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Carbon nanoparticles were prepared by refluxing the combustion soot of natural gas in nitric acid.
Transmission Electron Microscopy measurements showed that the resulting particles exhibited an average
diameter of 4.8 £ 0.6 nm, and the crystalline lattices were consistent with graphitic carbons. *C NMR and
FTIR spectroscopic measurements further confirmed the presence of sp” carbons in the form of aryl and
carboxylic/carbonyl moieties. The resulting carbon nanoparticles were found to emit photoluminescence
with a quantum yield of approximately 0.43%. Additionally, the emission band energy of the carbon
nanoparticle was very similar to that of much smaller carbon nanoparticles obtained from candle soot,
suggesting that the photoluminescence might arise from particle surface states, analogous to the behaviors
of semiconductor quantum dots with an indirect bandgap. In electrochemical measurements, two pairs of
well-defined voltammetric waves were observed, which might be ascribed to the peripheral functional
moieties that were analogous to phenanthrenequinone derivatives. Interestingly, the carbon nanoparticles
might also be exploited as nanoscale structural scaffolds for the deposition of nanostructures of varied

transition metals, leading to the formation of metal—carbon functional nanocomposites.

Introduction

Carbon is one of the most abundant elements in nature. A
wide variety of carbon-based nanomaterials have been
prepared, such as carbon nanotubes, fullerenes, nanofibers,
nanodiamond, carbon nanoonions, and other carbonac-
eous nanomaterials. The immense research interest is pri-
marily driven by their potential applications as a high
performance material in a broad range of areas. For
example, in environmental research, carbon nanomaterials
have been used as sorbents,' ¢ high-flux membranes,”
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depth filters,” ' antimicrobial agents,'*”'* environmen-
tal sensors,'>~!” renewable energy technologies,'* > and
pollution prevention materials.”' In biological science,
carbon-based tubular nanostructures have been utilized
as excellent platforms for facilitating biochemical reac-
tions and processes, such as sensitive recognition of
antibodies,?* sequencing of nucleic acids,** bioseparation
and biocatalysis,** and ion channel blocking.? Fullerenes
have also been employed as neuroprotective agents,
HIV-1 protease inhibitors,?’ X-ray contrast enhancers,®
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and drug delivery transporters.”’ More recently, nitro-
gen-doped carbon nanotube arrays have been found to
exhibit marked enhancement of electrocatalytic activity,
long-term operation, stability, and tolerance to crossover
effects in comparison to platinum for oxygen reduction
reactions in alkaline fuel cells.*® The unique chemical and
physical properties of carbon nanomaterials are largely
attributed to their high surface area, special morphology,
unique electronic, optical, and thermal characteristics,
biocompatibility, and chemical inertness.?! ~*

Among these various forms of carbon nanomaterials,
carbon nanoparticles represent a unique class of func-
tional materials that warrant further and more thorough
investigation. Typically, these nanoparticles are prepared
by laser ablation. For instance, Hu et al.*® synthesized
photoluminescent carbon nanoparticles of 3 nm in dia-
meter by laser irradiation of a suspension of carbon
powders in an organic solvent. Sun and co-workers**
demonstrated that carbon nanoparticles might be
produced by laser ablation of a carbon target in the
presence of water vapor with argon as the carrier gas,
and subsequent surface passivation with simple organic
ligands rendered the particles to emit strong photo-
luminescence. Carbon nanoparticles have also been pre-
pared by electrochemical treatments of multiwall carbon
nanotubes, as demonstrated by Zhou and co-workers®
where carbon nanoparticles of spherical shape and
narrow size distribution (2.8 4 0.5 nm in diameter) were
formed.

More recently, a very simple and yet effective synthetic
protocol*® was reported for the preparation of multicolor
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luminescent carbon nanoparticles (~1 nm in diameter)
from the combustion soot of candles. In the present study,
the procedure was adopted to synthesize carbon nano-
particles from the combustion soot of natural gas (instead
of candles). After thermal refluxing in acid, the obtained
carbon nanoparticles become water-soluble and may be
readily purified by dialysis. Despite the large particle size
(ca. 5 nm in diameter), the particles exhibit similar
photoluminescence characteristics as compared to those
from candle soot, suggesting that the nanoparticles
behave as indirect bandgap materials and the surface trap
states are responsible for the photoluminescence proper-
ties. Interestingly, these carbon nanomaterials may also
be used as a unique structural scaffold on which nano-
structures of varied transition metals may be deposited,
leading to the formation of functional nanocomposite
materials.

