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Abstract Functionalization of glassy carbon spheres have
been carried out by microwave irradiation in the presence
of modifier molecules through oxidation followed by
amidation reaction. The glassy carbon spheres were initially
catalyzed by treating with concentrated nitric acid to
introduce surface-bound carboxylic groups, and its subse-
quent amidation reaction in the presence of p-nitroaniline
yields p-nitroanilide-functionalized substrate materials.
These derivatized glassy carbon spheres have been electro-
chemically characterized by immobilizing them on bppg
electrode and studying its voltammetric behavior. X-ray
photoelectron spectroscopy and Fourier transform infrared
spectroscopy studies have revealed that the modifying
molecules are surface bound and covalently attached on
the carbon substrate.
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Introduction

The surface chemistry of graphite and related conducting
forms of carbon is of much interest to electrochemists,
surface scientists, synthetic chemists, and material scientists
in recent years due to its unique properties like chemical
inertness, high mechanical strength, good electrical con-
ductivity, high surface activity, and wide potential window

[1]. In recent years, a lot of emphasis has been laid toward
the functionalization of carbon substrate materials, primar-
ily due to their potential applications in separation science,
adsorption studies, enhancing catalysis, trace metal ion
analysis, electroanalysis, chemical sensors, and other
electronic components [2, 3]. A few methods such as
electrochemical reduction, thermolysis, photolysis, and
chemical reduction of diazonium salts have been developed
and used for the surface functionalization of different forms
of carbon substrates through the reactive intermediates of
aryldiazonium salts [4–8]. The resulting reactive species
formed such as aryl radical or cationic species can react
with the carbon surface, resulting in covalently bonded
species [9]. Most of these reactions are based on the use of
conventional chemical techniques like refluxing and/or
sonication in organic solvents or mineral acids or reducing
agents, often making use of high temperatures/pressures,
long reaction times, and highly reactive species [10–12].
Consequently, alternative functionalization approaches are
highly desirable to enable new protocols easy to execute
and scale up. Microwave-assisted organic synthesis enhan-
ces the rate of reactions, improves product yield, has low
reaction times, as well as shows energy efficiency [13]. A
novel fabrication method for the patterned carbon nano-
tubes (CNTs) conducting arrays by consecutive condensa-
tion reaction and their photolithographic application has
been reported [14]. The oxidized nanotubes were treated
with long-chain alkylamines via acylation, and the resulting
functionalized material is soluble in organic solvents [15].
The lipophilic and hydrophilic dendrimers were covalently
attached on oxidized CNT via amidation or esterification
reactions [16]. The multiple rapid functionalization of
CNTs through 1,3-dipolar cycloaddition of aziridines using
microwave energy was reported by Brunetti and coworkers
[17].
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Microwave radiation is a well-known noninvasive and
clean processing tool that has been widely used to activate
or accelerate chemical reactions [18, 19]. Typically,
microwave energy decreases the kinetic barrier for reactions
by altering bond vibrational and/or configuration energies
of specific reactants [20]. Such activation can provide
reaction to take place at lower temperatures and/or reduced
reaction times which can obviate unwanted side reactions
and products due to thermal effects and lead to accrued cost
savings [21]. In this direction, functionalization of materials
with due consideration to minimize the organic solvent use
as well as to achieve the required modification under
solvent-free conditions has been adopted using microwave
irradiation using nitric acid as an oxidizing agent [22].
However, no attempts have been made until now to use
microwave energy to functionalize the glassy carbon
spheres through oxidation and subsequent amidation reac-
tion. In this report, we have studied the derivatization of
glassy carbon spheres in a two-step process via oxidation
and amidation processes under solvent-free conditions. The
modified glassy carbon spheres with p-nitroanilide groups
have been designated as p-nitroanilide-modified glassy
carbon spheres (NAGCs) and characterized by studying
its cyclic voltammetry as well as spectroscopy.

