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Integration of Highly Sensitive Oxygenated
Graphene With Aluminum Micro-Interdigitated
Electrode Array Based Molecular Sensor for
Detection of Aqueous Fluoride Anions
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Abstract— High sensitivity and reliability of graphene
oxide (GO) integrated with aluminum (Al) micro-interdigitated
electrodes (µ-IDEs) patterned on p-Si for the detection of aqueous
fluoride anion (F− ) is demonstrated. The strong molecular
interaction, hydrogen bonding, and ionic conduction between the
oxygen containing functional groups (epoxy (1, 2-ether), hydroxyl,
carbonyl, and carboxyl) onto GO and F− are investigated by
electrical and optical techniques. The GO/Al (µ-IDEs)/p-Si sensor
system shows ∼82% increase in the sensing signal for 0.1 ppm
GO + F− solution with respect to GO. The response of the
sensor for 1, 10, 100, and 1000 ppm of GO + F− solution shows
almost 220, 415, 500, and 305 times increase in sensing signal with
respect to GO. The significant enhancement in sensor response at
lower concentration (0.1–100 ppm) of F− is observed. However, at
high concentration (1000 ppm) of F− , the interlayer swelling and
the expansion of GO dominate and result the reduction in sensing
response of GO/Al (µ-IDEs)/p-Si sensor. The Fourier transform
infrared spectroscopy (FT-IR) spectra show the decrease in –OH,
C–O–C, and CLO absorption peaks of GO with an increasing
aqueous F− concentration, supporting the reduction in sensing
response at 1000 ppm. The response of GO/Al (µ-IDEs)/p-Si
sensor is favorable for use in graphene-based electronics sensors.
Index Terms— F− sensor, graphene oxide,
lithography,
micro-interdigitated
electrodes,
interaction.
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I. I NTRODUCTION

