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ince their discovery over thirty years

ago, intrinsically conducting poly-

mers have shown great potential for
a variety of applications including sensors,
anticorrosion coatings, batteries, capacitors,
actuators, and optical devices.' 3 As one of
the leading conducting polymers, polypyr-
role shows promise for commercial applica-
tions because of its simple synthesis, high
conductivity, environmental stability, and
biocompatibility.* 7 Polypyrrole composites
have been shown to exhibit biodegradabil-
ity which could lead to biomedical applica-
tions such as in drug delivery or as scaffolds
for tissue engineering.” Processability is ar-
guably the biggest problem for utilization
of this conducting polymer. A great deal of
research has been directed toward prepara-
tion and fabrication of nanostructured poly-
pyrrole in the form of nanoparticles, nanofi-
bers, nanotubes, nanorods, and nanowires
to improve its processability and widen its
applications. Examples include template as-
sisted synthesis,® 12 seeded growth,' func-
tional dopant-induced processing,'*'> and
emulsion,'s~2 dispersion,?*?* and interfacial
polymerizations.?~ 2 Despite the variety of
synthetic methods reported, the synthesis
of polypyrrole nanostructures have met
with only limited success. The main disad-
vantages of template and seeded growth
synthetic routes are that the template or
seeds add cost and complexity to the syn-
thesis, and removing the template or seeds
often affects the alignment and physical
properties of the nanostructures. Emulsion
and dispersion polymerizations often need
external emulsifiers or stabilizers, which can
be difficult to remove.

The discovery of new nanostructured

carbon materials including fullerenes,?
nanotubes,*® nanofibers,?' as well as nano-
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ABSTRACT Water-dispersible polypyrrole nanospheres with diameters of less than 100 nm were synthesized
in high yield without any templates, surfactants, or functional dopants by the introduction of 2,4-
diaminodiphenylamine as an initiator into a reaction mixture of pyrrole monomer, oxidant, and acid. The initiator
plays a critical role in tailoring the nanostructures of polypyrrole. 2,4-Diaminodiphenylamine interacts with acid
to form cations, which combine with various anions to self-assemble resulting in different size nanomicelles. These
nanomicelles, stabilized by initiator molecules, act as templates to encapsulate pyrrole and oxidant leading to
the formation of nanospheres during polymerization. When smaller acids are used, smaller diameter sphere-like
polypyrrole nanostructures are obtained. The as-synthesized polypyrrole nanospheres can then be used to
fabricate highly conducting nitrogen-doped carbon nanospheres with controllable sizes of 50—220 nm with
monodispersities up to 95% after pyrolysis. The size of the carbon nanospheres decreases by 20—30 nm due to
carbonization when compared to the original polymer nanospheres. The molecular structures, morphologies, and
electrical properties along with the formation mechanism of the polypyrrole and carbon nanospheres are

discussed.

KEYWORDS: conducting polymers - carbon - nanoparticles -
self-assembly - synthesis

cones,? has sparked tremendous research
efforts into the study of carbon-based ma-
terials because of their unique electronic,
mechanical, thermal, chemical, and physi-
cal properties. Additionally, carbon nano-
spheres have attracted great interest for po-
tential applications as high density/high
strength fillers,> lithium-ion battery elec-
trodes, lithium storage,®3¢ adsorbents,?”
cell delivery,** and as supports for cata-
lytic systems.*® Various methods have been
proposed for the synthesis of carbon nano-
spheres including chemical vapor
deposition,**? laser-induced pyrolysis,*>%
arc-discharge,® and templated growth.*
Drawbacks to these methods include the
metal catalysts often end up incorporated
into the carbon nanospheres and the need
for complex equipment.

Therefore, simple rapid methods for the
synthesis of water-dispersible polypyrrole
and carbon nanospheres are of broad
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Figure 1. Open circuit potential (OCP) measurements of the
polymerization of pyrrole at 0 °C without an initiator (solid
line) and with 2 mol % of the 2,4-diaminodiphenylamine ini-
tiator (dotted line). Note that the reaction carried out with
the initiator has a lower starting potential. The inset shows
images of polypyrrole synthesis (a) without and (b) with 2
mol % of the initiator taken at different time intervals.

