag-Nps) and nitrogen-doped graphene oxide (N-GO) nanocomposite. N-
GO, which was synthesized using atmospheric pressure microwave plasma has been first time employed
for electrochemical application. The nanocomposite formation was confirmed through scanning electron
microscopy and EDS elemental analysis. The nanocomposite-based sensor showed a higher current re-
sponse, good selectivity and stability which can be attributed to the synergistic-effect of Ag-Nps and
N-GO. Amperometric responses were proportional to the concentration of OA between 10 and 300 uM,
and the detection limit was 2 uM.

© 2022 Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Oxalic acid (OA) is found naturally in a wide range of plants,
animals, and microorganisms. The excessiveness of OA in the hu-
man body is considered risky for human health. For instance, OA
can react with magnesium, potassium, and iron to form insolu-
ble oxalate salts, and can remove calcium from the blood which
leads to kidney stones or can interfere with the heart or ner-
vous system [1, 2]. Considering above harmful effects, the US de-
partment of agriculture (USDA) recommends a certain limit of OA
daily intake for humans. For example, in 1 g serving of spinach,
the OA amount should not be above 9.7 mg [3]. Thus, the detec-
tion of OA in foods and urine garnered the significant interest of
scientists.

The electrochemical method for the determination of OA, sur-
passes conventionally used techniques, such as spectroscopy [4],
chromatography [5], and enzymatic methods [6] because of its low
cost, fast procedure, good selectivity, and high sensitivity [7, 8]. Al-
though many electrochemical sensors have been developed for OA
detection [9], a sensing platform with inexpensive preparation and
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high analytical performance including high sensitivity and good
stability is still highly desirable.

Graphene-based composite materials, such as Pt-Pd
nanoparticles/chitosan/nitrogen-doped  graphene [10], silver
nanorods/graphene nanocomposite [11], Pd/rGO composite

[12], gold nanoparticle/polypyrrole reduced graphene oxide [8],
graphene aerogel [13], graphene (GR)-modified carbon ionic liquid
electrode [14], platinum nanoparticle loaded graphene nanosheets
[15], and Pd/Au Alloy Nps on ionic liquid functionalized graphene
film have been investigated for OA detection [16]. Although these
materials exhibited high catalytic activities towards OA oxidation,
the usage of expensive metal Nps, such as Au, Pd and Pt raised
the cost of the sensor. Silver nanoparticles (Ag-Nps) are promising
alternatives in this respect, as they are less expensive than those
precious metals and can achieve comparable electroanalytical
performance for the detection of OA. For OA detection, Ag-Nps
has been used in composite with graphite [17] or graphene [11].
However, lengthy chemical synthesis procedures were utilized to
make the composites [18].

In this work, we used Ag-Nps/N-GO modified GCE sensor for OA
detection. N-GO which was synthesized using atmospheric pres-
sure microwave plasma has been first time utilized in electrochem-
ical sensor application. To make a nanocomposite of Ag-Nps with
N-GO, a fast and efficient technique, i.e. electrodeposition was em-
ployed. Attributed to the synergistic-effect of Ag-Nps and N-GO
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for enhanced electrochemical properties, it has been shown how
Ag-Nps/N-GO/GCE sensor can be an alternative to those expensive
sensors used in past.

2. Materials and method
2.1. Chemicals and reagents

All chemicals were of analytical grade and were used
as received. Aniline, sodium dihydrogen orthophosphate
(NaH,PO4.2H,0), disodium hydrogen orthophosphate (Na,HPO,),
sodium hydroxide (NaOH), silver nitrate (AgNOs3), potassium
nitrate (KNOs3), potassium hexacyanoferrate (IlI) Ks[Fe(CN)g],
potassium chloride (KCI), ascorbic acid, and uric acid were ob-
tained from Sigma Aldrich. Oxalic acid (C;H,04.2H,0) and glucose
were purchased from ChemSupply and Merck Australia respec-
tively. Ultrapure water obtained from the Milli-Q water system
was used throughout the investigation.

