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A B S T R A C T

A reagent-less sensing probe has been developed using hydrothermally reduced graphene oxide (HRGO) and
investigated as potentiometric and chemiresistive pH sensor. The HRGO modified electrode, used as a poten-
tiometric sensing probe, showed a sensitivity of 66 mV / pH for a freshly prepared electrode. After a few expo-
sures to different buffers, a stable sensitivity of 55 mV / pH was obtained in a pH range from 2 to 12. In the
chemiresistive sensing mode, the HRGO electrode showed a sensitivity of around 44 Ω / pH in a pH range from
4 to 7. The results showed that the HRGO modified electrode could be used as a potentiometric pH sensor and
as a chemiresistive sensor. However, the chemiresistive sensor has a narrow working pH range of 4–7 com-
pared to the potentiometric sensing method. The chemiresistive sensor has a good sensitivity between pH 4
and 7 and may be used to measure pH in some biological processes. The electrochemical nature of HRGO sur-
face functionalities was explored by cyclic voltammetry. The presence of a quinone-like redox couple was iden-
tified on the HRGO surface. The redox activity of these functional groups was studied at different pH. Further,
the quinone-like moieties were confirmed by their electrocatalytic activity towards dissolved oxygen.
1. Introduction

The pH is an important analytical parameter in many chemical and
biological processes. Several techniques are available to detect pH,
including colorimetric, electrochemical (potentiometric, amperomet-
ric, ion-selective field-effect transistor (ISFET)), conductometric, and
optical pH sensing. The glass-electrode is the most successfully used
potentiometric pH sensor and is widely accepted in the laboratory
and industrial applications. The ongoing miniaturization of laboratory
equipment also requires the availability of small sensors. This led to
exploring new pH sensing techniques for use in applications that
require small sensors, e.g., microtiter plates, and in vivo tissue mea-
surements. ISFET and optical pH sensors are alternative sensors and
can be constructed in tiny housings. However, the drift and limited
pH range are significant drawbacks of ISFET and optical pH sensors
[1,2].

Oxygen-rich carbon materials are attractive for constructing elec-
trochemical pH sensing probes because of their low material cost
and ability to develop solid-state pH sensing devices [3]. The carbon
surface contains various functional groups, including carboxylic acid,
phenol, quinones, and carbonyl groups [4]. These functional groups
are sensitive towards pH and undergo protonation and deprotonation
reactions depending on the solution's pH. The presence of these func-
tional groups makes the carbon-based material a potential candidate
for the construction of a reagent-less pH sensing probe. In addition
to surface oxides, the pH-sensitive molecules can be functionalized
onto carbon surfaces in several ways. Chemical and electrochemical
activation, physical adsorption of pH-sensitive molecules, and compos-
ite formation are popular functionalization methods [5–14]. The pH-
sensitive surface oxides like COOH, C@O, and C-OH on the carbon
electrode are generated electrochemically by applying a potential
higher than 1.0 V [6,15]. Also, chemical oxidation of the carbon is
widely used to form oxygen-functional groups.