Experimental Section

Chemicals. Nitric acid (HNO3, 69.8%, Fisher), sodium car-
bonate (Na,COs, 99+ %, Aldrich), silver nitrate (AgNOs,
Matheson Coleman & Bell), palladium chloride (PdCl,, MP
Biomedicals), cupric nitrate (Cu(NO3),, Matheson Coleman &
Bell, 99.5%), sodium chloride (NaCl), and ascorbic acid (99%,
ACROS) were all used as received. Water was supplied by a
Barnstead Nanopure Water System (18.3 MQ-cm).

Synthesis of Carbon Nanoparticles. Carbon nanoparticles
were prepared by adopting a procedure reported in the litera-
ture.*® Briefly, carbon soot was collected on the inside wall of a
glass beaker by placing the beaker upside-down above the flame
of a natural gas burner. Typically 100 mg of the soot was then
refluxed in 10 mL of 5 M HNOs for 12 h. When cooled downed
to room temperature, the brownish yellow supernatant after
centrifugation was neutralized by Na,CO;, and then dialyzed
against Nanopure water through a dialysis membrane for
3 days, affording purified carbon nanoparticles.

Deposition of Metal Nanostructures on Carbon Nanoparticles.
In a typical reaction, 5 mg of carbon nanoparticles was dissolved
in 5 mL of water. Then a water solution of selected metal salts
(AgNOs;, Cu(NOs;),, or PdCl,) at a concentration of 1 mg/mL
was added into the carbon particle solution under magnetic
stirring. The mixture was allowed to stir overnight, to which a
calculated amount of ascorbic acid was added in a dropwise
fashion. The solution color changed gradually from light brown
to dark red for silver, to dark yellow for copper, and to black for
palladium. The observed coloration signified the formation
of metal nanostructures. Excessive salts were then removed
by dialysis against Nanopure water, and the metal/carbon
nanocomposite materials remained soluble in water.

Transmission Electron Microscopy (TEM). The particle core
diameter and lattice fringes were examined with a JEOL 2100-F
200 KV Field-Emission Analytical Transmission Electron
Microscope in the Molecular Foundry and the National Center
for Electron Microscopy at Lawrence Berkeley National
Laboratory. The samples were prepared by casting a drop of
the particle solution (~1 mg/mL) in Nanopure water onto a
200-mesh holey carbon-coated copper grid. The particle dia-
meter was estimated by using ImageJ software analysis of the
TEM micrographs. Elemental analysis of the carbon—metal
nanostructures was also carried out by high solid-angle energy-
dispersive X-ray analysis with a Gatan Tridiem spectrometer
used for energy-filtered imaging.



Downloaded by U OF CALIFORNIA SANTA CRUZ on July 7, 2009
Published on May 15, 2009 on http://pubs.acs.org | doi: 10.1021/cm900709w

Article

Spectroscopies. UV —vis spectroscopic studies were performed
with an ATI Unicam UV4 spectrometer by using a 1 cm quartz
cuvette with a resolution of 2 nm. Photoluminescence measure-
ments were carried out with a PTI photoluminescence spectro-
meter. '>*C NMR spectra were collected with a Varian Oxford
600 MHz spectrometer by dissolving 50 mg of carbon nanoparti-
cles in 700 uL of deuterized water. Infrared spectra were acquired
with a Perkin-Elmer Precision Spectrum One FTIR spectrometer.

Electrochemistry. Cyclic voltammetric measurements were car-
ried out with a CHI 440 electrochemical workstation. A glassy
carbon electrode (diameter 3 mm, from Bioanalytical Systems,
Inc.) was used as the working electrode. A Ag/AgCl wire and a
Pt coil were used as the reference and counter electrode, respec-
tively. The electrolyte solutions were deaerated with ultrahigh-
purity N, for 10 min before the acquisition of electrochemical
data, and the electrolyte solution was blanketed with a nitrogen
atmosphere during the entire experimental procedure.