G

RAPHENE oxide (GO) [1]–[3] and reduced graphene
oxide (r-GO) [4], [5] 2D nano-materials are extensively
incorporated to improve the prevailing electronic device performance and establishing novel functionalities in diverse
range of disciplines [6]–[10]. The most striking feature
includes, high surface to volume ratio, high carrier mobility,
outstanding electrical and thermal conductivity [11], [12].
The existence of direct band gap in GO can be altered by
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oxidation process [13] and thus, the functionalized derivative
emerged as a promising candidate especially for chemical sensor applications. The GO decorated with chemically reactive
epoxy (C-O-C), hydroxyl (-OH) groups at basal plane
and carboxyl (C=O-OH), carbonyl (C=O) groups at the
edges [5], [13], [14] have proven their relevance for rapid
and long-lasting proficiency to GO based sensor applications [8], [15], [16].
The detection (or removal) of toxic organic/inorganic
pollutants present in (or from) natural sources of drinking
water acquainted from industrial waste, drugs, nuclear plants
have attracted an immense attention due to their direct impacts
on the ecosystem [17]. Especially, the fluoride based pollutants
in natural drinking water have imposed serious challenges to
the human, animal health concerns and global plan of sustainable environment [18]. Although, aqueous fluoride anions
(F− , the smallest anion), is an essential element and plays an
important role in the human/animal body, yet toxic in high
concentrations [19]. The permissible range of F− in natural
drinking water as per World Health Organization (WHO)
standard is 1.5 mg/L [20]. The high concentration of F− in
drinking water is one of the most prevalent severe health
hazards across the globe. The high F− intake results in adverse
health effects, like gastric, kidney disorders, dental and skeletal
fluorosis [17].
Recently, the synthesis and characterization of novel
organic semiconductor sulfonamide-conjugated benzo[2, 1-b: 3, 4-b]bithiophene and 4-(tert-butyldimethylsilyloxy)N-butyl-naphthalimide (TBS-NA) is reported [21], [22].
The detection of aqueous F− was based on optical NMR
and colour change (from colourless to yellow) along with
UV–Vis absorption spectral change. Besides this, ion-selective
electrode and ion chromatography have also been investigated [23]. The reported techniques in literature for aqueous
F− detection are based on NMR, UV-Vis, chromatography
which are hampered from low sensitivity, prolonged measurement time, detection in a specific range of wavelength [24].
The insufficient sensitivities and reliability based hindrance
make above discussed techniques difficult to promote globally.
Therefore, a highly sensitive, reliable and low cost standard
F− sensor with cutting edge sensing material is immensely
desired for keeping the F− concentration within the WHO permissible standards. Nair et al. [25] presented sub-micrometer
GO membranes resistant to liquid, vapour and gas flow,
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including helium, but shows superpermeability to water
molecules. Moreover, Borini et al. [8], Yao et al. [26], reported
ultra fast humidity sensing devices based on the interaction of
GO with water molecules.
To best of author’s knowledge, it is the first report for
detection of F− based on integration of highly sensitive
GO and Al-μ-IDEs. The electrical characterization is performed using simple conductance, impedance measurements
and dielectric-constant variation using Keithley 4200 Semiconductor Characterization System (SCS). For electrical
characterization, between the two electrodes one is used as a
working (maintained at higher potential) and other is used
as a relative (maintained at lower potential) electrode. The
electrodes were connected to the Source Measure Unit (SMUs)
of the SCS via tri-axial cables; similar approach was also
opted in literature [26]–[29]. While, the reference solution was
prepared and standardized separately.
In μ-IDEs, electrode material properties also play a vital
role to meet the enhanced sensitivity and reliability of the
MEMS based chemical sensors. The μ-IDEs electrode must
have a high adhesion to the substrate, high melting point,
intermediate thermal conductivity, capable of wire bonding for
packaging, patterned by lift-off (for thickness ≥ 200 nm) and
should be CMOS process compatible [30]. Aluminium (Al)
metal offers the desired properties required for electrode
material in MEMS based chemical sensors [30]. Anyhow,
Al oxidises at low temperature and forms aluminium
oxide (Al2 O3 ), meanwhile it is highly sensitive for the
removal of aqueous F− owing to ion exchange formulation
at the available active sites on the Al surface [18].
In the present work, a highly sensitive GO/Al (μ-IDEs)/pSi sensor system consists of GO integrated with μ-IDEs array
for aqueous F− sensor application designed and fabricated
on the basis of two important characteristics: first, the high
interaction of F− present in aqueous solution with GO as a
sensing material result in variation of electrical impedance
due to molecular interaction. Moreover, the large surface
area of GO helps to enhance the surface loading of F− and
results in an excellent sensitivity and reliability. Secondly, the
proposed fabrication of μ-IDEs array owing to safe, simple,
inexpensive for mass production, ability to scale down the
μ-IDEs helps to enhance GO/Al (μ-IDEs)/p-Si sensor
sensitivity and consistency to wide domain.
The paper is organized as follows: the experimental detail
including preparation of F− stock solution, synthesis of GO,
fabrication procedure for GO/Al (μ-IDEs)/p-Si sensor system
is described in Section II. The sensing signal-voltage, Nyquist
plot, capacitance-frequency characteristics along with the
proposed model of the GO integrated with Al-μ-IDEs for
detection of aqueous F− is presented in Section III. Finally,
Section IV summarizes the main findings and concludes the
paper.
II. E XPERIMENTAL
A. Materials
Graphite, extra fine powder (particle size < 50 μm,
99.999% pure), Sodium Nitrate (NaNO3 ), Potassium
permanganate (KMnO4), Hydrogen Peroxide (H2 O2 ),
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Fig. 1. Schematic of GO synthesis procedure from natural graphite based
on Modified Hummers Method.