Moreover, pH-sensitive quinone/hydroquinone-derived redox
molecules can be covalently attached to the carbon surface by electro-
chemical and chemical reduction of diazonium salts derivatives
[16–19]. For instance, stilbene-tethered quinone was attached to the
glassy carbon surface by electrochemical reduction. The open-circuit
potential of the electrode changed linearly in the pH range 3–10 with
a slope of 56 mV / pH unit [19,20]. In another study, anthraquinone
was covalently attached on a diamond surface, and a pH-dependent
redox potential with a slope of 59 mV / pH unit was reported [21].
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Fig. 1. FT-IR spectrum of GO and HRGO (a), the dashed lines indicate the
change in the intensity of the peaks and corresponds to the -CAO, C@C and
C@O groups. Raman spectra of GO and HRGO (b). The increased disorder of
HRGO sheets is measured using the difference in D to G ratio between GO and
HRGO.
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Compton et al. developed a chemical reduction method to covalently
attach diazonium derivatives on a carbon surface [22–24]. They
derivatized the carbon with 14 different compounds and used cyclic
voltammetry and square wave voltammetry to demonstrate the appli-
cability of these materials to manufacture reagent-less pH sensors
[22]. In the same report, they also used physical adsorption to fabri-
cate pH-sensitive electrodes. The electrodes fabricated with anthra-
cene, 9,10-diphenylanthracene, and 9,10-phenantraquinone showed
a pH-dependent redox potential, that changed linearly in the pH range
1–10 with a sensitivity of 57–61 mV/pH unit. In addition, there are
several other voltammetric pH sensors reported, and most of them
used quinone-type pH-sensitive molecules [25,26]. All the reported
modifications to fabricate carbon-based pH sensors involve the gener-
ation of pH-sensitive quinine groups. However, the sensor fabrication
for real applications using these methods has some disadvantages. For
instance, the electrochemical surface modification requires carbon in
the solid form, and the chemical activation needs several reagents
and tedious chemical process steps. Also, the covalent attachment of
sensing molecules could affect the electron transfer rate, leading to a
longer response time. Therefore, developing flexible carbon materials
that do not require additional steps to generate or immobilize pH-sen-
sitive molecules for electrode fabrication, will be more advantageous
for the development of reagent-less pH sensors. In this regard, oxy-
gen-functional groups, abundant on reduced graphene oxide play an
important role in developing simple, cost-effective and efficient envi-
ronmental benign reagent-less pH sensors. Besides, the modified mate-
rials should have good electrical conductivity, mechanical strength
and should not need additional conducting or supporting material.
Devices constructed using modified graphene oxide can act as a sens-
2

ing probe and as a solid ion to electron transducer in a solid-state pH
sensor.

Reduced graphene oxide (rGO) is produced through the bulk oxida-
tion of graphite into graphene oxide and then reduced by chemical,
thermal or electrochemical methods. After the reduction process, the
electrical conductivity of graphene oxide is restored. However, XPS
and elemental analysis of rGO, indicate that even after the reduction
process a significant number of oxygen-functional groups are still pre-
sent in rGO. The C/O atomic ratio of rGO that was prepared using dif-
ferent reduction processes is in the range of 8.5 – 10.3% [27–32].
Based on XPS data, the presence of oxygen-functional groups on the
rGO’s follows the order Hydrothermal rGO (HrGO) > Chemical
rGO > Electrochemical rGO (ErGO) > Thermal rGO. [33].

Among the rGO’s, only the ErGO has been investigated as a sensing
material for a potentiometric pH sensor. Yang et al. used ErGO to sup-
port pH-sensitive anodically electrodeposited IrO2 [34]. The ErGO-
IrO2 sensor strip showed a linear response in the pH range of 2–12
with a sensitivity of 61.74 mV/pH unit. Recently, we reported a
polyaniline functionalized ErGO as a potentiometric and conductomet-
ric pH sensor [35]. The sensitivity of this pH probe was 37 mV/pH for
ErGO, and 55 mV/pH for ErGO supported polyaniline. The poor pH
sensitivity of ErGO was the result of a low population of oxygen-func-
tional groups. ErGO has also been reported as a solid ion to electron
transducer for the potentiometric ion-selective electrodes. All the
reported works employed an ion-selective membrane coated rGO to
detect Ca2+, K+, and other heavy metal ions like Hg2+, Zn2+, Cu2+

[36–43]. Some reports also used Graphene oxide (GO) to increase
the amount of oxygen-functional groups along with other pH-sensing
materials. Liu et al. reported a potentiometric pH sensor based on a
cysteic acid/graphene oxide composite film [44]. The cysteic acid/
GO composite with carboxylate and sulfonate group showed a near-
Nernstian response of 50.2 mV/pH unit in the pH range 2–12. How-
ever, a solid glassy carbon electrode was used to immobilize the
composite.