Results and Discussions

Carbon Nanoparticles. The formation of carbon nano-
particles was first confirmed by TEM measurements.
TEM has been used extensively as a powerful tool in the
study of nanoscale materials, from which the size, mor-
phology, and crystalline lattices may be identified.
Figure 1A shows a representative TEM micrograph of
the carbon nanoparticles. It can be seen that the particles
are mostly of spherical shape and dispersed rather evenly
on the TEM grid surface. The size dispersity of the
particles can be seen to be relatively small, with the
majority of the particles falling within the range of
4.4to 5.4 nmin diameter, as depicted in the size histogram
in the figure inset. In fact, based on statistical analysis of
several hundred particles the average diameter of the
carbon nanoparticles was found to be 4.8 £ 0.6 nm. The
crystalline nature of the carbon particles was then exam-
ined by high-resolution TEM measurements. A represen-
tative HRTEM micrograph is shown in panel B. In
addition to what appears to be amorphous carbon mate-
rials, various lattice planes can be clearly identified with a
spacing of 0.208 nm (identified by white arrows). Whereas
this may be attributable both to the (103) diffraction
plane of diamond-like (sp’) carbon (analogous to SiC
and ZnS, in reference to JCPDS cards 26-1081 and
26-1083) and to the (102) lattice of graphitic (sp®) carbon
(JCPDS 26-1076), further examinations suggest that the
carbon nanoparticles obtained herein are of graphitic
structure, as several other lattice fringes were also found
with the lattice spacings of 0.334 nm, 0.194 nm, and 0.186 nm
(Supporting Information, Figure S1), which are consis-
tent with the (006), (104), and (105) diffraction planes of
graphitic carbons (JCPDS 26-1076). These structural
assignments are further supported by '?*C NMR measure-
ments (vide infra). In the previous study carried out
by Mao and co-workers,*® the carbon nanoparticles
obtained from candle soot were much smaller with the
diameter around 1 nm, and because of this the crystalline
structure of the particles was not identified. In a more
recent study, Hu et al.*® employed laser irradiation of
carbon powders to prepare carbon nanoparticles. They
also observed a lattice fringe of 0.20 nm in HRTEM

Chem. Mater., Vol. 21, No. 13, 2009 2805

N
(&)

Frequency

o a N
o oo o o o

il

3

Figure 1. Representative TEM micrographs of carbon nanoparticles at
(A) low and (B) high resolution. The scale bar is 5 nmin A and 2 nm in B.
Inset to panel A depicts the particle size histogram. The crystalline lattices
are identified in panel B.

measurements. On the basis of selected area electron
diffractions, they proposed a diamond-like structure of
the resulting carbon nanoparticles. It has to be noted that
some of the lattice fringes of the diffraction planes of
diamond-like and graphitic carbons are very close to each
other, rendering it difficult to have an unambiguous
assignment based on this experimental measurement
alone. This is further complicated with nanosized carbon
materials where the breakdown of symmetry at the
nanoscale may cause a drastic difference in diffraction
patterns in comparison to that of the bulk forms.

13C NMR spectroscopy is a powerful technique in distin-
guishing sp® carbons from the sp” ones. Thus, it is exploited
here to gain further structural insights about the carbon
nanoparticles. As mentioned earlier, after thermal refluxing
in concentrated HNOs, the soot was broken up into parti-
culate materials that became soluble in water. This is most
likely because of the oxidative formation of peripheral
carbonyl/carboxylic acid moieties, similar to the oxidative
processing of carbon nanotubes by strong acids.*’ Such
structural details may be revealed by '*C NMR measure-
ments, as aliphatic (sp*) and aromatic (sp>) carbons resonate
differently, with the former in the range of 8 to 80 ppm
whereas the latter in 90 to 180 ppm.*® Figure 2 depicts

(47) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y. S.; Rao, A. M..; Eklund,
P. C.; Haddon, R. C. Science 1998, 282, 95-98.

(48) MacKenzie, K. J. D.; Smith, M. E. Multinuclear solid-state NMR
of inorganic materials, 1st ed.; Pergamon: Oxford, 2002.
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Figure 2. '>C NMR spectrum of carbon nanoparticles in D>O.