Hydrochloric acid (HCl), Sodium Fluoride (NaF) were
purchased from Merck and Sulphuric acid (H2 SO4 ) was
procured from Fisher Scientific. De-ionized (DI) water with
resistivity of 18.2 M/cm was used for cleaning and solution
preparation. Synthesis of GO was carried out using modified
Hummers method [14] through oxidation of graphite.
A stock solution of aqueous F− , 1000 ppm was prepared
by dissolution of 2.210 gm of NaF (Mw. 41.98871 g/Mol)
in 1000 ml DI water. Likewise, the further dilutions were
followed using the standard normality equation for F− concentration in aqueous solution to be 100, 10, 1 and 0.1 ppm.
In the present sensor investigations ∼ 300 μl solution of
various F− concentrations was filled in the PDMS reservoir
(with dimensions 2.5∗ 2.5∗ 0.8 cm) and utilized for aqueous
F− sensing application.
B. Methodology for GO Preparation
Fig.1 shows the systematic procedure employed for the
synthesis of GO (as a sensing precursor for F− from graphite.
A glass beaker (500 ml) was kept in an ice bath (0-5 °C).
Graphite flakes (1 gm) along with conc. H2 SO4 (46 ml) was
poured into the beaker and stirred at 500 rpm for 30 minutes;
stirring the solution, colour turns out to be dark grey. Later,
NaNO3 (1 gm) was added to the dark grey coloured solution,
followed by stirring at 600 rpm for 60 minutes. In the next
step, KMnO4 (6 gm) was slowly added with due care that the
temperature of the solution should not be more than 20 °C.
Thereafter, the resultant solution was stirred at 600 rpm for
60 minutes. Afterward, the ice bath was removed and the
temperature was slowly increased from 0-5 to 35°C along with
continuous stirring for 60 minutes. Subsequently, the current
solution was also diluted by slow addition of DI water (100
ml) with constant stirring for another 60 minutes. Ensuing
this, the temperature was rapidly raised up to 95 °C and the
precedent solution was stirred for 30 minutes, which resulted
in the colour change from dark grey to brown. After that, the
solution temperature was brought down to 25 °C and was kept
for overnight stirring at 600 rpm. To terminate the reaction
kinetics, the brown colour solution is finally treated with a
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Fig. 2. Detailed description of the fabrication process of the μ-IDE structure
and PDMS reservoir.