Hydrothermal reduction is a green and environmentally friendly
method for reducing graphene oxide [45,46]. At hydrothermal condi-
tions, super-heated water molecules catalyze the reduction of the oxo-
functional groups. Under hydrothermal conditions, the reduction
occurs due to the acid-catalyzed dehydration through the protonation
of oxo-functional groups in a reversible manner. Because of this
reversibility, some functional groups like epoxides and alcohols are
still present after the reduction process has been completed [46].
The abundant oxygen-functionalities on HRGO was explored for super-
capacitor applications [47]. The contribution of pseudo-capacitance,
due to redox reactions of the functional groups, contributed to the high
capacitance of the material.

Despite that HRGO contains many oxygen-functional groups, its
functioning as a reagent-less pH sensing material has never been
explored. In this study, we investigated HRGO as a reagent-less sensor
probe for potentiometric pH measurements. We used cyclic voltamme-
try to understand the electrochemical nature of oxygen-functional
groups present in HRGO. Furthermore, we showed that a pH sensitive
HRGO conductive channel on interdigitated electrodes could function
as a miniaturized pH sensor.
2. Experimental methods and physicochemical characterization

2.1. Synthesis of GO and HRGO

Graphite oxide (GO) was prepared according to Hummers’ method
[48]. In a typical procedure, 3 g of graphite flakes (Sigma-Aldrich) was
dispersed in 69 ml of H2SO4 (Merck), and 1.5 g of sodium nitrite
(Sigma-Aldrich) was added to the suspension while stirring. Then
the suspension was placed in an ice bath and continuously stirred, fol-
lowed by the slow addition of 9 g KMnO4 (Sigma-Aldrich). Subse-



Fig. 2. TEM images of GO (a and b), and HRGO (c and d).
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quently, 400 ml of distilled water was cautiously added to the mixture.
The temperature quickly rose to 90 °C, and this temperature was main-
tained for 15 min. Afterward, 7.5 ml of 30% H2O2 (Sigma-Aldrich) was
added, and the color of the suspension changed from brown to yellow.
Finally, the GO suspension was washed several times with 5% HCl
(Merck) and Milli Q water. For HRGO preparation, 50 mg GO was dis-
persed in 50 ml ultra-pure water and sonicated for 12 hrs. Afterward,
the dispersion was autoclaved at 130 °C for 6 h. After hydrothermal
treatment, the black dispersion was separated by centrifugation
(5000xg, 10 min). Then the pellet was repeatedly washed with water
and re-dispersed in isopropanol.

FT-IR Tracer-100 (Shimadzu, Japan) was used for the FT-IR studies.
The samples were scanned between 500 and 4000 cm−1. Raman spec-
troscopy was performed using a Perkin Elmer Raman station equipped
with 785 nm laser. Samples were deposited on a microscopic glass
slide and dried in an oven at 100 °C. Transmission electron microscopy
(TEM) was carried out at 120 keV (CM12, Philips, The Netherlands).
The samples were prepared on a carbon-coated 400 mesh copper grid
and the images were recorded with a slow-scan CCD camera.
2.2. Electrochemical setup and pH sensor fabrication

For the potentiometric sensor, a 2 mm gold disc, platinum wire,
and Ag / AgCl in 3 M KCl solution were used as working, counter,
and reference electrode, respectively. The electrochemical measure-
ments were performed with a CH-Instruments potentiostat (CH600
and CH760, CH Instruments, Austin, Texas, USA). A three-compart-
ment electrochemical cell was used for the analyses. The pH electrode
was fabricated by drop-casting 5 µl of 1 mg/ml HRGO dispersed in iso-
propanol on the 2 mm gold disc. Then, the electrode was dried in an
oven at 100 °C for 24 hrs. Potentiometric responses of HRGO modified
electrodes were obtained by measuring the open circuit potential
3

(OCP) against an Ag / AgCl reference electrode, and changes in the
potential values were used as the sensor signal. The cyclic voltamme-
try experiment was performed with electrodes submerged in the buffer
solution with different pH values. The Britton-Robinson buffer was
used for the pH range from 2 to 6, and 0.2 M phosphate buffer was
used for the pH range from 7 to 8. For all pH measurements, 0.1 M
KCl was used as a supporting electrolyte.