a '>C NMR spectrum of the carbon particles prepared
above (in D>0O). There are three features that warrant
attention. First, below 120 ppm only a featureless profile
can be seen, indicative of the absence of aliphatic (sp’)
carbons within the carbon nanoparticles (likewise, the
presence of sp' carbons can also be excluded). That is, it is
unlikely that the carbon nanoparticles are of diamond-like
structure. Second, a series of peaks emerge within the range
of 120 to 150 ppm, where the broad peak centered at
138 ppm may be ascribed to internal C=C sp> carbons
and the peaks between 120 and 130 ppm are most likely to
arise from (polycyclic) aromatic carbons, analogous to
those of chrysene, pyrene, and so forth; and third, the peak
between 170 and 180 ppm most probably arises from
carboxylic/carbonyl carbons.** Note that in the previous
study with carbon nanoparticles obtained from candle
soot,* a peak at 114 ppm was also observed and attributed
to terminal C=C bonds. This is not observed in the present
study, implying that the terminal C=C bonds have most
likely been oxidized into carboxylic/carbonyl moieties.

The presence of aromatic and carboxylic/carbonyl carbons
is further supported in FTIR measurements, as manifested
in Figure 3 (top curve). First, the broad peak centered at
3385cm™ ! may be attributed to the O—H vibrational stretch
of the carboxylic moiety (and residual water), the shoulder at
1695 cm ™! to C=0 vibration, and the peak at 1384 em” ! to
the symmetric carboxylate stretch.® In addition, a peak at
1600 cm ™! can be found which most likely arises from the
C=C stretch of the aromatic rings, whereas the minor peak at
1045 cm™' may be ascribed to the bending stretch of the
carboxylic acid moieties.

On the basis of these measurements, the carbon nano-
particles obtained above most probably consist of a
nanocrystalline core that features graphitic sp> carbons
and is functionalized with carboxylic/carbonyl moieties
on the particle surface (XPS measurements only showed
the presence of two elements, C and O, Supporting
Information, Figure S2). Interestingly, these nanoparti-
cles exhibit unique photoluminescence properties.
Figure 4 (black curves) shows the excitation and emission
spectra of the carbon nanoparticles in water. A very
well-defined excitation peak can be seen at 310 nm, and
an emission peak at 420 nm, where the large energy
discrepancy suggests that the particles behave as an

(49) Details in the database, http://riodb0l.ibase.aist.go.jp/sdbs/
cgi-bin/cre_index.cgi?lang =eng.

(50) Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric
identification of organic compounds, 5th ed.; Wiley: New York,
1991.
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Figure 3. FTIR spectra of carbon nanoparticles before (C NPs) and
after modification with various metal nanostructures (C—Ag, C—Cu, and
C—Pd).
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Figure 4. Excitation and emission spectra of carbon nanoparticles before
(C NPs) and after modification with various metal nanostructures
(C—Ag, C—Cu, and C—Pd) in water. Particle concentration 1 mg/mL.

indirect bandgap semiconductor material (UV—visible
absorption measurements exhibit a largely featureless
profile that is also consistent with indirect-bandgap
semiconductor nanoparticles, Supporting Information,
Figure S3). Certainly, further investigation is needed to
confirm this hypothesis. Nonetheless, using rhodamine
6G as the comparative reference,”’ the quantum yield
of the carbon nanoparticle photoluminescence was
estimated to be 0.43%.

(51) Kubin, R. F.; Fletcher, A. N. J. Lumin. 1982, 27, 455-462.
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It is unlikely that these photoluminescence behaviors
arose from simple aromatic complexes because the sam-
ples have been subjected to thermal refluxing in concen-
trated HNOj; and extensive dialysis. The narrow emission
band (full-width at half-maximum ~ 120 nm) suggests a
relatively small size dispersity of the particle, even without
any fractionation treatment. This is consistent with the
TEM results (Figure 1). It is also interesting to note that
these photoluminescence properties are very similar to
those observed with carbon nanoparticles obtained from
candle soot,*® despite the rather drastic difference in
particle dimensions. One possible interpretation is
that the photoluminescence arises from electronic transi-
tions involving surface states of the particles, a rather
common phenomenon with semiconductor quantum dots
that exhibit an indirect bandgap> (mechanistically, the
observed photoluminescence may be ascribed to the
electronic transitions involving phenanthrenequinone
moieties that are embedded within a conjugated aromatic
matrix,”® as suggested below by the electrochemical
activity). In fact, this may also account for the effect
of solution pH on the emission peak energy that was
observed previously.*