Experimental section

Chemicals and instrumentation

All reagents used were Analar grade and used without
further purification. The glassy carbon spheres (2–12 µm in
diameter) were purchased from Aldrich (purity>99.95%)
and used directly, and these consisted of irregularly shaped
particles. p-Nitroaniline (purity>97%) and potassium bro-
mide for Fourier transform infrared spectroscopy (FTIR
grade, ≥99%) were obtained from Sigma-Aldrich. Solutions
of known pH in the range pH 1.0 to 12 were prepared using
deionized water from MilliQ water purifier (Millipore,
USA) with a resistivity of not less than 18.2 MΩ cm as
follows: pH 1, 0.1 M HCl; pH 2, 0.1 M sodium citrate +
0.1 M HCl; pH 3, 0.1 M glycol+0.1 N NaCl+0.1 M HCl;
pH 4, 0.1 M acetic acid + 0.1 M sodium acetate; pH 5,
0.2 M acetic acid + 0.1 M sodium acetate; pH 6, 0.2 M
acetic acid + 0.2 M sodium acetate; pH 7, 0.01 M KH2PO4

+ 0.01 M Na2HPO4; pH 8, 0.01 M KH2PO4 + 0.01 M
Na2HPO4; pH 9, 0.05 M sodium tetraborate (H3BO3 +1 N
NaOH); pH 10, 0.1 M sodium tetraborate + 0.1 N NaOH;
pH 11, 0.01 M NaOH or KOH. The cell contained 4 mL of
buffer and 4 mL of 0.1 M KCl as supporting electrolyte.

Voltammetric measurements were performed using a CH
Instruments (Texas, USA) Model 619B series computer-
controlled potentiostat. All electrochemical measurements

were carried out at room temperature (26±2 °C) after
degassing the solutions using ultrapure nitrogen gas for
15 min in an electrochemical cell of volume 10 mL with a
standard three-electrode configuration. A basal plane
pyrolytic graphite (bppg, 0.3 cm2, Le Carbone Ltd., Sussex,
UK) electrode acted as the working electrode. A Pt
(99.99%) wire was used as a counter electrode and
Ag/AgCl (3 M KCl; CH Instruments, Texas, USA) as a
reference electrode. All pH measurements were carried out
using Control Dynamics pH meter. All the Fourier
transform infrared spectrophotometer measurements were
performed using FTIR-8400S Shimadzu. X-ray photoelec-
tron spectroscopy (XPS) spectra of the samples were
recorded in an ESCA-3 Mark II spectrometer (VG
Scientific, England) using Al KR radiation (1,486.6 eV).
Binding energies were corrected from charge effects by
reference to the C (1s) peak of carbon contamination at
285 eV and measured with a precision of 0.2 eV. The
experimental data were curve fitted with Gaussian peaks
after subtracting a linear background.

Functionalization of glassy carbon spheres through
amidation reaction

One gram of glassy carbon spheres was mixed with 5 mL
of 70% HNO3 in a glass bowl, and the microwave power
was set to about 15% of a total of 900 W, and the reaction
was carried out for about 2 min to generate carboxylic
groups on the surface of the glassy carbon spheres. Then
p-nitroaniline (0.138 g, 1 mmol) was added to the reaction
mixture, and the reaction was continued for a period of
1-min heating. Then, the reaction mixture was cooled and
filtered by washing with water to remove excess acid.
Finally, the modified glassy carbon spheres were washed
with acetonitrile, acetone, and water to remove any
unreacted and physisorbed reactants. The functionalized
glassy carbon spheres were then dried by placing inside a
fume hood for a period of 12 h and finally stored in an
airtight container prior to use (Scheme 1) [9, 10]. The
p-nitroanilide-functionalized glassy carbon spheres have
been designated as NAGCs.

Electrode modification

The p-nitroanilide-modified glassy carbon spheres were
electrochemically characterized by immobilizing abrasively
onto the surface of the basal plane pyrolytic graphite
electrode and studying its voltammetric behavior. The
electrode surface was initially polished on glass polishing
paper (H00/240) followed by silicon carbide paper
(P1000C) for smoothness. The functionalized glassy carbon
spheres were immobilized mechanically (Scheme 2) onto
the bppg electrode by gently rubbing the electrode surface
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on a fine qualitative filter paper containing the derivatized
glassy carbon spheres [7].