For chemiresistive sensor fabrication, 2 µl of HRGO dispersion (dis-
persed in isopropanol) was drop-casted on the interdigitated gold elec-
trodes (IDE’s, BVT technology, Czech Republic). Then the electrode
was dried at 100 °C for 12 h in an oven. Afterward, 5 µl of a Nafion
solution (5 wt% in isopropanol) was added and left to dry at room tem-
perature for 24 h. The Nafion binds the graphene sheets together and
helps to avoid any interference from the electrolyte. Two leads of the
electrode were connected to the potentiostat for data acquisition. A
potential of 100 mV was applied between the source and the drain,
and the output current was measured over time. The resistance value
of the HRGO-deposited electrode was calculated through Ohms law.

The pH response of the HRGO modified electrodes was measured
by immersing the electrode in solutions with different pH values (pH
2.0 – pH 12.0). The Britton and Robinson (B-R) universal buffer solu-
tion (0.04 M H3PO4, 0.04 M CH3COOH, and 0.04 M H3BO3) was
titrated with 0.2 N NaOH to adjust the pH to the desired value [49].
3. Results and discussion

3.1. Material characterization

The formation of HRGO was characterized by FT-IR spectroscopy.
The FT-IR spectrum of GO (Fig. 1a) showed strong peaks at
1700 cm−1 and 1010 cm−1, which are due to -C@O and -CAO stretch-
ing of the COOH and epoxide-functional groups, respectively.



Fig. 3. CV measurements of the HRGO electrode immersed in 1 M H2SO4 from
−0.3 V to 0.8 V at a scan rate of 50 (blue) and 100 mV / s (red).

Fig. 4. The reversible redox reaction of quinone/hydroquinone redox couple
observed from cyclic voltammetry.
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Hydrothermal treatment reduced the intensity of these peaks drasti-
cally. The peak around 1580 cm−1 corresponds to C@C. This indicated
the removal of oxo-functional groups and partial restoration of the sp2

hybridized carbon conductive network [50,51].
The Raman spectra of GO and HRGO show two broad peaks around

1350 cm−1 and 1500 cm−1, corresponding to the D and G mode of
vibration (Fig. 1b). The G peak relates to E2g in the plane vibration
mode of graphite lattices, and the D peak corresponds to the K2 pho-
nons of the A2g symmetrical vibration mode [50,51]. The D peak is
considered to be indicative of the number of defective sites in the gra-
phene sheets. The higher the D peak, the higher are the number of
defects.

Transmission electron microscopic (TEM) images of parent GO
(Fig. 2a and b) and after hydrothermal reduction (HRGO, Fig. 2c
and d) showed a thin graphene film with wrinkle formation and crum-
pled graphene sheets in both cases.
Fig. 5. CV measurement of the HRGO electrode immersed in different R-B
buffers with a pH from 2 to 8 at a scan rate of 1 mV / s (a); Plot of the anodic
potential of the HRGO electrode with respect to the pH (b).
3.2. Electrochemical characterization of HRGO modified electrode

Cyclic voltammetry (CV) was used to investigate the electrochemi-
cal nature of the oxygen-functional groups present on HRGO. Initially,
voltammograms were recorded in 1 M H2SO4 electrolyte, and a poten-
tial range of −0.3 V to 0.8 V was applied (Fig. 3). During the forward
scan (anodic direction), the oxidation peak appeared at 0.380 V (vs
Ag/AgCl). During the backward scan (cathodic direction), the reduc-
tion peak appeared at 0.320 V (vs Ag/AgCl).