interest. In our previous work, polypyrrole nanofibers
were successfully synthesized by introducing bipyrrole
as an initiator.**¢ Here we explore a rapid initiated
polymerization to synthesize highly dispersible polypyr-
role nanospheres with 2,4-diaminodiphenylamine as
an initiator in aqueous solution. We find that the size
and morphology of these polypyrrole nanospheres can
be tuned by controlling the following reaction param-
eters: (1) the initiator concentration, (2) the oxidant
used, and (3) the acid employed. An interesting discov-
ery with the as-synthesized nanostructured polypyr-
role is that it provides an excellent precursor for the
growth of nitrogen-doped carbon nanospheres. Sur-
prisingly, the conductivity of these carbon nanospheres
approaches that of many metallic conductors. This pa-
per therefore provides a simple rapid route to produce
highly quality, uniform conducting polymer nano-
spheres in a scalable process. The materials can be
readily converted to carbon nanospheres and scaled
up if desired.

RESULTS AND DISCUSSION

Synthesis and Structural Determination of Polypyrrole
Nanospheres. When pyrrole is chemically polymerized us-
ing FeCl; as the oxidant, the addition of 2 mol % of
the initiator 2,4-diaminodiphenylamine leads to a much
lower starting potential (0.2 V) than when the reaction
is carried out without the initiator (0.4 V) (Figure 1). The
reaction mixture darkens quickly and polypyrrole pre-
cipitates are observed within 30 s, as opposed to about
an hour for a reaction performed in the absence of an
initiator (Figure 1, insets). This signifies that the initiator
accelerates the reaction rate. The initiator likely copoly-
merizes with pyrrole in the initial stages of polymeriza-
tion, acting like bipyrrole which promotes homoge-
neous nucleation of polypyrrole chains, since they both
have lower starting potentials (0.2 and 0.1 V), respec-
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Figure 2. FT-IR spectra of (a) oligomeric 2,4-
diaminodiphenylamine and (b—d) polypyrrole synthesized
with 2,4-diaminodiphenylamine as an initiator in the following
concentrations: (b) 10 mol %, (c) 2 mol %, and (d) 0 mol %.

400

tively, versus 0.4 V for pyrrole, as confirmed by open cir-
cuit potential (OCP) measurements.*” Structural deter-
mination of the as-synthesized polypyrrole was carried
out by Fourier transform infrared (FT-IR) spectroscopy,
ultraviolet—visible (UV—vis) spectroscopy, and elemen-
tal analysis. Comparison of the FT-IR spectra of polypyr-
role nanospheres synthesized using two different con-
centrations of initiator with the spectrum of oligomeric
2,4-diaminodiphenylamine shows distinct differences,
such as the absence of bands at 740, 1032, 1480, and
1580 cm™ ! for the oligomeric initiator (Figure 2). Spec-
tra of polypyrrole synthesized with an initiator indicate
that stretching bands for the pyrrole ring occur at 1472
and 1550 cm™','2'% a shoulder peak that can be attrib-
uted to part of the oxidized pyrrole ring at 1690 cm™',%
stretching bands for C—N at 1032 and 1301 cm™',*°
and stretching bands for doped polypyrrole at 923 and
1202 cm™'>" Note that a small shoulder FT-IR peak at
740 cm™! confirms that a small amount of 2,4-
diaminodiphenylamine has copolymerized with pyr-
role. The products obtained with the initiator exhibit
two typical UV—vis absorptions around 460 nm and
above 900 nm, which can be assigned to the transitions
from the valence band to the antibonding and bond-
ing polaron state of doped polypyrrole, respectively
(Supporting Information, Figure S1)." Elemental analy-
sis reveals the presence of C (55.0 wt %), N (16.3 wt %),
and H (4.5 wt %) in polypyrrole nanospheres synthe-
sized with 10 mol % initiator. The C/N ratio of the poly-
pyrrole nanospheres (3.38) is consistent with the theo-
retical C/N ratio of pure polypyrrole (3.43).*” These
results indicate that the chemical composition of the
observed polypyrrole nanospheres is very similar to that
of conventional polypyrrole.

