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A simple procedure for the modification of carbon nanoparticles (CNPs) from castor oil soot using acid
treatment was described herein. Characterization studies revealed the presence of edge plane sites and
surface carbon-oxygen functionalities at the surface of the CNP material. Voltammetric studies revealed
the increased electrochemical activity of the CNP-modified electrode toward various biologically impor-

tant molecules, including dopamine, uric acid, dihydronicotinamide adenine dinucleotide, tyrosine, and
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serotonin, relative to those obtained using the unmodified electrode. The improved electro-oxidation
potentials for these compounds—and, thereby, the enhanced sensitivity of related sensors—was due
directly to the presence of surface C(§+)=0(3—) functional groups and the greater number of edge plane
sites developed after acid treatment of the soot sample.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the last two decades, carbon nanostructures—including
fullerenes, carbon nanotubes, and carbon onions
(hyperfullerenes)—have become materials of increasing inter-
est because of their unique physical and chemical properties [1-3].
Because of the highly stable graphite structures of these carbon
nanostructures, conventional methods of preparation (e.g., chem-
ical vapor deposition, arc-discharge, laser ablation, and plasma
radiation) [4-7] are mostly limited to solid state strategies that
can tolerate relatively high energies and high temperatures [8].
Such methods have limitations, however, in terms of large-scale
and economical production since they require extreme conditions
and provide low yields. Carbon nanoparticles (CNPs) have been
studied broadly for their use in adsorbents [9,10], composites [11],
catalyst supports [12-16], and electronic materials [11] as well
as in drug delivery [17,18], medical imaging [19], cell delivery
[20], and cancer vaccination [21]. Furthermore, their large surface
areas and ability to be functionalized allow them to undergo
high-capacity binding to various biomolecules. Considering their
wide spectrum of applications, the economical synthesis of CNPs
remains an attractive challenge. Soot-based syntheses of CNPs
have attracted increasing attention recently; for example, it has
allowed the simple preparation of luminescent nanocarbons
[22-24]. Zhang et al. [25] found that raw candle soot mixed with
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nafion exhibited good electrochemical activity. In addition, carbon
materials obtained from oil seeds and fibrous plant materials can
be used for the storage of hydrogen [26].

In this paper, we describe the synthesis of CNPs derived from
castor oil soot and their subsequent surface functionalization
with C=0 groups upon treatment with HNO3 at elevated tem-
perature. We characterized these carbonyl-activated CNPs (OCNP)
morphologically, spectrally, and voltammetrically. In addition, we
demonstrated the feasibility of the activated CNPs for the use in
electrocatalytic applications.

2. Experimental
2.1. Reagents

Castor oil was purchased from a local market. Dopamine (DA),
ascorbic acid (AA), uric acid (UA), tyrosine, serotonin, nicotinamide
adenine dinucleotide reduced dipotassium salt (NADH), potassium
ferricyanide (K3Fe(CN)g), potassium phosphate monobasic, potas-
sium phosphate dibasic and hexaammineruthenium (III) chloride
(Ru(NH3)gCl3) were purchased from Sigma (St. Louis, MO, USA)
and used as received. Dimethylformamide and nitric acid were of
ACS-certified reagent grade. Deionized water (>18 M2 cm) from a
Direct-Q system (Millipore, Billerica, MA) was used to prepare all
aqueous solutions. A 0.1 M phosphate buffer (PB, pH 7.4) prepared
by mixing desired quantity of potassium phosphate monobasic
and potassium phosphate dibasic was used for all electrochemical
studies.
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2.2. Preparation of CNPs and OCNPs from castor oil soot

Caster oil is placed in a 50 ml glass beaker containing a cotton
wick given with 1 cm residue in length above the oil surface. Castor
oil soot was collected by sitting a glass plate on top of the smolder-
ing castor oil. A portion (20 mg) of the soot was assembled (from
the glass plate) and refluxed with 5M HNOs3 for 12h at 100°C.
Subsequently the acid-treated soot was centrifuged (16,000 rpm
for 20 min) to obtain a back carbon precipitate. The as-obtained
black precipitate (namely carbonyl-activated CNPs) was washed
five times with water and then dried at 50°C in an oven.