These redox potentials were related to the quinone/hydroquinone
redox-couple [52,53]. The anodic peak potential corresponds to hydro-
quinone oxidation, and the cathodic potential refers to quinone reduc-
tion. The peak separation between anodic and cathodic peak potential
is 60 mV, which is indicative of a two-electron and two-proton reduc-
tion process related to quinone/hydroquinone-like redox-couples
(Fig. 4).

The behaviour is similar to the chemically and electrochemically
activated glassy carbon electrodes. The CV measured at a scan rate
of 50 and 100 mV/s shows the scan rate-dependent current behaviour
(Fig. 3). However, at a higher scan rate, background capacitance dom-
inated; therefore, a low scan rate of 1 mV/s was selected for further
pH-dependent CV measurements (Figs. 5 and 6). Subsequently, CV
was measured for the HRGO electrode immersed in buffers with a dif-
ferent pH (Fig. 5a). The voltage limit was adjusted as a function of the
pH. When the buffer's pH changed from 2 to 8, the redox potential
became more negative and shifted towards the cathodic direction. In
other words, the redox peak shifted cathodically with increasing pH.
When the pH increases, well-defined oxidation peaks were observed
4

up to pH 8, but cathodic peaks are not clearly seen for pH 7 and 8.
The anodic potential values obtained with the HRGO electrode were
plotted against the pH. The slope of the regression line was 57 mV /
pH with an R2 of 0.9988, indicating Nernstian behavior (Fig. 5b).

The results suggest that the electrochemistry of HRGO modified
electrode is dominated by the presence of quinone-like moieties whose



Fig. 6. CV measurements of the HRGO electrode immersed in buffers with a
pH of 3, 5, and 7, saturated with O2 (a) and saturated with N2 (b). The scan
rate was 1 mV / s.

Fig. 7. Potentiometric pH measurements. The continuous potential measure-
ment of the HRGO electrode in a buffer solution with increasing pH from 3 to
12 with respect to time (a) and the corresponding calibration curve (potential
versus pH plot) for the first measurements (b).

S. Chinnathambi, G.J.W. Euverink Journal of Electroanalytical Chemistry 895 (2021) 115530
redox potential is pH-dependent. This observation supports earlier
reports based on XPS and electroactive labeling methods, which found
that graphene oxide prepared following the Hummer’s procedure con-
tains many quinone groups relative to other functional groups [54,55].
In addition, there are some other functional groups like carboxyl and
hydroxyl groups present in low numbers, but these groups do not influ-
ence the electrochemistry of HRGO.

At pH > 6, the anodic peaks are not visible because they are con-
cealed by the oxygen reduction peak in the presence of dissolved oxy-
gen. The CV measurements were carried out in O2, and N2 saturated
buffers at pH 3, 5, and 7 to understand the oxygen interference in more
detail (Fig. 6a and b). In the absence of oxygen (Fig. 6b), explicit oxi-
dation and reduction peaks corresponding to the quinone-hydro-
quinone redox couples are present. Although oxygen interfered with
the measurement, oxygen did not affect the position of oxidation
potential.
3.3. Potentiometric pH response of the HRGO modified electrode

The potentiometric response of the HRGO modified electrode was
obtained in the pH range 2 to 12. The measurements were carried
out by recording the open circuit potential with respect to the Ag /
AgCl reference electrode. The potential differences occur because of
the reversible protonation/deprotonation of the oxo-functional groups
present on HRGO and follow the Nernst equation as shown in Equation
1.

E = E° + [2.303RT / F] log [H+] (1)
The freshly prepared HRGO electrode gave a super-Nernstian

response of 66 mV / pH when exposed to a pH from 3 to 12 (Fig. 7a
5

and b). The electrode showed a formal potential of 0.748 V. However,
after repeated exposure to buffer solutions with different pH, the sen-
sitivity of the electrode decreased and stabilized with a slope of 55 mV
/ pH unit. The change of sensitivity in consecutive experiments is due
to the instability of some of the functional groups when

exposed to alkaline pH. However, the stabilized sensitivity is better
than the reported sensitivity of an ERGO modified electrode and com-
parable with other reported pH sensing materials (Table 1).