mixture of 100 ml DI water and 3 ml H2 O2 (30%) which
resulted in colour change from brown to greenish yellow.
Subsequently, the solution was then sonicated
(Rivotek, 33 KHz) for 240 minutes and after that the
solution was kept idle for 240 minutes (for sedimentation of
heavy particulates). The remaining solution was poured to
filter with vacuum filtration system. The final, filtrate obtained
was washed using a gravity based centrifugation step: Initially,
the solution was centrifuged at 3000 rpm for 5 minutes and
the resulting mixture was washed separately with 3 wt% HCl.
The preceding washing process was repeated twice. Hence
forth, the resulted solution was repeatedly centrifuged at
5000 rpm for 7 minutes and washed with DI water until the
pH of the solution turned to 7. Lastly, the resulted solution
was kept in hot oven to dry at 55 °C until it disciple in
powder form.
C. Fabrication of μ-IDEs Arrays for
GO/Al (μ-IDE)/Si Sensor
p-Si wafers with <100> orientation were cleaned with:
(i) sonication in acetone for 5 min, (ii) methanol dip 1 min,
(iii) IPA rinse, (iv) dried using dry N2 gas and (v) kept
for dehydration bake at 200 °C for 5 min. The samples
were allowed to cool down till room temperature (RT).
Al thin film (∼250 nm) was deposited over the Si samples using thermal evaporator under high vacuum (pressure
of ∼ 8.8 × 10−7 m Bar) as shown in Fig. 2 (b). After that
the SU-8 (2002, Micro-Chem) photoresist was spin coated on
the Al/Si samples using the two step method: (i) The samples
were spin coated at 500 rpm for 10 sec for uniformly spreading
the photo resist over the substrate and (ii) immediately to
3000 rpm for 30 sec to deposit uniform photo resist film, at an
acceleration of 100 and 300 rpm/sec respectively (Fig. 2(c)).
The samples were then subjected to pre-exposure bake (PB)
from RT to 95 °C for 10 min and after PB, the samples were
allowed to cool down to RT. After the PB process, the samples
were exposed using Maskless Optical Lithography (Intelligent
Micro Patterning) to pattern μ-IDE structure and the samples
were then subjected to post exposure bake (PEB) from RT to
105 °C for 10 min. Thereafter, samples were developed using
SU-8 developer (Micro-Chem), for 1 min followed by IPA
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rinse and dried using dry N2 gas (cross sectional view shown
in Fig. 2 (e.1) and top view in Fig. 2 (e.2)) and performed the
hard bake at 150 °C for 20 min. In order to get μ-IDE patterns,
samples were etched through Al etchant (DI water, Acetic
Acid, Nitric Acid, Ortho phosphoric acid, in the ratio 1:2:2:10)
for 5-7 minutes at 35 °C with constant stirring of 100 rpm and
were washed with DI water couple of times, (cross sectional
view shown in Fig. 2 (f)). The undesirable SU-8 was removed
by dipping the samples in N-Methyl-2-pyrrolidone (NMP),
at 75 °C for 38-40 min under constant stirring of 100 rpm,
and rinsed by IPA, DI water back to back. Hence, the dimensional parameters of the μ-IDE array for the present study is
width (W) = spacing (D) = 300 μm, length (L) = 10 mm
and number of μ electrode fingers (N) = 17 (cross sectional
view shown in Fig. 2 (g.1) and top view in Fig. 2 (g.2)).
D. Fabrication of Integrated Reservoir
for GO/Al (μ-IDE)/Si Sensor
The integrated PDMS reservoir for electrochemical sensing
application was prepared using Sylgard 184 base and curing
agent in the ratio of (10:1). 10 gm of base was mechanically
stirred with 1 gm of the curing agent in a beaker for 15 minutes
and subsequently degassing of air bubbles were performed.
Further, the PDMS blend was slowly poured into a petri dish
over a mould to attain the desired shape, thickness and cured
inside the oven at 70 °C for 240 minutes to form a solid.
After that, the PDMS based reservoir was carefully peeled off
from mould using a dissection blade, and was placed over the
Al-μ-IDEs structure. Fig. 2 (h) shows the cross-sectional view
of the Al based μ-IDEs with PDMS reservoir.
Although the electrode fabrication in the same batch was
used for all the sets of measurement, but due to lack of
industrial scale process control in the lab, it leads to variation
in impedance of the electrodes. However after the drop cast
of GO, the offset for the samples were compensated and were
adjusted accordingly.
III. R ESULTS AND D ISCUSSION
Sensing signal-voltage characteristics (I-V) curves as a
function of different concentration of GO 1 mg/ml with
GO + F− (0.1-1000 ppm) and 0.25 mg/ml with
GO + F− (0.1-100 ppm) is shown in Fig 3 (a) and Fig. 3 (b)
respectively. The F− dissociation mechanism from NaF in
the aqueous solution is given by following Eq.:
Na F ↔ Na + + F −
F− + H2 O ↔ H F + O H −

(1)
(2)

H F + H2 O ↔ H3 O + + F −
Na + + O H − ↔ Na O H

(3)
(4)

As shown in Eq. (1)-(4), NaF dissociate into sodium cations
(Na+ ) and fluoride anions (F− ) followed by the formation
of a weak acid (HF) due to the reaction between F− and
H2 O molecules. Finally, this weak acid formulation results
the strong conjugate base (F− ), and a strong conjugate acid
(H3 O+ ) in the aqueous solutions as shown in Eq. (3) [31].
The Na+ may react with the OH− and form NaOH.

Authorized licensed use limited to: Indian Institute Of Technology (IIT) Mandi. Downloaded on June 18,2020 at 11:13:50 UTC from IEEE Xplore. Restrictions apply.

SONI et al.: INTEGRATION OF HIGHLY SENSITIVE GO WITH Al μIDE ARRAY-BASED MOLECULAR SENSOR

1527

Fig. 4. FT-IR transmittance spectrum as a function of GO+F− concentration
ranging from 1-1000 ppm. The inset shows the FT-IR transmittance spectra
for GO powder along with the active functional groups attached to it. FT-IR
spectrum labelled with A, B, C, D represents the GO+F− concentration of
1, 10, 100 and 1000 ppm respectively.