2.2. Instrumentation

Confocal laser Raman spectroscopy (Witec, 532 nm laser) and
scanning electron microscopy (SEM) (Hitachi SU 500) were used to
characterize the samples. Electrochemical experiments were per-
formed on a PalmSens 4 (Palm Instruments BV, The Netherlands)
potentiostat equipped with a three-electrode system consisting of
a glassy carbon working electrode (GCE), a platinum counter elec-
trode, and an Ag/AgCl reference electrode. To investigate the elec-
trochemical performance of the bare and modified GCE, electro-
chemical impedance spectroscopy (EIS), cyclic voltammetry (CV),
and amperometric techniques were employed. CV of OA was con-
ducted in 0.1 M phosphate buffer solution (PBS) (pH 7.0). EIS was
recorded in a frequency range of 0.1 Hz to 100 kHz in a solution
containing 0.1 M KCl and 5 mM K3[Fe(CN)g].

2.3. Synthesis of nitrogen-doped graphene oxide

The synthesis of Nitrogen-doped graphene oxide (N-GO) was
carried out in atmospheric pressure microwave plasma as reported
earlier [19]. Aniline precursor without any modification was used
to synthesize nitrogen-doped graphene oxide in a single-step. The
microwave plasma system mainly consisted of a microwave gen-
erator (2.45 GHz), matching network and a quartz tube as shown
schematically in Fig. 1. Aniline was supplied from the top of the
tube using a homemade aerosol system. Argon gas was used as
a carrier for aniline vapours. As soon as the aniline vapours en-
tered into the plasma glow, the breakdown started occurring which
resultantly formed N-GO on the walls of the reaction chamber.
The synthesis was conducted at optimized conditions of microwave
power, aniline flow rate and fabrication time, i.e. 80 W, 3 litre
per min and 3 min respectively. The N-GO was washed from the
walls of the chamber using ethanol and was collected in a vial
for the sensor application. A well-homogenised solution of N-GO
in ethanol can be observed in Fig. 1. To investigate the structure
and morphology of N-GO, samples were collected directly on the
silicon substrate from the reaction chamber. Additional characteri-
zations of N-GO is reported in our previous work [19].

2.4. Preparation of the modified electrode

1 mg/mL solution of N-GO was prepared in ethanol for drop-
casting on GCE. Before modification, GCE (3 mm diameter) was
polished with 0.3 um and 0.05 um alumina slurry consecutively,
followed by ultrasonic cleaning in ethanol and water. An aliquot of
4 L N-GO solution was drop-casted on GCE and dried under room

Carbon Trends 8 (2022) 100188

Argon + Aniline:m

0%
o e
O o O
.
o
AN~ Microwave
Plasma |—— —
®lle
Quartztube — e
A L ]
° L] >
L J

' N-Go ’
collection

Fig. 1. Schematic illustration of N-GO synthesis in atmospheric pressure microwave
plasma.

conditions. Electrodeposition was conducted in a 1 mM KNOj3 solu-
tion containing 0.1 mM AgNOs and at -0.2 V (vs. Ag/AgCl) potential
for 350 sec. The procedure scheme is shown in Fig. 2.

3. Results and discussion
3.1. N-GO characterization

The structural quality of N-GO nanosheets deposited on sili-
con substrate was analysed using Raman spectroscopy. The Raman
spectrum shown in Fig. 3a represents three vibrational modes i.e.
defect mode around ~1334 cm~! (D peak), vertical vibration mode
around ~1576 cm~! (G peak), and two-phonon vibration mode
centred at ~2677 cm~! (2D peak) [20]. The D peak forms due
to the scattering of phonons at the boundary of the disordered
hexagonal Brillouin zone; the G peak arises from the in-plane C-
C stretching vibration under the E2g mode [21-23].