The response time and stability of the sensor were obtained by con-
tinuously monitoring the open circuit potential over some time while
the pH of the solution was changed by the addition of 0.2 N NaOH
(Fig. 8a and b). The electrode was held for a minimum of 15 min at
each pH. The graph shows that the HRGO electrode has good stability
with a response time of less than a minute.

A seemingly longer response time is caused by the dropwise addi-
tion of NaOH to reach that particular pH. For the reproducibility test,
the experiment was repeated several times between pH 2–12. One set
of the experiments from pH 3–12-12–2 and the corresponding calibra-
tion curve is shown in Fig. 8b. When the experiment was repeated
from pH 12–3, some memory-loss was observed from the shift in the
potential value of the electrode at low pH. This shift occurred due to
the exposure of the electrode to alkaline pH > 10. Despite the change
in the open-circuit value, the sensitivity of the electrode was not chan-
ged. The electrode stabilized after a few exposures to buffer solutions
with a different pH. A small change in the formal potential of the elec-
trode was also observed, and a value of 0.550 V was obtained.

The high sensitivity of the HRGO modified electrode indicates that
it contains electrochemically active pH-sensitive oxygen-functional



Table 1
Comparisons of carbon-based materials functionalized with pH-sensitive molecules.

Electrode material Sensing material Transduction method Linear pH
range

Sensitivity
(mV/pH)

Reference

Glassy carbon Surface oxides voltammetric 2–12 (No
linear)

[6]

Carbon fiber Quinone moieties (Anodization) Square wave voltammetry 3–9 52 [56]
Carbon fiber Surface quinone (Chemical activation) Amperometric 2–8 64 [52]
Carbon aluminium (aluminium coated

carbon paste)
Alizarin Voltammetric 2–10 55.8 [25]

Graphite/quinhydrone/paraffin quinhydrone Voltammetric 2–9 57.7 [8]
Activated carbon Potentiometric 2–7 [9]
Carbon powder/basal plane pyrolytic

graphite electrode
anthracene,9,10-diphenylanthracene,9,10-
phenanthraquinone

Voltammetric 1–12 57.5, 61.6, 56.3 [22]

Carbon fiber/Fast blue RR Fast blue RR(quinone containing diazonium
derivative)

Voltammetric 6.5–8 38 [26]

Glassy carbon Anthroquinone sulfonate Potentiometric 1–11 56.4 [57]
Glassy carbon Hydroquinone/quinone Voltammetric 1–11 55 [58]
Graphite/GO Graphene oxide (GO) Potentiometric 4–10 40 [59]
Bppq/carbon particle-AQ Anthroquinone Amperometric 1–9 58 [24]
ErGO/IrO2 IrO2 Potentiometric 2–12 61.74 [34]
ErGO Potentiometric 2–12 33 [35]
ErGO-Polyaniline Polyaniline Potentiometric/conductometric 2–12 55 mV /

1.71 Ω/pH
[35]

Glassy carbon/GO L-Cysteic acid Potentiometric 2–12 50.2 [44]

Fig. 8. The stability and the reversibility of the electrode. The potential
measurements of the electrode in different buffers with the pH in the range 3
to 12 and 12 to 2 with respect to time (a), and the corresponding calibration
curves (b).

Fig. 9. I-V curve of the HRGO and HRGO-NA electrode.
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groups that dominate the sensing response. The hydrothermal reduc-
tion of GO is based upon acid-catalyzed dehydration of oxo-functional
groups. Some of the oxo-functional groups were not reduced during
the hydrothermal treatment because of the reversible nature of the
6

dehydration process [46]. These remaining oxo-functional groups are
responsible for the pH-dependent potentiometric response of the
HRGO electrode.