Fig. 3. Sensing signal-Voltage (I-V) characteristics for Al-μ-IDE with GO
and GO+F− as a function of GO concentration of (a) 1mg/ml, with the
GO+F− in the range of 0.1-1000 ppm up to 1.2 V (b) 0.25 mg/ml, with
the GO+F− in the range of 0.1-100 ppm up to 3.5 V. Inset shows the zoom
in I-V curves for GO and GO+F− .

From the inset of Fig. 3(a), the I-V characteristics curve
for reference GO (without F− varies from 0 to ∼ 8 μA.
While for F− aqueous solution of 0.1 ppm, the sensing
signal varies from 0 to ∼ 14.5 μA. It indicates a substantial
increase in sensor response signal ∼ 82 %. Furthermore, for
F− solution of 1 ppm, the sensing signal varies slightly
up to “Q” (0.8 V) ∼ 0.142 mA. Ahead of “Q”, sensor
signal varies linearly and advances to ∼ 1.79 mA at 1.2 V.
Correspondingly, for F− aqueous solution of 10 ppm, the
sensor response varies trivially till “P” (0.6 V) ∼ 0.112 mA,
whereas afterwards “P”, sensor response signal varies linearly
and progresses to ∼ 3.3 mA at 1.2 V.
In contrast to this, for F− aqueous solution of 100 ppm, the
sensing signal increase is noticed at the low voltage and finally
saturates at 1.2 V with maxima of ∼ 4 mA. Therefore, this perceptible variation in GO/Al (μ-IDEs)/p-Si sensor response signal for various F− concentrations of 1, 10, 100 ppm, are ∼220,
∼415, ∼500 fold increase with respect to reference GO/Al
(μ-IDEs)/p-Si sensor system (without F− ) at “R” (1.2 V).
Whereas, on increasing the F− concentration beyond 100 ppm,
followed the similar variation of sensing signal till point “S”
(∼0.3 V) up to ∼ 1.18 mA as discussed earlier.

However, the sensor signal for F− solution of 1000 ppm
shows 50 % reduction as compared with the 100 ppm
(“T” (∼1.04 V)). Besides this, the measured sensing signal for
F− solution of 1000 ppm is astonishingly lower than 10 ppm
beyond point “T”. The computed slope for GO/Al (μ-IDEs)/
p-Si sensor signals are 6.667 & 12.08 μA/V for GO (reference) and GO+F− solution of 0.1 ppm. Similarly, the
calculated slope for the sensor signal of aqueous F− solution of
1, 10, 100 ppm are 1.49, 2.75, 3.33 mA/V, respectively. It indicates that there is a considerably increase in GO/Al (μ-IDEs)/
p-Si sensor response and voltage shift towards lower voltage
(from 0.8 to 0.6 V) with the variation of F− concentration
(1 to 10 ppm). It attributes that there is substantial increase
in GO/Al (μ-IDEs)/p-Si conductance with variation of
F− aqueous solution, due to the molecular interactions with
accessible higher energy binding sites of GO [5], [13]. The
binding sites includes vacancies, active structural defects,
available oxygen containing functional groups present on reactive epoxy (C-O-C), hydroxyl (-OH) at basal plane and carboxyl (C=O-OH), carbonyl (C=O) at the edges [5], [13], [14].
While the reduction of sensor signal for 1000 ppm, represents the saturation or lesser number of binding sites (oxygen
containing functional groups) present onto GO. Moreover, the
F− present in aqueous solution might be permeable by GO,
interacts with Al μ-IDEs and results the reduction in sensor
signal due to strong affinity of aqueous F− with Al [18].
Additionally, as shown in Fig. 3 (b), on reducing the
concentration of GO from 1mg/ml to 0.25 mg/ml, the sensor
response to F− in the range of 0.1-10 ppm at 3.5 V. Hence,
for low concentration of GO, the sensing range of the sensor
reduces and the sensor operates at higher voltage.
In order to confirm the availability of active oxygen
containing functional groups in GO for F− detection in
aqueous solution, FT-IR characterization of GO powder was
performed. Fig. 4 inset shows the FT-IR spectra of GO and the
availability of characteristic hydroxyl group (-OH) absorption
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Fig. 5. Equivalent circuit for (a) GO integrated with μ-IDEs and (b) GO/Al
(μ-IDEs)/p-Si with sensing solution of 0.1-1000 ppm.