The intensity ratio of D and G peaks i.e. Ip/lg is generally as-
cribed to the defects in graphene. However, doping materials also
contribute towards higher ratios of Ip/Ig [24, 25]. Similarly, in the
present work, the N-GO indicated a relatively larger value of Ip/Ig
i.e. 0.91 [26]. According to the previous reports, this could be due
to the non-hexagonal rings, functionalities, or heteroatom doping
[27]. Thus, it could be interpreted that the functional groups and
N-doping were responsible for a higher value of Ip/lg. Li et al.
[28] also observed that the N-doped graphene produced a larger
Ip/Ig ratio in comparison to pristine graphene. They ascribed this
to the formation of sp3-C in pyrrolic N-doped graphene consisting
of five-atom heterocyclic ring.

The 2D peak is usually identified as the signature of graphene.
The intensity ratio between 2D and G peaks i.e., I;p/lg and full
width at half-maximum (FWHM) are usually related to the quan-
tity of layers in graphene [29]. The FWHM of ~50 cm~! and I,p/I¢
values between 1 to 1.5 are commonly associated with the two
layers of graphene [30, 31]. In the current work, the N-GO sam-
ple demonstrated FWHM and I,p/I; values of 68 cm~! and 0.81
respectively, suggestive of multiple layers N-GO. Notably, the ex-
istence of N dopants in graphene can influence both peaks, i.e. D
and 2D. N-doping enlarges the D peak on the one hand, and on the
other hand, it increases the electron scattering rate, which lessens
the intensity of the 2D peak. [31]. N-GO Raman spectra was com-
pared with that of GO and rGO [32] given in the literature. The
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Fig. 3. (a) Raman spectrum and (b) SEM image of N-GO sample.

higher D peak in GO in comparison with rGO ruled out any reduc-
tion occurring on the GO.

The SEM image of the N-GO sample deposited straightaway on
a silicon substrate is displayed in Fig. 3b. The horizontal films were
not found in the image; however, the sample showed 3D islands
similar to wrinkled-paper like structures spread across the surface
of the substrate [22]. These islands consisted mainly of multilay-
ered N-GO structures.

3.2. Electrode characterization

The surface morphology of the Ag-Nps/N-GO/GCE electrode was
analysed using SEM, displayed in Fig. 4a. Successful electrodepo-
sition of Ag on N-GO can be observed in the images. The SEM
image shows the uniformity in the distribution of Ag nanoparti-
cles onto the N-GO/GCE electrode. The magnified image in the in-
set shows an aggregation of Ag-Nps, which is in good agreement
with the previous reports [33, 34]. Furthermore, the presence of
Ag as well as other elements, including carbon (C), oxygen (O),
and nitrogen (N) which came from aniline was revealed through
energy-dispersive X-ray spectroscopy (EDS). The EDS spectrum and
elements percentages are delineated in Fig. 4b.

3.3. Electrochemical analysis of electrode

The electrochemical performance of the modified electrode was
investigated using EIS. Fig. 5 exhibits the Nyquist plots of bare, N-
GO and Ag-Nps/N-GO modified GCE. The fitted Randles equivalent
circuit is shown in the Fig. 5 inset. The linear regions of plots at
low frequencies implicate the diffusion process, whereas, semicir-
cles at higher frequencies are associated with the electron-transfer
reaction [35, 36]. The charge-transfer resistance (Rct) of the bare
GCE and the N-GO modified GCE was found to be 206 € and
1.2 k<2, respectively, indicating the slow electron-transfer kinetics
at the N-GO film surface. However, after electrodeposition of Ag-
Nps on N-GO film, the R¢ of N-GO decreased significantly to ~653
2, which can be attributed to the high electrocatalytic activity of
the Ag-Nps deposited at the surface of the electrode. High elec-
trocatalytic activity of Ag-Nps is due to the large surface area, and
outstanding electronic conductivity. In addition, the aggregated Ag-
Nps possess porous network of the Ag-Nps facilitate the diffusion
process [37].