Size and Morphologies of Dispersible Polypyrrole Nanospheres.
As measured by dynamic light scattering (DLS), the
number-average diameters (D,) of the as-synthesized
polypyrrole particles dispersed in methanol decrease
from 1200 to 280 nm when the initiator concentration
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Figure 3. Size distributions of polypyrrole particles produced
using the initiator 2,4-diaminodiphenylamine at (a) 10 mol
%, (b) 2 mol %, and (c) without the initiator. The insets (d—g)
show photographs illustrating the stability of the polypyr-
role dispersions in methanol (0.5 g/L): (d) synthesized with
10 mol % initiator, (e) panel d after 24 h, (f) synthesized with-
out the initiator, and (g) panel f after 5 h.

is increased from 0 to 10 mol % (Figure 3). The size of
the polypyrrole nanospheres changes little with fur-
ther increases in the concentration of the initiator. Note
that the diameters of the polypyrrole nanospheres can
be tuned by choosing different size doping acids. For
example, when the reaction was performed in the pres-
ence of camphorsulfonic acid (CSA), perchloric acid (HC-
10,4), nitric acid (HNOs), and hydrochloric acid (HCI), the
D, of the as-synthesized nanospheres varied from 220,
to 200, to 110, to 85 nm.

Investigating the stability of polypyrrole dispersions
in methanol reveals a striking contrast between materi-
als synthesized with and without the initiator (Figure
3, insets). For reactions performed in the absence of the
initiator, the as-synthesized polypyrrole exhibits irregu-
larly shaped agglomerates along with some big sheets
measuring several micrometers, which mostly precipi-
tate within 5 h. However, upon introduction of 10 mol
% of the initiator into the reaction mixture, the as-
synthesized product does not aggregate or settle out
from the dispersion even after standing for 24 h. Sur-
prisingly, this polymer dispersion is completely stable
in methanol for at least 3 months. Note that the as-
synthesized polypyrrole nanospheres are dispersible in
many polar solvents including DI water, ethanol, ac-
etone, toluene, and 1-methyl-2-pyrrolidinone.

To figure out the stabilization mechanism for these
aqueous suspensions, electrophoretic mobility and zeta
potential measurements were carried out at a pH of
~4.5. The electrophoretic mobility and zeta potential
of polypyrrole particles synthesized without the initia-
tor are (3.66 + 0.06) X 108 m%/(V-s) and 46.83 =+ 0.80
mV, which increased to (4.37 * 0.04) X 108 m%/(V -s)
and 55.85 = 0.51 mV, respectively, when the initiator
was added. The enhanced charge may be due the initia-
tor when copolymerized with pyrrole forming ammo-
nium ion-like groups in the presence of acid. Accord-
ing to the well-known
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory,
the stability of colloidal suspensions depends on poten-
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tial energy curves which are the sum of two contribu-
tions, the van der Waals force and the electrostatic
force, relative to the free energy of interactions. Greater
positive charge or negative charge leads to more dis-
persible and stable colloidal suspensions. The large am-
monium ion-like groups could be also act as steric sta-
bilizers. Thus both charge and steric-based stabilizer
functions of the initiator help explain why the polypyr-
role nanospheres are highly dispersible and the result-
ing suspensions so stable.

Morphologies of polypyrrole nanospheres dispersed
in DI water as determined by SEM and TEM demon-
strate clear differences in size and morphology when
synthesized in the absence and presence of the initia-
tor (Figure 4a,b). For reactions performed without the
initiator, irregularly shaped aggregates with diameters
of >600 nm predominate. However, upon introduction
of the initiator, a significant change is observed from ir-
regularly shaped agglomerates to smooth nanospheres.

The size of the nanospheres (80—300 nm) is not
only controlled by the initiator concentraton (as deter-
mined by DLS), but also tuned by the oxidant and the
doping acid employed. When FeCl; is used as the oxi-
dant, well-defined polypyrrole nanospheres are ob-
tained (Figure 4b). When ammonium peroxydisulfate
(APS) is employed, the polypyrrole forms nanoaggre-
gates (Figure 4c). When potassium dichromate (K,Cr,05)
is utilized, the polypyrrole readily forms nanostructures
with average diameters of 90 nm and lengths of 200 nm
(Figure 4d). Note that the oxidation potentials (OP) of
APS, FeCls, and K,Cr,0; in water (without acid present)
follow the order: OPpps = 2.0 V > OPgeqi,= 0.77 V >
OPy,cr0, = ~0.1V, which suggests that the growth and
elongation process for the polypyrrole particles oxi-
dized with K,Cr,05 is much slower than that with APS.
While adding initiator promotes homogeneous nucle-
ation of polypyrrole chains, when too much oxidant is
added, heterogeneous nucleation results. This makes
the diameter of particles oxidized by K,Cr,0; smaller
than that produced by APS, while the diameter of poly-
pyrrole particles oxidized by FeCl; falls in between. At
the same time, the oxidants also affect the conductiv-
ity of the products. Although smaller diameter and
more dispersible polypyrrole was obtained using
K,Cr,0;, we found that FeCl; with an intermediate OP
is the best oxidant for producing polypyrrole nano-
spheres with high conductivity and good dispersibility.