band peaks at 3370.42 cm−1 , carbon–carbon (C=C) peak at
1624.77 cm−1 . As well, the existence of epoxy (C–O–C)
stretching and carbonyl groups (CLO) of carboxylic derivatives stretching at 1053.67 & 993.95 cm−1 and 1821.36 &
1734.04 cm−1 [5], [13], [14]. Fig. 4 shows the FT-IR transmittance spectrum for GO+F− powder 1-1000 ppm. The
transmittance spectra show a significant decrease in absorption
intensity with the increase in F− ; GO+F− 1 ppm (curve “A”),
10 ppm (curve “B”), and 100 ppm (curve “C”). The decrease
in the characteristic absorption peaks for functional groups
attached to GO attributes to adsorption of F− on the active
binding site in GO. Moreover, for F− concentration of
1000 ppm (curve “D”), the FT-IR resembles almost a flat
spectra, attributing to the saturation of active binding sites in
GO for F− concentration of 1000 ppm.
The intensity of the FT-IR spectra mostly decreases around
3300 and 1700 cm−1 which attributes to the presence of
hydroxyl (OH) functional group and carboxylic derivatives
in GO. With the increase in the concentration of F− the
presence of OH functional groups and carboxylic derivatives
decreases leading to reduction in the absorption peak intensity. Additionally, there is no shift in the peak positions of
FT-IR spectra.
The absorption intensity maxima are noticed for GO+F− of
1 ppm as compared with GO+F− of 10 ppm for wavenumber
ranging from 4000 to 1500 cm−1 . However, the region in the
FT-IR spectra where absorption intensity peak is more for
GO+F− 10 ppm as compared with GO+F− 1 ppm (without
any shift in the peak position) may be attributed to the fingerprint region [32], [33]. Fingerprint region in the FT-IR spectrum is the region when the wavenumber is below 1500 cm−1
(from about 1500 to 500 cm−1 ). The fingerprint region consists
of very complicated series of absorptions band peaks like C-C,
C-O, like in alcohols, ethers, esters, etc [32]. On the other hand
in the finger print region, it is difficult to have the same FT-IR
spectrum for any two compounds (except enantiomers). Indeed
we could identify the alkyl halide (Carbon-Fluoride) stretching
frequency around 1400-1000 cm−1 in the FT-IR spectra with
the addition of the fluoride ion proving the adsorption
of F− onto the surface of GO.
In order to investigate the sensing behaviour of chemical
sensors, the characteristics of Nyquist Plots with one or more
semicircles has emerged as a useful analytical tool [34].
In the Nyquist Plots the impedance spectrum of fabricated
GO/μ-IDEs/p-Si sensor system for F− sensing application
can be modelled by the parallel arrangement of resistance
and capacitance. The Nyquist plots interpretation at different
sensing stages for F− interaction with the fabricated GO/Al
(μ-IDEs)/p-Si sensor system can be described by the
equivalent circuit as shown in Fig. 5.

Fig. 6. Nyquist plot (–Z vs Z ()) for μ-IDEs with GO and GO+F− from
10M-1KHz, with F− concentration ranging from 1-1000 ppm. Inset shows the
zoom in nyquist plot for high frequency (Z in the range 15-45 ) with GO
and variation in F− concentration.