CV was performed to investigate the electrochemical behaviour
of the bare GCE, N-GO/GCE and Ag-Nps/NGO/GCE towards oxida-
tion of 0.1 mM OA (Fig. 6). There was an inadequate response for
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Fig. 5. EIS spectra for (a) bare GCE (b) N-GO/GCE (c) Ag-Nps/N-GO/GCE in a solution of 0.1 M KCl and 5 mM Ks[Fe(CN)s] with the frequencies swept from 0.1 Hz to 100

kHz.

OA oxidation from bare GCE, while N-GO/GCE exhibited a compar-
atively improved response. Noticeably, Ag-Nps/N-GO/GCE revealed
a remarkable oxidation process, suggesting that Ag-Nps/N-GO/GCE
considerably catalyses the OA oxidation response. It can be at-
tributed to the synergistic effect of both Ag-Nps and N-GO. They
possess excellent conductivity and enormous surface area, which
can accelerate the electron-transfer kinetics and accommodate the
OA molecules at the surface of the electrode [38].

The electrochemical reaction mechanism relies on the nature of
the modified materials [9]. An accelerated oxidation reaction has
been observed when OA molecules have strong interaction with
the electrode surface. OA has limited absorptive ability with the
GCE, which slowed down the oxidation process at the surface.
However, metals catalyses the oxidation process. With metals, the

reaction mechanism involve electro-oxidation of OA, which pro-
duces carbon dioxide and hydrogen ions. It has been reported that
the oxidation of OA is based on two electrons, two proton mecha-
nism to form carbon dioxide [7, 17]. The proposed reaction is given
below.

H,CG,04 — 2C0O, + 2H" + 2e™

3.4. Amperometric detection of OA

Fig. 7a exhibits the amperometric response of the Ag-Nps/N-
GO/GCE on the successive addition of 2 pM to 300 utM OA into
0.1 M PBS (pH 7) stirred solution. An optimal potential of 1.2 V
was used for the detection of OA owing to the highest signal-to-
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Fig. 6. CVs of bare GCE, N-GO/GCE, and Ag-Nps/N-GO/GCE in 0.1 M PBS (pH 7)
containing 0.1 mM OA, scan rate 50 mV/s.

noise ratio. It can be observed that a fast and stable response could
be obtained after each injection of OA. A calibration curve of OA
concentration versus current response is displayed in Fig. 7b. The
plot shows that the Ag-Nps/N-GO/GCE can detect OA in the lin-
ear range of 10 - 300 uM; where the linear regression equation is
y = 0.0552x + 3.7385 (R2=0.9989). The sensor showed an excel-
lent limit of detection of 2 M. The commendable electroanalytical
performance of the sensor can be ascribed to the combined cat-
alytic activity of Ag-Nps and N-GO [39]. Table 1 shows the compa-
rable results of the linear range and limit of detection with those
of different OA sensors reported earlier.

3.5. Reproducibility, repeatability and stability of the electrode

To fabricate commercial devices it is important that the elec-
trode has signal responses which are reproducible and repeat-
able. Moreover, the electrode should be stable for longer period
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Fig. 8. Amperometric response of Ag-Nps/N-GO/GCE towards OA (50 pM), ascorbic
acid (100 uM), glucose (50 uM) and uric acid (100 pM) in 0.1 M PBS at 1.2 V.

of time. We investigated Ag-Nps/N-GO/GCEs for its reproducibility.
Four electrodes were employed for this purpose and cyclic voltam-
mograms were obtained in a 0.1 mM OA solution. The relative
standard deviation (RSD) was calculated to be 5.8%, which indi-
cated reasonable reproducibility of the sensor.