The size of the polypyrrole nanospheres can be ad-
justed by choosing doping acids with different size an-
ions (e.g., the radius of CSA~ = 3.07 A > ClO; = 236 A
> NO; = 1.89 A > CI= = 1.78 A).>*5* SEM images con-
firm that upon introduction of the relatively small size
dopants HCl or HNO;, the polypyrrole nanospheres ob-
tained have D, around 100 and 120 nm, respectively
(Figure 5¢,d). In contrast, the size of the polypyrrole
nanospheres increases to 150—250 nm when the larger
doping acids CSA and HCIO, are used (Figure 5a,b).
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Figure 4. SEM images of polypyrrole synthesized (a) without initiator using FeCl; as the oxidant and (b—d) with 10 mol %
2,4-diaminodiphenylamine initiator using the following oxidants: (b) FeCls, (c) APS, and (d) K,Cr,0; without any acid.

The sheet resistance of the as-synthesized polypyr-
role nanospheres is 3.1 X 10* ()/0 when the synthesis

was carried out without acids using FeCls as the oxidant.

The sheet resistance decreased to 2.9 X 10% (/0 when
the polypyrrole nanospheres were synthesized in the
presence of HCl. The conductivity of these polypyrrole
nanospheres is comparable to that of polypyrrole
nanofibers reported elsewhere.>* Note that the polym-

|8 Gnet® 2

Figure 5. SEM images of polypyrrole nanospheres synthesized with the following acids: (a) CSA, (

HCl using 10 mol % 2,4-diaminodiphenylamine initiator.
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erization yield is only 2.7 wt % when polypyrrole was
synthesized without an initiator, but increased to 42.6
wt % when 10 mol % initiator was added into the reac-
tion. In addition, the polymerization yield was not af-
fected by the choice of acid.

Formation Mechanism of Polypyrrole Nanospheres. Clearly,
2,4-diaminodiphenylamine plays a critical role in the
formation of water-dispersible polypyrrole nano-

& D PN
b) HCIO,, (c) HNOs, and (d)

p

www.acsnano.org



HOO

2,4-diaminodiphenylamine
(Initiator)

% Pyrolysis % Polymerization oS
S LaE. Al -

Carbon nanospheres PPy nanospheres

Pyrrole

Oxidant solutiohlSelf-assem bly

Figure 6. Formation mechanism proposed for polypyrrole (PPy) and carbon nanospheres.

spheres, and we believe it serves two functions. First,
2,4-diaminodiphenylamine has a much lower oxidation
potential than pyrrole and thus it accelerates homoge-
neous nucleation of the polymerization reaction lead-
ing to polypyrrole chains. Perhaps even more impor-
tantly, 2,4-diaminodiphenylamine has two free amino
groups, as illustrated in Figure 6, which can readily ex-
tract hydrogen ions from the added doping acid to
form ammonium cations. This in turn makes the other
side of the molecule, the diphenylamine, become hy-
drophobic with respect to the ammonium cations
formed on the initiator. The hydrophilicammonium cat-
ions and anions from the acid can then combine and
self-assemble into nanomicelles stabilized by dipheny-
lamine groups. That is to say, the initiator molecules act
as a stabilizer for the as-formed nanomicelles. These
nanomicelles likely act as templates to encapsulate pyr-
role and oxidant leading to the formation of nano-
spheres during polymerization. When smaller size ac-
ids are employed, smaller diameter micelles are
obtained leading to smaller sized polypyrrole
nanospheres.