Results and discussion

XPS studies of oxidized and functionalized glassy carbon
spheres

The XPS spectral studies of both oxidized and p-nitroanilide-
functionalized glassy carbon spheres have been carried out
in the range 0 to 1,000 eV (Figs. 1a and 2a). In each case,
the observed spectrum was dominated by the peak
corresponding to the C1s at ca. 284.7 eV corresponding
to graphitic carbon. On closer inspection, it was possible
to observe peak corresponding to the O1s at 533.5 eV,
which is in agreement with previous studies of carbona-
ceous surfaces [23]. The presence of different kinds of
oxygen on the surface of both samples was confirmed by
the corresponding O1s peak of carboxylic acid and nitro
groups. The presence of nitrogen on the surface of the
modified glassy carbon spheres corresponds to the N1s peak
of nitro groups, but the most striking feature is the absence of
N1s peak at 402 eV due to the p-nitroanilide group on the
oxidized glassy carbon surface. This confirms that function-
alization has occurred on the surface of the glassy carbon
sphere surface through covalent attachment [23].

Next, a series of successive scans was performed on each
of the samples (oxidized glassy carbon spheres and
NAGCs) over the C1s, N1s, and O1s regions of the
spectrum. For C1s emission, it was scanned from 280 to
295 eV. Next, ten scans were performed from 395 to
410 eV corresponding to the N1s region of the spectrum
and the cumulative spectrum recorded to improve the
signal-to-noise ratio. Similarly, ten scans were recorded
over the O1s region from 525 to 540 eV, and its cumulative
spectrum was considered.

The spectrum was recorded over the C1s region for each
of the two samples studied above to identify and distinguish
between C1s signals corresponding to the –COOH,
–CONH, and –NO2 groups on the surface of oxidized
glassy carbon spheres and functionalized glassy carbon
spheres (Figs. 1b and 2b). Oxidized glassy carbon spheres
show two peaks pertaining to C1s signals at 284.35 and
288.77 eV in the ratio 13:1 and these peaks correspond to C1s
of glassy carbon spheres and C1s of carboxylic groups
(Fig. 1b), whereas functionalized material shows four peaks
at 284.32, 285.3, 286.4, and 289.64 eV pertaining to C1s, and
these peaks are due to C1s of glassy carbon spheres, –NO2,
aromatic, and –CONH groups, respectively (Fig. 2b).

Next, successive scans were performed on each of the
samples pertaining to the O1s region. Figure 1c shows the
O1s spectrum of oxidized glassy carbon spheres, while
Fig. 2c shows the corresponding spectrum of NAGCs for
comparison. Analysis of the resulting spectra reveals that
the oxidized glassy carbon spheres shows two peaks at
532.1 and 533.13 eV in the ratio 1.4:1 corresponding to
quinonyl and carboxylic acid groups, while NAGC shows
three peaks at 531.33, 532.1, and 533.14 eV, respectively.
Among these peaks, two peaks correspond to oxygen-
containing quinonyl and amide surface groups, while the
third corresponds to the oxygen atoms of an aromatic –NO2

group [24] (http://srdata.nist.gov/xps/XPSDetailPage.aspx).
Similarly, the spectrum was recorded for p-nitroanilide-

modified glassy carbon spheres in the N1s region.
Figure 2d shows two peaks at 400 and 405.7 eV due to
the presence of the N1s electrons of –CONH group and
–NO2 groups of the modifying molecule, respectively.
Analysis of the resulting spectra for NAGCs showed two
peaks. Among these, one peak corresponds to nitrogen-
containing amide surface group, while the other belongs to
the nitrogen atoms of an aromatic –NO2 group. The
presence of –CONH and –NO2 groups are in agreement
with the interpretation of the N1s spectral of these materials
given above. Comparison with literature values of N1s
shifts for different nitrogen-containing moieties allows us to

Scheme 2 Electrode modification

Scheme 1 Derivatization of glassy carbon spheres with p-nitroanilide
species
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assign the peaks as arising from an amide and a nitro
moiety, respectively. The 1:1 ratio of –CONH and –NO2

moieties indicates that nitrophenyl is indeed present on the
surface of the glassy carbon sphere, and it is in agreement
with reported literature [23]. Instead, we identified such
oxygen-containing surface groups in addition to the
nitrogen-containing moieties by using a simple Gaussian
sum function. To minimize the error in measuring peak
positions, the C1s peak position for each sample was
measured relative to the literature value, and all subsequent
peak positions reported for samples were adjusted accord-
ingly. These studies reveal that the surface of the
oxidized glassy carbon spheres undergoes functionaliza-
tion through the carboxylic groups to attach nitrophenyl
moieties covalently [23, 24] (http://srdata.nist.gov/xps/
XPSDetailPage.aspx).