2.3. Fabrication of OCNP-modified electrodes

A coating solution was prepared by suspending 64 mg OCNP in
500 L dimethylformamide which was subsequently sonicated for
20 min to ensure complete suspension of OCNPs. An aliquot (2 L)
of such suspension was dropped onto the working electrode surface
of the screen-printed electrodes (SPEs) and dried overnight in an
oven (50°C). The OCNP-modified electrode (DOCNP) was then thor-
oughly rinsed with water to remove any loosely adsorbed particles.
Coverage of OCNP on the SPE surface was evaluated by recording
the peak current obtained from the cyclic voltammograms in 1 mM
potassium ferricyanide solution.

2.4. Surface morphological and spectral studies

Surface morphologies were characterized using high-resolution
transmission electron microscopy (TEM; JEOL, JEM-2100, Tokyo,
Japan) and scanning electron microscopy (SEM; JEOL JSM-7000F,
Tokyo, Japan). Fourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS) were performed using
Spectrum One B (Perkin-Elmer, Waltham, MA, USA) and ULVACPHI
XPS (model PHI Quantera SXM, Chigasaki, Japan) spectrometers,
respectively. Zeta potentials were measured using a ZetaPlus zeta
potential analyzer (Brookhaven, Holtsville, NY, USA).

2.5. Electrochemical analysis

Electrochemical measurements were performed at ambient
temperature using a CHI 660B electrochemical workstation (Austin,
Texas, USA). The SPEs, consisting of a carbon working electrode, a
silver pseudo-reference electrode, and a carbon counter electrode,
were purchased from Zensor R&D (Taichung, Taiwan).

3. Results and discussion
3.1. Characterization of surface morphology of CNPs

Because castor oil soot prepared in this study, consists no metal
impurities, it becomes more hydrophilic after functionalization
with HNOjs. Acid-treatment of carbonaceous particles typically
results in major changes in their structural and functional prop-
erties [24,27]. The FTIR spectra (Fig. S1) of the acid-treated soot
(OCNP) reveals the presence of surface CO,H and C=0 groups. The
band at 1600-1700cm~! represents both C-OH and C=0 bonds;
the bands at 3100-3600cm™! indicate the presence of OH and
CO,H units. The acid-treated OCNPs possessed a negatively charged
zeta potential of —30.47 mV, providing additional confirmation
regarding the presence of CO,H functionality on their surfaces. An
XPS spectrum (Fig. 1) of the OCNPs reveals the presence of mainly
carbon, oxygen, and nitrogen elements at 56.87,31.92, and 11.21%,
respectively. Based on the XPS survey scan, the O 1s/C 1s ratio was
0.56, providing additional direct evidence for the presence of sur-
face C=0 groups on the OCNPs. The data revealed more graphitic
carbon at OCNP with oxygen/nitrogen bonded to carbon, apart
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Fig. 1. XPS survey scan spectra for the OCNPs.

from this deconvoluted XPS (Fig. S2), it further gave more insights
toward the surface functionalization, which were well matched
with the observation obtained from the FTIR spectra. The decon-
voluted spectrum for the C 1s energy level featured peaks at 284.5,
285.8, 288, and 290 eV, indicating the presence of graphitic carbon
possessing C—OH, O-C=0 and 0-COO groups; in addition, the O 1s
peaks at 531.7 and 533 eV were consistent with the presence of
C=0 and C-OH bonds. In the case of the N 1s energy levels, the
peaks centered at 399.4, 401.4, and 406.2 eV were assigned to C-N
and C=N functionalities and to some oxidized nitrogen species (e.g.,
N-0 and/or N=0), respectively [27,28]. In addition, the C 1s peak
at 284.5 eV represented sp2-hybridized carbon atoms; the peak at
285.8 eV was assigned to sp> hybridization, suggesting the pres-
ence of defects in the CNPs [29]. The binding energy region between
285 and 286 eV was generally features the peaks of sp3-hybridized
carbon atoms and N-C(sp?) atoms; the region between 286 and
230 eV referred to N-C(sp3) carbon atoms and O-C=0 groups [30].
The Raman spectra (Fig. 2) of the OCNPs revealed two distinct
Raman bands at ca. 1330cm~! and ca. 1590cm~!; these bands,
which are commonly attributed to the D (disorder/edge plane) and
G (basal plane) bands, respectively. The D band at ca. 1330 cm™!
arose from the k-vector selection rule from reduced symmetry at
graphite edge planes [31,32]. Our observation of a sharp and broad
D band suggested the presence of “edge-plane-like” sites/defects
similar to those of the outer graphene sheet of multiwalled car-
bon nanotubes (MWCNTSs). The ratio of D and G bands was related
to the degree of disorder and also to the degree of functionaliza-
tion. The intensity ratio (Ip/I¢) in the spectrum of our CNP sample
was greater than 1, inferring high degrees of disorder and func-
tionalization. Taken together, all of our data (FTIR, XPS, and Raman
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Fig. 2. Raman spectra of the OCNPs.
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Fig. 3. Cyclic voltammograms of (a) 1 mM KzFe(CN)g in 0.1 M KCI and (b) 0.97 mM Ru(NH3)sCls in 0.1 M KCI recorded in the presence of the SPEs and DOCNP. Scan rate:

50mVs-'.

spectra; zeta potential) suggested the presence of surface func-
tional groups and edge plane sites in the OCNPs. SEM and HR-TEM
images (Figs. S3 and S4) of the acid-treated CNPs revealed that
they were spherically shaped with particle sizes ranging from 38
to 75 nm.

3.2. Voltammetric characterization
We characterized the electrochemical activity of the DOCNP
by studying its voltammetric behavior toward 1 mM potassium

ferricyanide and 0.97 mM hexaamineruthenium(Ill) chloride. For
the potassium ferricyanide (Fig. 3a), the DOCNP exhibited a broad
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oxidation peak with a large capacitive background current while
the reverse scan featured a triangle-like wave shape with a
sharp reduction peak, akin to a stripping wave instead of a
diffusion-controlled process. Similar behavior was observed in the
acid-treated MWCNTs [33], suggesting that partial ferricyanide
complex formed was reacting to the surface carboxyl or quinonyl
groups. In the hexaammineruthenium (III) aspect, a further broad
redox peaks and enhanced current were present with a poten-
tial shifting to less positive (—0.28 V for oxidation and —0.5V for
reduction), compared to those given by the bare SPEs. This result
indicated the influence of both the edge plane defects and the sur-
face functional groups of the acid-treated CNPs derived from castor
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Fig. 4. (a) Cyclic voltammograms of 500 uM DA at DOCNP in 0.1 M PB (pH 7.4) (scan rate: 50mV s~!), (b) Cyclic voltammograms of DOCNP at scan rates ranging from 30 to
300mVs-1, (c) Linear relationship between the anodic peak current and the scan rate.
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oil soot. Using potassium ferricyanide as a probe, we estimated the
electroactive surface area based on the Randles-Sevcik equation:

Ip = (2.69 x 10°)n?/3AD'/2v1/2Co

where I,, is the redox peak current, n is the number of electrons
per molecule reduced or oxidized, A is the active surface area of the
electrode surface (cm?2), D is the diffusion coefficient of potassium
ferricyanide in 0.1 M KCI (0.76 x 106 cm?2 s~1) [34], Co is the con-
centration of potassium ferricyanide, and v is the scan rate (Vs=1).
The active surface areas of the modified (DOCNP) and unmodified
(bare) SPEs were 0.49 and 0.24 cm?, respectively, indicating a 2-fold
increase of active area on the DOCNP that yielded the enhanced
current.

3.3. Electroanalytical application

In light of the high electrochemical activity of the DOCNP toward
the typical redox substances observed in Fig. 3, we furthermore
held evaluations toward numerous electroactive biomolecules. DA
was selected as our sample of interest in feature of its signifi-
cance in the medical field. Fig. 4 reveals the cyclic voltammograms
of 500 wM DA recorded on DOCNP indicating obvious oxidation
and reduction peaks at 200 and 75mV, respectively. Compared
to the CVs obtained from the unmodified SPE (shown in Fig. S5),
the DOCNP exhibited substantially increased electrocatalytic cur-
rent and enhanced reversibility. As illustrated in Fig. 4(a), DA is
oxidized at 200 mV, less positive than 320 mV (on unmodified SPE
depicted in Fig. S5, curve b) and 400 mV that previously reported
[35]. On the other hand, the reduction peak of DA is explicit on
the DOCNP, inferring the improved reversibility ascribable to an
enhancement of electron transfer kinetics. Furthermore, we exam-
ined the cyclic voltammograms of DA on the DOCNP in connection
to the scan rate from 30 to 300mVs~! (Fig. 4(b)) to reveal a lin-
ear relationship between the peck current and scan rate as shown
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Fig. 5. Cyclic voltammograms of DOCNP at 500 uM (denoted as DOCNPAA) and
5mM (denoted as DOCNPAA 1) AA, as well as further addition of 500 uM DA
(denoted as DOCNPAAPA) in 0.1 M PB (pH 7.4). Scan rate: 50 mVs~!.