In the Nyquist Plots (Fig. 6), the diameter of the 1st
semicircles at high frequency represents the interfacial charge
transfer resistance (Rct ) and double layer capacitance (Cdl ) of
the GO/Al (μ-IDEs)/p-Si sensor system, as shown in Fig. 5 (a).
The presence of second semicircle at lower frequency implies
the formation of an additional layer between the Al-μ-IDEs
and GO after the drop cast of aqueous F− solution.
As expected, there is likelihood for the formation of adsorbent
layer and self-assembled layer of aqueous F− solution onto
GO/Al (μ-IDEs)/p-Si sensor system. The first layer classified
as the interfacial layer (IL) formulated from the parallel combination of Rct and Cdl as shown in Fig. 5(b). While the second,
self-assembled layer (SAL) christened as the inner sub-layer
composed of a constant resistance (Rα ) and a constant phase
element (CPE), as indicated in Fig. 5(b) [6], [34]. Although the
computed –Z and Z () represent the overall impedance of
aqueous F− solution onto GO/Al (μ-IDEs)/p-Si sensor system
for combined effect of IL and SAL. Fig. 6 shows the Nyquist
plot of impedance spectra for GO/Al μ-IDEs/p-Si sensor
system for F− concentration of 1-1000 ppm. As revealed, all
impedance spectrums consist of two semicircles apart from
GO reference measured at 30 mV (RMS).
As shown in Fig. 6, impedance spectra, at higher frequencies, the diameter of the 1st semicircles as marked with
dashed circle for F− concentration 1-1000 ppm represents the
interfacial charge transfer resistance (Rct ) onto μ-IDEs from
the aqueous F− sensing solution. As shown in Fig. 6, that
on varying F− concentration from 1-1000 ppm, the diameter
of the 1st semicircles appearing in the high frequency region
is increasing with respect to reference GO. It features the
apparent variation in the Rct of GO/Al (μ-IDEs)/p-Si sensor
system, which resists the charge transfer from the sensing
solution to the Al-μ-IDEs [6]. The computed Rct () for
reference GO (without F− , and GO+F− in aqueous solution
at 1, 10, 100 ppm are 18.4 and 25.5, 28.45, 35  respectively.
Besides this, the increase in semicircle diameter at high
frequency in the impedance spectra is the consequence of
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Fig. 7.
Capacitance-Frequency (C-F) as a function of GO and
GO+F− concentration ranging from 0.1 -1000 ppm. Inset shows the zoom
in C-F plot for in the frequency range 0 – 0.8 MHz with GO and variation in
F− concentration.

F− molecules adsorption onto the active oxygen comprehending functional sites of epoxy, hydroxyl, carbonyl, carboxyl
available in GO [5], [13]. Whereas, beyond 100 ppm, the
Rct magnitude should remain constant (due to saturation in
bonding sites), although owing to high permeability of GO
membranes to aqueous F− molecules, the F− penetrates the
GO film. As a result, degrades the Al-μ-IDEs owing to the
strong affinity of F− for Al resulting in lower Rct values
[Rct (=24 )] [17], [18].
Fig. 7 shows the variation of Capacitance vs.
Frequency (C-F) characteristics as a function of aqueous
F− solution ranging from 0.1-1000 ppm for fabricated GO/Al
(μ-IDEs)/p-Si sensor system. The maximum capacitance
measured for reference GO is ∼ 2.5 nF and tends to decrease
with increase in frequency as shown in Fig. 7 and finally
saturates at ∼2nF.
While, the measured capacitance of GO/Al (μ-IDEs)/
p-Si sensor system decreases exponentially with frequency as
a function of different concentration of F− sensing solution
ranging from 0.1-1000 ppm (as depicted in inset of Fig. 7).
The computed capacitance for reference GO and GO+F−
of 0.1, 1, 10, 100 ppm are 1.8 nF and 1.73, 1.64, 1.55,
1.05 nF respectively at 0.3 MHz. Though, for F− solution of
1000 ppm, the computed capacitance decreases exponentially
and approaches to negative value. Additionally, the decrease
in capacitance with the increasing concentration of aqueous
F− solution supports the increase in sensor signal with increasing fluoride ion aqueous solution (0.1-100 ppm). It indicates
that as the measurement frequency increases, there might be
more charge flow across the Al-μ-IDEs in a given time and
results the increase in sensing signal.
As discussed and observed from the I-V, C-F, –Z vs Z ())
characteristic curves for F− detection based on
GO/Al μ-IDEs/p-Si sensor system, the sensitivity is strongly
dependent on the amount of adsorbed/desorbed aqueous
fluoride molecules onto the available binding sites in GO at
low concentration 0.1-100 ppm (similar resemblance from
FT-IR spectra for GO+F− (1-100 ppm)).
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Fig. 8. Shows the (a) Integration of GO with Al based μ-IDEs, (b) monolayer
GO sheet with the functional groups attached to its basal plane (epoxy,
hydroxyl) and edges (carboxyl). The electrical interaction mechanism between
fluoride ions present in aqueous solution and GO at (c) low concentration
of F− solution (0.1-100 ppm) and (d) high concentration of F− solution
(1000 ppm).