The repeatability measurements were performed with one of
the Ag-Nps/N-GO/GCE electrodes. Four successive measurements
were performed in 0.1 mM OA solution. The cyclic voltammogrms
are shown in Fig. S1. The RSD calculated from these voltammo-
grams is 3.4 % which showed good repeatability behaviour of the
proposed OA sensor. We attribute this to the excellent anti-fouling
properties of graphene-based materials. Similarly, N-GO base mate-
rial played critical role on enhancing the stability of the Ag-Nps/N-
GO/GCE. A 1 week and 2 weeks stability tests were carried out in
0.1 mM OA solution which yielded 97 % and 95 % of the initial cur-
rent values, respectively. These values show the excellent stability
of the electrode.
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Fig. 7. (a) Amperometric response of the Ag-Nps/N-GO/GCE in stirred 0.1 M PBS with sequential injections of OA at 1.2 V potential (b) Calibration curve showing OA current

response against its concentration.
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Table 1
Comparison of the analytical performance of the electrochemical OA sensors.
Electrode Linear range Detection limit  Reference
Porous silica-supported platinum nanoparticles/GCE 0 - 45 pM 25 nM [3]
PdPt/GCE 10 - 4700 pM 1uM [40]
4700 -11,800 pM
Graphene/ Ag nanorods/GCE 3 -30 mM 0.04 mM [11]
Graphite/Ag/AgCl nanocomposite 10 uM - 0.75 mM 3.7 uM [17]
Graphene aerogel 4 - 100 uM 0.8 uM [13]
Palladium-doped mesoporous silica SBA-15 modified in carbon-paste electrode 10 - 140 uM 04 uM [41]
PdAu-reduced graphene-ionic liquid/GCE 5-100 mM 2.7 mM [16]
TiO, nanoparticle/ MWCNT composite/GCE 0.1-1 mM, 33 uM [42]
1-100 mM
Pt-Pd/chitosan/nitrogen doped graphene/GCE 1.5 - 500 uM 0.84 uM [10]
Ag-doped ZSM-5 nanozeolites/CPE 16 uM - 0.18 mM and 5.5 uM [7]
0.18 -4.0 mM
Ag-Nps/N-GO/GCE 10 - 300 uM 2 uM This work
References

3.6. Interference study

The amperometric response of the Ag-Nps/N-GO/GCE electrode
at an applied potential of 1.2 V was measured for 50 pM OA, fol-
lowed by separate additions of 100 uM of ascorbic acid, 50 uM
of glucose, and 50 puM uric acid into a stirred 0.1 M PBS solu-
tion. These interfering compounds were chosen because they are
likely to coexist with OA in urine samples [1]. As shown in Fig. 8, a
strong and fast current signal was observed at Ag/N-GO/GCE elec-
trode after the injection of OA, however, there was on current re-
sponse to ascorbic acid, glucose, and uric acid, which demonstrates
the good selectivity of the proposed sensor. Additionally, again the
prominent and immediate current response was detected upon the
addition of 50 yM OA which can be seen at the final stage of
the plot. This amperometry test demonstrates a satisfactory sensor-
interference behaviour of the Ag-Nps/N-GO/GCE electrode.

4. Conclusion

In a nutshell, the combination of Ag-Nps and N-GO for OA
detection is a superior alternative to the particularly expensive
metals modified electrodes. The first time usage of N-GO in this
work, which was prepared through a single-step and rapid syn-
thesis route, not only made the overall electrode preparation facile
and quick but also enhanced the electrode sensing properties. Ow-
ing to the synergistic-effect of Ag-Nps and N-GO, the Ag-Nps/N-
GO/GCE sensor showed a comparable linear range i.e. 10-300 pM
and an excellent detection limit of 2 pM in an amperometric in-
vestigation. The admirable selectivity against ascorbic acid, glucose,
and uric acid proves the superiority of the sensor. Attributed to
the graphene inherent characteristics, remarkable repeatability and
stability of the designed sensor have also been observed.
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