in Fig. 4(c). The phenomenon infers that the oxidation of DA at
the DOCNP occurred in an adsorption-determining manner. Such
the adsorption-determining process was further evident from the
voltammetric experiments performed in a relatively low concen-
tration of DA (100 wM) with extended time of adsorption for 1 min.
A pair of redox peaks arose legibly (shown as black curve in Fig. S6,
denoted as 100DA after) indicating the effect of adsorption. In bio-
logical samples, AA generally co-exists with DA, but the oxidation
potentials of AA and DA are too close to be determined sepa-
rately using conventional electrodes. Therefore, we selected AA as
a sample of interest; notably, the modified electrode exhibited no
electrochemical oxidation behavior toward AA (Fig. 5), even at ele-
vated concentrations of AA. Upon the addition of DA, the electrode
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Fig. 6. Cyclic voltammograms of DOCNP in the presence of 600 uM serotonin, 1.8 mM tyrosine, and 3.4 mM UA (scan rate: 50mVs~1), as well as 500 uM NADH (scan rate:

10mVs-1)in 0.1 M PB (pH 7.4).
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exhibited its typical redox behavior toward DA. This result sug-
gests that the DOCNP is capable of selectively determining DA in
the presence of AA in real samples of interest. We suspect that these
phenomena might be due to the discrimination of the >C(8+)=0(5—)
electrode surface, as an opposing platform, to identify negatively
charged functional groups [35], such as those of the anionic AA, at
neutral pH. Our CNPs were highly functionalized with CO,H groups
after treatment with HNOj3; these units would electrostatically
interact strongly with DA, with the edge plane defect enhancing
the electron transfer rate and paving the way for much more nega-
tive potential for electrochemical oxidation. These observations are
clearly consistent with the presence of surface functional groups
and edge planes for the present CNPs.

Fig. 6 presents the voltammetric behavior of the biologically
significant molecules: serotonin, NADH, tyrosine, and uric acid.
Compared with the cyclic voltammograms given by bare SPE
(Fig. S7), DOCNP exhibited greater electrocatalytic activity in term
of reduced oxidation potential and obvious oxidation wave. The
oxidation potentials were 330, 50, 590, and 280 mV characteristic
to serotonin, NADH, tyrosine, and uric acid, respectively, giving less
positive potential compared to those observed in bare SPEs. Note
that NADH is oxidized at 50 mV exhibiting attractive feature of the
castor oil soot-functionalized electrode, presumably due mainly to
the surface C=0 groups at the edge planes mediating the oxidation
of NADH at the electrode surface.

Considering all of these observations, it appears that the surface
functionality and edge planes of the OCNP played important roles
influencing the electrochemical reactions of the various biologically
important molecules. With the substantial reduction of potential to
activate the oxidation of biomolecules (e.g.,, NADH) and enhanced
electrocatalytic current, the DOCNP electrode holds the potential
to mitigate the interference effect toward biosensing applications.

4. Conclusions

We have synthesized CNPs from castor oil soot through treat-
ment with HNO3 under reflux. Surface morphological, spectral, and
voltammetric studies revealed the presence of surface functionali-
ties and edge plane defects/sites and an increase in the electroactive
surface area after acid treatment. An OCNP-modified electrode
displayed greater electrocatalytic activity toward various biolog-
ically important molecules than did the unmodified electrode,
presumably because of the edge plane defects/sites and surface
C=O0 functionalities, the presence of which was supported by XPS,
FTIR, and Raman spectral analyses. We suspect that this OCNP could
be usefully applied for biosensing; current studies in our labora-
tory are focused on monitoring the neurotransmitter interactions
of Drosophila melanogaster with such modified electrodes.
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