This proposed mechanism can be tested on a solu-
tion consisting of the initiator, acid, and methanol us-
ing dynamic light scattering (DLS). First, sonication was
used in an attempt to dissolve 22.5 mg of the initiator in
15 mL of 1.0 M HCl, HNOs, HCIO,, or CSA. The solutions
exhibited soaplike bubbles when shaken. A 15 mL por-
tion of methanol was then added to make sure all the
initiators completely dissolved. This avoids errors
caused by insoluble initiators when measured by DLS
and decreases the size of the bubbles, which leads to
micelles. As the size of the acid decreases, the average
diameter of the micelles decreases from 872, to 729, to
525, and to 460 nm (Figure 7). Note that the diameter of
the micelles are bigger than the corresponding polypyr-
role nanosphere products, likely due to the pyrrole
and oxidant incompletely filling the micelles during
the encapsulation due to fluid dynamics. After polymer-
ization, the materials consisting of monomer and oxi-
dant will contract thus explaining why the diameter of
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the polymer nanospheres are smaller than that of the
micelles. The DLS results thus provide strong support
for the proposed nanosphere formation mechanism.
Additionally, the acids used act as dopants. The smaller
the size of the acid used, the tighter and smaller the di-
ameters of the polypyrrole nanospheres produced. Dif-
ferent acids also change the solubility of the initiator
and pyrrole oligomers, which also affect the diameters
of the polypyrrole nanospheres. This confirms that the
diameter of the micelles can be tuned by the choice of
acid.

Growth of Highly Conducting Carbon Nanospheres. A high
yield of carbon nanospheres can be directly produced
by carbonization of the polypyrrole nanosphere precur-
sors through pyrolysis. For example, when the polypyr-
role nanospheres synthesized with HCI were pyrolyzed
at 1100 °C for one hour, 50% of the polymeric nano-
spheres were converted into carbon-based materials,
while the rest burned off as CO, and H,0 along with
HCI, H,, NH3, and NO,. Powder XRD patterns indicate
that the as-formed nanospheres are, in fact, partially
crystalline carbon. The as-carbonized products show
one sharp diffraction peak centered at 26 = 23.5° corre-
sponding to the (002) reflection in turbostratic graph-
ite (Figure 8). In addition, two new weak diffraction
peaks centered at 26 = 43.5° and 79.5° emerge that
can be assigned to the (101) and (110) Bragg reflec-
tions in graphite.> >’ By comparing the powder XRD in-
tensity of the (002) and (101) reflections of different car-
bon nanospheres, it appears that the smaller the size
of the original polymer nanospheres, the higher the de-
gree of carbonization. The increased peak intensity can
be attributed to wider and thicker graphitic layers. The
powder XRD patterns imply that the polypyrrole precur-
sors have been converted into carbonaceous materials
by pyrolysis. FT-IR spectra confirm that carbon-based
materials have been, in fact, created since most of the
characteristic peaks of the polymeric precursor disap-
pear after carbonization (Figure S2).

Figure 9 panels a,b show SEM images of the carbon
nanospheres formed at 800 °C from polypyrrole nano-
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Figure 7. Dynamic light scattering (DLS) spectra of the initiator-based micelles made from different sized acids.

spheres synthesized in the presence of camphorsul-
fonic acid (CSA). Note that the nanospheres survive a di-
rect heat treatment even up at 1100 °C (Figure 9c).
When compared to the polymeric precursors, both SEM
and TEM images show that the carbon nanospheres ex-
hibit a similar morphology to that of the original poly-
pyrrole nanospheres; except that the diameters have
decreased by 20—30 nm due to dehydrogenation and
aromatization shrinking the precursors. Apparently, the
diameter, size distribution, and morphology of the car-
bon nanospheres are controlled by choosing different
polypyrrole nanosphere precursors. For example, poly-

(002) __a
—b
—c
—d

(110)

Relative Intensity

40 60 80
2Theta (Degrees)
Figure 8. XRD patterns of carbon nanospheres produced at