3.4. Chemiresistive sensing of HRGO

The cyclic voltammetry and potentiometric sensing response
showed that the oxygen-functional groups on the HRGO were more
sensitive to the pH. When exposed to the buffer solution, the func-
tional groups undergo protonation/deprotonation. This process
changes the charge density on the HRGO surface and affects the resis-
tance of the graphene sheets. This surface phenomenon is suitable for
chemiresistive sensing applications. In this regard, we fabricated
HRGO modified interdigitated gold electrodes and used them as
chemiresistive sensors. The conductive channel is formed by deposit-
ing HRGO sheets on top of the interdigitated gold electrodes. Hence,
the resistance of the electrode is controlled by the conductivity of
the HRGO. The conductive network was protected by a Nafion coating
which also binds the HRGO sheets together. The I-V characteristics of
the HRGO electrode were measured between 0.1 and 1 V (Fig. 9). A
linear relationship was obtained indicating Ohmic contact formation
between the HRGO sheets and the gold electrode surface. It can also



Fig. 10. Chemiresistive response of the fresh HRGO-NA electrode immersed in different buffers with the pH the range 3–7 (a). The calibration curve of the
electrode exposed for the second time to the pH range 4–7 (b). Schematic representation of the doping process, which increases the hole concentration at low pH
(c).
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be seen that after a Nafion coating, the resistance of the HRGO elec-
trode increased.

The chemiresistive response of the HRGO-NA electrode was studied
in buffers with a pH between 3 and 7 (Fig. 10a and b). The HRGO-NA
electrode showed a near linear response and gave a sensitivity of
approximately 44 Ω / pH for the pH 4 to 7. Below pH 4 and above
pH 7 the electrode showed a poor response. The sensing mechanism
can be explained by n-type doping of HRGO by H+ ions at lower
pH, as shown in Fig. 10c. Since the H+ ions attract electrons when
adsorbed on the surface, explaining that the conductivity is very low
at lower pH due to reduced hole concentration. When the pH is
increased, the conductivity is higher as a result of a low H+ concentra-
tion that increases the hole concentration. Similarly, the dissociation
of the carboxylic acid groups also influences the channel conductivity.
When the pH increases, the carboxylic acid dissociates into carboxy-
late ions which increases the hole concentration.

For the stability study, the electrode was repeatedly exposed to buf-
fer solutions in cycles from pH 7–3 and pH 3–7. The resistance of the
electrode changed when the pH of the buffer changed in a sequence
from pH 7–3–7. When the electrode was exposed a second time to this
pH cycle, a significant difference in the electrode resistance was
observed (Fig. 10b). However, after a few (>5) cycles, the electrode
response was stable in the pH range 3–7. However, the electrode again
undergoes a drastic change when exposed to pH > 7. Because of this
stability reason, the HRGO chemiresistive sensor can only be used
between pH 4 and 7. However, this range is sufficient to measure
the pH changes in many biologically important processes, for example,
in fermentation processes, where the pH values between 4 and 7 fre-
7

quently occur. Besides, considering the advantage of fabricating the
reference-less microsensor, the HRGO sensor electrode performance
can be optimized, and the sensitivity range could be expanded in the
future for various applications.

4. Conclusion

The role of oxygen-functional groups present on HRGO was inves-
tigated for pH sensing applications. The HRGO modified electrode
showed a linear response in the pH range 2–12 with a sensitivity of
52 mV / pH. The electrochemical nature of functional groups present
on HRGO was investigated using cyclic voltammetry. The CV studies
indicated that quinone-like functional groups were present on the
HRGO. The CVs showed reversible quinone and hydroquinone-like
peaks in the pH range 2–8. These quinone-like moieties promote the
reduction of dissolved oxygen. Hence, removing dissolved oxygen is
necessary for the accurate measurement of the reduction peak poten-
tial at a pH above 6. We also fabricated a reference-less two-electrode
based chemiresistive sensor. The resistance of HRGO modified IDE’s
reproducibly changed when the electrode was exposed to buffers with
a pH range of 4 to 7. Though this is a narrow pH range, the sensor can
be used to measure pH in, e.g., fermentation processes.
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