Interestingly, the carbon nanoparticles obtained above
also exhibited electrochemical activities. Figure 5 depicts
the cyclic voltammograms of carbon nanoparticles in a
water solution of 0.1 M KCI (pH ~5) within the potential
range of —1.0 Vto + 1.0 V at varied potential sweep rates.
In comparison to the control experiment with a blank
electrolyte solution (dashed curve), two pairs of voltam-
metric peaks can be seen with the formal potential
at —0.28 V (peak I) and —0.06 V (peak II), respectively.
Note that the peak splitting (AEp) of peak I (250 mV at
0.1 V/s)is substantially larger than that of peak 11 (90 mV
at 0.1 V/s), suggesting that the electron-transfer kinetics
for peak I is markedly more sluggish than that of
peak II. Additionally, with decreasing potential sweep
rate (e.g., <0.04 V/s), the anodic waves of these two
electron-transfer processes merge whereas the cathodic
waves remain well separated and defined, implying the
dynamic nature of the oxidative product in process I.

Additionally, the two electron-transfer reactions exhi-
bit drastically different pH dependence, as depicted in
the figure inset. It can be seen that within the pH range of
2 to 13, the formal potential of peak I remains virtually
independent of pH, whereas that of peak II shows a
cathodic shift of about 37 mV with the increase of
one pH unit, suggesting the participation of protons in
process 11 but not in process I.

The nature of these voltammetric behaviors remains
unclear at this point. Yet it is unlikely that the observed
voltammetric features arise from the electron-transfer
reactions of carboxylic acid moieties on the nanoparticle
surface, as the redox reactions of aromatic carboxylic
acids typically occur at far more extreme electrode

(52) Kruis, F. E.; Fissan, H.; Peled, A. J. Aerosol Sci. 1998, 29, 511-535.
(53) Hanif, M.; Lu, P.; Li, M.; Zheng, Y.; Xie, Z. Q.; Ma, Y. G.; Li, D.;
Li, J. H. Polym. Int. 2007, 56, 1507-1513.
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Figure 5. Cyclic voltammograms of a glassy carbon electrode (3 mm in
dia.) in a water solution containing 0.1 M KCl and 1.5 mg/mL carbon
nanopaticles (solid curves) at varied potential sweep rates (depicted as
figure legends). The voltammogram of the same electrode ina 0.1 M KCl
water solution at 0.1 V/s was also included (dashed curve). Inset shows
the pH dependence of the formal potentials of peaks I and II.

potentials than what we observed here (Figure 5).°* A
more plausible explanation may be that the voltammetric
profiles are actually due to charge transfer of peripheral
functional moieties that are analogous to phenanthrene-
quinone derivatives. It is well-known that in aqueous
media, phenanthrenequinone undergoes two-proton,
two-electron redox reactions, leading to a cathodic shift
of 59 mV with the increase of one pH unit at room
temperature. The smaller shift as observed above with
peak II (37 mV) suggests that approximately only one
proton is involved in the faradaic process. Such a beha-
vior has also been observed earlier with 9,10-phenanthre-
nequinone and ascribed to the adsorption of the reduced
form onto the electrode surface by a phenolate moiety.>’
In fact, from Figure 5, one can see that the anodic wave of
peak II indeed exhibits a surface waveshape. Further-
more, the existence of phenanthrenequinone derivatives
on the carbon nanoparticle surface might also account
for the observed merging of the two anodic waves of
peaks I and II at decreasing potential sweep rate, as
phenanthrenequinone and derivatives are known to de-
compose during electrochemical reduction.>® Certainly,
to have an unambiguous understanding of the molecular
mechanism, further work is needed to unravel the struc-
tural details of the carbon nanoparticles.

Metal—Carbon Nanocomposites. The carbon nano-
particles obtained above may then be used to prepare
carbon—metal nanocomposites. As mentioned earlier,
experimentally, metal salts were reduced into nanostruc-
tured materials by ascorbic acid in the presence of carbon
nanoparticles. The metal ions most likely bound to
the peripheral carboxylic moieties by ion exchange or
coordination reactions. Upon the addition of a reducing

(54) Lide, D. R. CRC Handbook of Chemistry and Physics: A Ready-
Reference Book of Chemical and Physical Data, 85th ed.; CRC
Press: Boca Raton, FL, 2004.

(55) Ishioka, T.; Uchida, T.; Teramae, N. Anal. Chim. Acta 2001, 449,
253-260.

(56) Soriaga, M. P. Chem. Rev. 1990, 90, 771-793.
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