Voltammetry of oxidized glassy carbon spheres

The glassy carbon spheres were initially oxidized by acid
treatment to introduce carboxylic groups on its surface before
amidation reaction. In order to confirm the presence of
carboxylic groups on the surface of the oxidized glassy
carbon spheres, its cyclic voltammetry has been carried out
after immobilizing it on bppg electrode. Initially, voltammetric
scans were recorded in the potential range +0.6 to
−0.6 V in aqueous buffer of pH 4 (0.1 M acetic acid +
0.1 M sodium acetate) to understand the electrochemical
behavior of the oxidized glassy carbon spheres. Upon
first scanning in a negative direction, a reductive wave
was observed at Epc=0.216 V vs. Ag/AgCl (3 M KCl),
and in its reverse direction its corresponding oxidative
wave has been observed at Epa=0.312 V vs. Ag/AgCl

Fig. 1 The XPS spectra of a survey of oxidized glassy carbon spheres; b oxidized glassy carbon sphere over the C1s region; c oxidized glassy
carbon sphere over the O1s region
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(3 M KCl). The subsequent scans corresponding to
reductive/oxidative waves are symmetrical in shape, and
the peak current is proportional to the square root of the
scan rate. Next, a series of control experiments has been
carried out to compare the electrochemical behavior of
quinonyl/hydroquinonyl groups with bare bppg electrode
and unoxidized glassy carbon spheres. No significant peaks
have been observed due to these, indicating the absence of
any redox moieties on the surface of unoxidized or native
glassy carbon spheres (Fig. 3).

Voltammetry of functionalized glassy carbon spheres

The derivatized glassy carbon spheres were examined
electrochemically in order to verify whether the modifying
molecule has been attached on the glassy carbon spheres or
not during microwave-induced derivatization process. The

redox behavior of p-nitroanilide-modified glassy carbon
spheres were characterized by immobilizing them on bppg
electrode and studying its cyclic voltammetry. The poten-
tials due to peaks B, A A1, and C C1 were found to vary
with the pH studied (Scheme 3). Figure 4 shows the initial
three scans of modified glassy carbon spheres at pH 4
(0.1 M CH3COOH + 0.1 M CH3COONa + 0.1 M KCl)
with a scan rate of 25 mV s−1 and in a potential range +0.6
to −0.7 V. the first scan in a reductive sweep from 0.6 V
showed a strong irreversible peak at ca. Epc=−0.632 V vs.
Ag/AgCl (3 M KCl) electrode (designated as B in
Scheme 3). Upon reversing the scan at −0.7 V, two new
oxidative peaks were observed at ca. Epa=0.229 and Epa=
0.336 V vs. Ag/AgCl (3 M KCl; designated as reversible
peaks A1 and C1 in Scheme 3). Its corresponding reductive
peaks at ca. Epc=0.230 and Epc=0.098 V vs. Ag/AgCl (3 M
KCl; designated as reversible peak A and C in Scheme 3)

Fig. 2 The XPS spectra of a survey of functionalized glassy carbon spheres; b NAGCs over the C1s region; c NAGCs over the O1s region; d
NAGCs over the N1s region
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were observed when the scan direction was reversed. These
are due to the corresponding reduction of oxidized species
at Epa=0.229 and Epa=0.336 V vs. Ag/AgCl (3 M KCl); in
the subsequent scans, we could not observe any irreversible
peak, but the oxidative and reductive peaks were observed
in the potential range 0.1 to 0.3 V. These peaks might be
due to electrochemically reversible processes, which are
designated as CC1 and AA1, respectively. The electrochem-
ically irreversible peak designated as B is not observed in
subsequent scans, indicating that all the nitro moieties have

been reduced to phenyl hydroxyl amine group. The observed
voltammetric behavior and their wave shapes are consistent
with the reported literature studies of p-nitrophenyl carbon
and correspond to the electrochemical reduction of the
surface-bound nitro groups in aqueous media [7]. Peak B
corresponds to chemically and electrochemically irreversible
reduction of the nitro group in a four-electron, four-proton
transfer to form the phenyl hydroxylamine. Then, it under-
goes an electrochemically reversible two-electron, two-
proton oxidation (peaks CC1) to form the nitrosophenyl
moities. The peaks AA1 corresponds to the electrochemically
reversible two-electron, two-proton redox process of C=O
moiety of modifying a molecule present on the surface of the
glassy carbon spheres. The oxidative/reductive peak poten-
tials of the nitro group present on the modifying molecule
are in agreement with the reported literature [6–8].