Though, the F− present in the aqueous solution are probably
adsorbed on the active hydrophilic groups (mainly carboxylic
at edges and hydroxyl at basal plane) as presented in schematic
of the Fig. 8 (a) & (b) in GO through hydrogen and molecular
bonding. Protons (H+ generated as a result of the reaction
of aqueous F− with the hydroxyl of GO interaction with
excess water molecules to form a strong conjugate acid
H3 O+ [2], [26]. These aqueous F− are adsorbed on the GO
surface and do not penetrate the GO film, hence the internal
stress of the GO film is unaffected as shown in proposed model
of Fig. 8 (c). On account of low concentration (0.1-100 ppm)
of aqueous F− solution, the functional sites in GO surface
are adequate to form hydrogen and molecular bonding, results
the increase in sensing signal. Furthermore, the adsorption of
F− onto GO surface results the increase in charge transfer
resistance.
On the other hand, at higher concentration of
F− (1000 ppm), remarkable variation in the I-V, C-F,
–Z vs Z () characteristics for GO/Al (μ-IDEs)/p-Si
sensor system is observed as shown in Fig. 3, 6 & 7. This
considerable variation is attributed to the hydrogen bonding
interaction between the aqueous F− and the GO layers. The
interaction leads to GO inter layer swelling and expansion [26]
as shown in proposed model of Fig. 8 (d). The inter layer
swelling and expansion in the GO significantly increases the
inter layer distance and deteriorates the conductivity of GO
sensing film [8], [26]. Thus, the decrease in conductivity of
GO/Al (μ-IDEs)/p-Si sensor contributes to the reduction in
response signal. Likewise, there is an increase in transfer of
charge from the sensing solution to the μ-IDEs, the Rct value
for high concentration of F− is reduced, and the measured
capacitance for the GO/Al (μ-IDEs)/p-Si sensor is negative.
The negative capacitance observed for GO/Al (μ-IDEs)/p-Si
sensor system can be predominantly due to high conductivity
of aqueous F− solution and strong inductive effect of
GO/Al (μ-IDEs)/p-Si sensor. Fig. 9 shows the variation of
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Fig. 9.
Sensing signal and Capacitance variation with the change
in F− concentration from 0.1-1000 ppm.

GO/Al (μ-IDEs)/p-Si sensor signal (measured at 1.2 V) and
capacitance (measured at 0.3 MHz) with the varying aqueous
F− solution from 0.1-1000 ppm. As shown in the Fig. 9
for reference GO (without F− , the response signal minima
and capacitance maxima are measured ∼8 μA and ∼2.5 nF.
While, as the aqueous F− concentration increases from
0.1 to 100 ppm, the response signal maxima and capacitance
minima measured at 100 ppm is 4 mA at 1.2 V and 1.05 nF at
0.3 MHz, respectively. However, for aqueous F− solution of
1000 ppm the sensor signal of GO/Al (μ-IDEs)/p-Si system
is reduced to 2.44 mA and the capacitance is ∼−3 nF.
IV. C ONCLUSION
This work demonstrates the successful integration of highly
sensitive GO with optimum designed Al based μ-IDEs for
GO/Al (μ-IDE)/p-Si sensor system for the detection of aqueous F− . The proposed sensing system is capable of sensing the
F− concentration in the range of 0.1-100 ppm. The F− present
in the aqueous solution are adsorbed on the functional sites
(epoxy, hydroxyl, carbonyl, carboxylic) available in GO and
thus results in the increase of sensitivity. As a result, the
GO/Al (μ-IDEs)/p-Si based sensor, with low cost, low power
and easy fabrication, as well as scalable properties, showed
great potential for ultrasensitive detection of fluoride ions
present in the aqueous solution.
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