1100 °C from polypyrrole precursors synthesized with the
following acids: (a) CSA, (b) HCIO,, (c) HNO;, and (d) HCI.
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pyrrole nanospheres synthesized using HCl and HNO;
lead to polydispersed carbon nanospheres with small
sizes of 50—80 and 90— 100 nm (Figures 9¢,d), respec-
tively. However, polypyrrole nanospheres synthesized
with camphorsulfonic acid (CSA) produce larger size (ca.
220 nm) but more well-defined carbon nanospheres,
with a monodispersity as high as 95%, as determined
by randomly examining 100 nanospheres. Interestingly,
the as-formed carbon nanospheres, as well as the origi-
nal polymer nanospheres, show excellent dispersibility
in various polar solvents including ethanol, water, and
toluene. The dispersibility of the carbon nanospheres
at a low concentration (0.5 wt %) in ethanol was con-
firmed by both of SEM and TEM (Figure 9b), which dem-
onstrate separate individual nanospheres of uniform size.
The reason that these nanostructures survive such
a high temperature may be related to the chemical
structure of polypyrrole. In the polymerization of pyr-
role, there are «a—a and a—B couplings of monomers
which lead to linear and cross-linked polypyrrole,
respectively.’®*° When oxidants with higher oxidation
potentials such as ferric chloride (FeCls), or ammonium
peroxydisulfate (APS) are used, cross-linked polypyrrole
consisting of rings of both pentagons and hexagons
tend to form. We believe that these cross-linked struc-
tures are the principal reason that the sphere-like nano-
structures survive the high temperature annealing.
This also explains why polyaniline nanofibers synthe-

www.acsnano.org



Figure 9. SEM and TEM images of carbon nanospheres formed from polypyrrole nanospheres synthesized with the follow-

ing acids: (a—c) CSA, (d) HCIO,, (e) HNO;, and (f) HCI; the carbonization temperature for panels a and b was 800 °C and for
panel c was 1100 °C. The insets show (a) a typical carbon nanosphere dispersion in ethanol (left bottom corner) and (f) a

metal-like carbon nanosphere disk.

sized from initiator polymerization,*° due to their lin-
ear structures, could not survive high temperature (800
°C) carbonization (Supporting Information, Figure S3).
The as-formed carbon nanospheres created from
the polypyrrole pyrolysis have very low electrical resis-
tances. For example, when polypyrrole nanospheres
synthesized with camphorsulfonic acid (CSA) were car-
bonized at 800 °C for half an hour, the sheet resistance
of the as-formed carbon nanospheres was only 27 /5,
which is ~103 times lower than that of the correspond-
ing polymer nanospheres. When the polymers were car-
bonized at a higher temperature (1100 °C) for a longer
time (1 h), the sheet resistance of all the carbon nano-
spheres in pellet form was below 3 ()/0. In particular,
when polypyrrole nanospheres synthesized with HCl as
the precursor were annealed at 1100 °C for 1 h, the
sheet resistance of the as-formed carbon nanospheres

www.acsnano.org

was too low to measure using a two-point probe tech-
nique. The conductivity of this carbon material in the
form of a metal-like disk is as high as 1180 S/cm as de-
termined by a four-point probe technique, which is
comparable to that of some metallic conductors such
as mercury (conductivity = 1050 S/cm) and lead (con-
ductivity = 1080 S/cm).6’ The conductivity of the car-
bon nanospheres is likely associated with the substitu-
tion of nitrogen atoms into the carbon structures.
According to earlier work, when polypyrrole is carbon-
ized above 900 °C, the nitrogen atoms are converted
into two different types: pyridine-type nitrogen atoms
(denoted N;) and quarternary amine-type nitrogen at-
oms (denoted N,), which according to X-ray photoelec-
tron spectroscopy exist at the edge of graphene sheets
(397.8 eV) and incorporate into the graphene sheets
(400.7 eV), respectively.®? These two types of nitrogen

. . - . A AN
VOL. 4 = NO.9 = 5193-5202 = 2010 AMW)

5199



atoms have also been reported for carbon nitrides and
nitrogen enriched carbons.%>%4 Both experiments and
theoretical calculations indicate that the electrical con-
duction in carbon materials can be enhanced by nitro-
gen atoms due to the introduction of donor states near
the Fermi level.®® The resistance of nitrogen atoms in-
corporated into a carbon lattice depends on the con-
centration of the nitrogen atoms as well as the N;/N; ra-
tio. In our case, elemental analysis indicates that the
composition of the highly conducting carbon nano-
spheres is as follows: C (83.1 wt %), N (3.1 wt %), and H
(1.7 wt %). This low concentration of substituted nitro-
gen atoms likely causes little distortion to the graphitic
structure.%® However, the doping effect of nitrogen at-
oms results in forming a new carbon-based material
with the composition CHg24Ng 3. We believe that the ni-
trogen atoms play a critical role for markedly increas-
ing the conductivity. The nitrogen atoms that remain in
the carbon-based product may also help explain why
the carbon nanospheres can be readily redispersed in
water or ethanol since a charge stabilized colloid will
result.