Effect of scan rate

Effect of scan rate (v) for NAGCs was studied by varying
scan rate between 10 and 100 mV s−1 at pH 4. The scan rate
(v) was increased by an increment of 10 mV s−1 (figure not
shown) at each time the electrochemically reversible peaks
CC1 (designated as C C1 in Fig. 4) have been observed,
which rapidly stabilized to give a nearly symmetrical wave
shape. The peak current (Ip) was found to vary linearly with
the scan rate (v) (figure not shown). However, this is not
an indicative of species diffusing into the solution. The
p-nitroanilide groups are indeed attached to the surface of
the glassy carbon spheres. The peak current obtained is

Fig. 3 Overlaid voltammograms of bare electrode, unoxidized and
oxidized glassy carbon spheres immobilized on bppg electrode at pH 4
(0.1 M CH3COOH + 0.1 M CH3COONa + 0.1 M KCl), bppg electrode
0.3 cm2, scan rate (v) 25 mV s−1, potential range + 0.6 to −0.6 V

Scheme 3 The proposed
redox mechanism of modifier
molecule
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expected to be a surface-bound species. This dependence of
Ip on scan rate has been observed and is attributed to the
diffusion of charge on the surface of the solid glassy carbon
spheres with electrons hopping from one p-nitroanilide
group to another [7, 8].

Effect of pH

The effect of pH on the peak potentials of NAGCs over the
pH range 1–12 has been examined at room temperature.
The proton loss/gain occurs on the electrode surface due to
the oxidation/reduction of the nitro group of p-nitroanilide
moieties attached on glassy carbon spheres surface. The
shift in the peak potentials may be attributed to the
Nernstian behavior, which is described in the following
equation [7, 8]:

E ¼ E
q � 2:303RTm

nF
pH

where E is the peak potential (V), Eθ is the standard
potential (V), R is the universal gas constant (J K−1 mol−1), T
is the temperature (K), F is the Faraday constant (C mol−1),
and m and n are the number of protons and electrons
transferred at the electrode interface, respectively. The m
and n values are two in the case of p-nitroanilide glassy
carbon sphere as explained earlier, i.e., the nitrosophenyl/
phenylhydroxylamine couple (peaks CC1 in Fig. 4); the
other symbols have their usual meanings. At room
temperature, the peak potentials for NAGCs particles were
found to shift to more negative potentials with increase in
pH. The peak shapes are nearly symmetrical with a slight
separation between oxidative and reductive peaks at each
pH studied, and also the magnitude of the peak current

decreases corresponding to a decrease in the hydrogen ion
concentration at higher pH values. The plot of resulting
reductive peak potentials of the functionalized glassy
carbon spheres with varying pH values was found to be
linear in the pH range (1–12) studied (Fig. 5). The
electrochemical studies for modified glassy carbon
spheres were repeated five times in each case, and
reproducible peak potentials were observed. The SD has
been calculated and found to be 0.067. The potential
gradient was found to be 58±2 mV per unit pH, which is
very close to the theoretical value of 59±2 mV. The
electroactive species modified on the glassy carbon sphere
surface follows Nernstian behavior, and these studies are
comparable to the reported literature values [7, 8].

Stability of electrode modified by immobilized species

The stability of the modified electrode (bppg) with the
immobilized species has been examined by multiscan study.
In this study, multiple scans (30 scans) were carried out
continuously in order to understand whether the immobilized
species would diffuse from the electrode surface into the
solution or not. The result pertaining to the multiple scan
study has been shown in Fig. 6. These voltammograms are
highly symmetrical in shape, and there is a slight decrease in
the peak currents which might be due to the diffusion of
some particles from the electrode interface into the solution
during cycling conditions. We next removed the electrode
from the solution and replaced it with a fresh buffer solution
of the same pH. The recorded cyclic voltammetry scan was
found to overlay the last scan recorded before the solution
was replaced. These results confirm that the electroactive
material is confined onto the electrode surface and has not
detached into the bulk of the solution. The variation of scan
rate (v) in the scan range 10–100 mV s−1 has resulted into

Fig. 4 Overlaid voltammograms of oxidized and functionalized glassy
carbon spheres, at pH 4 (0.1 M CH3COOH + 0.1 M CH3COONa +
0.1 M KCl), bppg electrode 0.3 cm2, scan rate (v) 25 mV s−1, potential
range + 0.6 to –0.6 V

Fig. 5 Effect of pH on peak potential
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symmetrical wave shapes with a steady increase in the peak
currents. The plot of peak current (Ip) vs. scan rate resulted in
a linear relationship (figure not shown), which indicates that
they are surface-bound species [7, 8]. Next, the modified
material has been subjected to cyclic voltammetric studies
over a period of time to understand the stability of the
modifier molecule. Even after several months, the electro-
chemical behavior of the functionalized material remains the
same, and the wave shapes are symmetrical with a steady
increase in the peak currents with increase in scan rate (not
shown). These results revealed that the electroactive material
is confined and has not detached from the glassy carbon
spheres surface. All these studies indicate that the covalently
derivatized glassy carbon spheres with p-nitroanilide groups
are highly stable and can be used to fabricate electrode after
compressing them into pellets. These electrodes can be used
in sensor technology [3].

FTIR characterization of NAGCs

Infrared spectral studies have been carried out to decipher
the presence of modifying molecule and its covalent
attachment on the surface of glassy carbon spheres. The
functionalized glassy carbon spheres have been mixed with
KBr in 1:100 ratio to make the pellet, and it has been
exposed to infrared radiation in the range 1,000 to
3,700 cm−1. The transmission spectrum of the functional-
ized glassy carbon spheres has revealed the presence of
peaks due to nitro (NO2), amide (CONH), and aryl nitrile
(C–N) groups on the modifier molecule (Fig. 7). The
presence of two strong bands at 1,385 and 1,560 cm−1

indicates the nitro group on the modifying molecule. These
bands are due to the symmetric and asymmetric stretching
frequencies of the nitro group. The difference between the
symmetric and asymmetric stretching, i.e., vasymmetric�

vsymmetric ¼ 175 cm�1, and the expected value for solids is
in the range 159 to 177 cm−1 [8]. The peaks at 1,560 and
1,481 cm−1 are due to the asymmetric stretching of the nitro
group and the peak at 1,385 cm−1 is due to the symmetric
stretching of the nitro group present on the modifier
molecule. The band at 1,658 cm−1 is due to the amide
stretching substituted on the aromatic ring. The peak at
1,309 cm−1 is due to the presence of aryl nitrile (C–N) on
the modifying molecule, while the peaks at 3,320 and
1,525 cm−1 are due to the presence of stretching and
bending mode of N–H group on the glassy carbon sphere
surface. The relative peak intensities of the modifier
molecule has been compared with the relative intensities
of the bands due to p-nitroaniline, but the intensities of the
modifier on glassy carbon spheres is much weaker than the
p-nitroaniline, which might be due to the substrate
presence. All these peaks indicate that the modifying
molecule on the glassy carbon sphere surface possesses
corresponding functional groups, and it is in agreement
with the literature studies [25]. However, the IR spectrum
of native glassy carbon powder does not show any
significant peaks in this region [8]. Hence, this study brings
a strong support to the existence of nitro groups on the
modified glassy carbon spheres.

Conclusions

Surface modification of glassy carbon spheres could be
achieved easily by microwave irradiation of substrate
material in the presence of nitric acid, and its subsequent
amidation reaction results in p-nitroanilide-modified glassy
carbon spheres. The surface-functionalized glassy carbon
spheres are stable for several months, and these materials

Fig. 6 Stability of the modified electrode

Fig. 7 FTIR spectra of modified glassy carbon spheres
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can be used to fabricate bulk-modified electrodes in sensor
technology. The electrochemical characterization studies
have revealed the redox behavior of the modifier molecules.
The spectroscopic characterization studies based on FTIR
and XPS have further corroborated the existence of
modifier molecule covalently bonded on glassy carbon
spheres.
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