EXPERIMENTAL SECTION

Synthesis of Water-Dispersible Conducting Polymers Nanospheres. In a
typical synthesis of polypyrrole nanospheres, 25.0 mg of pyrrole
and 7.5 mg of 2,4-diaminodiphenylamine (10 mol % relative to
pyrrole) as an initiator were dissolved in methanol, while an oxi-
dant such as FeCl; was dissolved in 1.0 mol/L HCl. The two solu-
tions were cooled to 0 °C and rapidly mixed. The reaction was
vigorously shaken for ~10 s and then left undisturbed overnight.
The as-synthesized products were purified by centrifugation at
a speed of 4500 rpm/min using DI water/methanol (90/10) at 15
°C until the top liquid became colorless. To monitor the polym-
erization of pyrrole, open-circuit potentials (OCP) of the reaction
solutions were measured as a function of time on a single-
component two-electrode cell: Pt|reaction solution||reference
electrode.”*® If not specifically mentioned, all experiments were
performed using FeCl; as the oxidant and 10 mol % of 2,4-
diaminodiphenylamine relative to pyrrole as an initiator.

Growth of Carbon Nanospheres. To produce carbon nanospheres,
purified polypyrrole nanospheres in powder form were pyro-
lyzed in a furnace at a set temperature (i.e., 800 or 1100 °C) at a
ramp rate of 3 °C/min under an argon atmosphere. After carbon-
ization at a set temperature, the furnace was cooled to room
temperature at a rate of 3 °C/min.

Characterization. The chemical structure/composition of the
purified polypyrrole and its carbon nanospheres were character-
ized by elemental analysis (EA) (performed by Columbia Analyti-
cal Services, Inc.). UV—vis absorption spectra were recorded on
an HP 8453 spectrometer using samples prepared as dispersions
in methanol. Solid state FT-IR samples were prepared as pellets
by mixing with KBr, and the spectra were taken with a JASCO FT/
IR-420 spectrometer. X-ray diffraction (XRD) patterns were
scanned on a Philips X'pert Pro powder diffractometer by using
copper-monochromatized CuKa radiation (\ = 1.54178 A). The
particle size distributions of the micelles formed by the initiator
and acid, as well as polypyrrole methanol dispersions, were de-
termined by a Coulter Beckman N4 Plus dynamic light scattering
(DLS) analyzer. The electrophoretic mobility and zeta potential
of polypyrrole particles were carried out at pH ~4.5 using a
Brookhaven Instruments Corp. ZetaPALS. The morphologies of
the polypyrrole and the as-formed carbon were imaged using a
JEOL JSM-6700 field emission scanning electron microscope

CONCLUSIONS

Water-dispersible polypyrrole nanospheres have
been successfully synthesized by simple chemical
oxidative polymerization of pyrrole in the presence
of 2,4-diaminodiphenylamine as an initiator. The
morphology and size of the as-synthesized polypyr-
role nanospheres are tunable by varying the initiator
concentration, the oxidant used, and the acid em-
ployed. The initiator accelerates the rate of the po-
lymerization reaction and forms nanomicelles which
serve as templates leading to the formation of
smooth and well-defined polypyrrole nanospheres.
These nanospheres can be pyrolyzed at 1100 °C to
form nitrogen-doped carbon nanospheres. The
nanospheres are highly conducting with conductiv-
ity values up to 1180 S/cm. This simple and rapid
synthesis provides a new route to produce water-
dispersible conducting polymers and nitrogen-
doped carbon nanospheres. We believe that the as-
obtained conducting polymers and carbon nano-
spheres could find use in applications such as sen-
sors, capacitors, and battery electrodes.

(SEM) and a PHILIPS CM120 transmission electron microscope
(TEM).

Electrical Measurements. The resistances (Rsq) in ohms/square
(€1/0) of the polymer and carbon powder pellets were mea-
sured using a two-point probe set-up by painting two silver
lines of the same length and sequence distance onto the sur-
face; the relative error for these measurements is 10%. The resis-
tivity of the carbon nanospheres prepared at 1100 °C for 1 h
from polypyrrole synthesized using hydrochloric acid (HCl) as
the dopant was measured by a four-point probe technique be-
cause its resistivity was too low to measure using the two-point
probe.
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