Carbon Onions: Synthesis and Electrochemical Applications

by John K. McDonough and Yury Gogotsi

eginning with fullerenes, moving to

carbon nanotubes, and most recently

to graphene, carbon nanomaterials
are widely studied and used in a range of
applications including electronics, tribology,
and energy storage. However, two kinds of
carbon nanoparticles, nanodiamond' and
carbon onions,> which were discovered
before fullerenes and nanotubes, stayed for a
long time in the shadow of more popular and
better investigated nanocarbons. However,
both have become increasingly studied
in recent years. Carbon onions consist of
spherical closed carbon shells and owe their
name to the concentric layered structure
resembling that of an onion. Carbon onions
are sometimes called carbon nano-onions
(CNOs) or onion-like carbon (OLC). Those
names cover all kinds of concentric shells,
from nested fullerenes to small (<100 nm)
polyhedral nanostructures. This review is
dedicated to those materials. We first discuss
the structure of carbon onions and provide
an overview of their synthesis methods.
Also, electrochemical applications of carbon
onions are reviewed with an emphasis on
supercapacitor electrodes.

Sumio Iijima discovered OLC in 1980
while looking at a sample of carbon black
in a transmission electron microscope.
OLC was not produced in bulk, but rather
was observed as a byproduct of carbon
black synthesis.> About a decade later in
1992, Daniel Ugarte put forth a formation
mechanism for the spherical graphitic

structure. By focusing an electron beam on a
sample of amorphous carbon, he was able to
observe the formation of OLC in situ. Under
an electron beam, the amorphous carbon
graphitizes and begins to curl, and after
sufficient time, the graphitic carbon closes
on itself, forming an onion. The curving
and closure occurs in order to minimize the
surface energy of the newly formed edge
planes of graphite, which is about 30x that
of the basal plane.*

Although OLC has been synthesized
by many different methods in the last
30 years, large scale production (gram
quantities) of OLC was first realized in
1994 by Vladimir Kuznetsov and co-
workers, who used vacuum annealing of
a nanodiamond precursor.>® Similar to
vacuum annealing, other groups have also
utilized annealing in inert gases to transform
nanodiamond, which is currently produced
in ton quantities,' to OLC.” This is one of the
methods that has a potential for industrial
applications, as the onion yield is close to
100% and the manufacturing volume is only
limited by the size of the furnace, and can
be scaled accordingly. This material rarely
has ideal spherical carbon onions, but can
be produced in large quantities and finds
practical applications. The transition of
nanodiamond to a carbon onion can be seen
in a molecular dynamics (MD) simulation

FiG 1. Molecular dynamics simulation of (a) pristine nanodiamond, (b) nanodiamond annealed at
1400 °C, (c) nanodiamond annealed at 2000 °C,* and carbon onions synthesized via (d) annealing of
nanodiamond at 2000 °C,"8 (e) arc discharge between two carbon electrodes in water,’ and (f) electron

beam irradiation.”
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(Fig. la-c). A 2-nm particle of nanodiamond
(Fig. 1a) was annealed at 1400 °C (Fig. 1b)
causing the outer layers of the nanodiamond
to convert to graphitic carbon; however
the annealing was not at high enough
temperature to convert the entire particle.
At higher temperatures (Fig. 1c), the entire
particle is converted to an OLC particle.® At
the highest annealing temperatures, the OLC
particle begins to polygonize (Fig. 1d) as the
structure becomes more ordered. The particle
size of OLC produced via nanodiamond
annealing is dependent on the nanodiamond
precursor, which is generally about 5 nm in
diameter,' producing onions in the 5-10 nm
size range.

Arc discharge between two graphite
electrodes in water represents another
synthesis  technique, generating OLC
of slightly different structure than from
annealing of nanodiamond. A dc current
of 30 A and 17 V was applied between
two graphite electrodes in water causing
the carbon to evaporate at the location of
the arc due to the extreme heat generated.
The carbon vapor rapidly condenses into
highly spherical OLC particles (Fig. le)
and will float on the water surface, waiting
to be collected for analysis. Consumption
of the anode was about 100 mg/min, with
the carbon products being produced at 20
mg/min. Synthesis by arc discharge can
be performed at ambient pressure and
temperature, avoiding the use of expensive
equipment or catalysts, however the yield
is low and samples contain nanotubes and
amorphous carbon formed along with carbon
onions.>!

Hollow carbon onions have been
produced with the aid of metal nanoparticles.
First, the metal and carbon were evaporated
by an arc discharge method, similar to the
one described earlier. The resulting product
is a metal particle encapsulated by layers of
graphitic carbon. When the system is exposed
to the beam of a transmission electron
microscope (TEM), the metal particle
migrates a few atoms at a time through the
carbon layers, which can be seen in situ, and
leaves a hollow OLC particle (Fig 1f)."

Laser excitation of ethylene causes the
gas to decompose and produces solid carbon
at high temperatures. The process, used by
Gao, et al., is performed in air and uses a
high-energy laser to convert the hydrocarbon
to a solid carbon onion. This has potential
to be used for large-scale production, as
it can be scaled up, with authors showing
a synthesis rate of 2.1 g/hour. This, along
with annealing of detonation nanodiamond,
is another feasible synthesis method for
industry.!?

(continued on next page)
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There are several other processes that
were reported to produce carbon onions.
Synthesis of carbon onions via chemical
vapor deposition (CVD) utilized an iron
catalyst supported on sodium chloride to
decompose acetylene gas at temperatures
~400 °C. For less than 5 wt% iron, the carbon
onions had an Fe,C core. In contrast to other
methods of carbon onion synthesis, this
CVD process yields much larger diameter
particles, ~50 nm.'* Carbon ion implantation
is another method to produce carbon
onions, first used in 1998 by Cabioc’h, et
al., which allowed the particle diameter to
be tuned from 3 nm up to 30 nm by varying
synthesis conditions such as temperature or
implantation dose density." Thermolysis
is when a compound is decomposed by
heat and has been shown to be a method
for carbon onion synthesis. Using sodium
azide (NaN,) and hexachlorobenzene
(C,Cl) as the reagents, a redox reaction
causes an abrupt increase in temperature and
pressure, producing large diameter carbon

onions (30-100 nm) and other impurities,
such as sodium chloride and amorphous
carbon, which can be removed through a
purification step.'® Solid state carbonization of
a phenolic resin precursor is a way to produce
larger diameter carbon onions, ~40 nm. The
precursor material was a phenol-formaldehyde
resin and required the aid of a ferric nitrate
catalyst at temperatures ~1000 °C.'° High
temperature evaporation of nanodiamond
resulted in carbon condensing on a silicon
substrate, with the carbon having the form
of onions. The resulting particles had a
diameter ~5 nm. This paper does not show
any information regarding mass or yield,
and it seems like a low yield process.!”

The onions consist of graphene shells with
pentagonal and other defects required to have
closed-shell structures. Structural properties
of OLC vary significantly depending on
the synthesis conditions. Focusing on OLC
derived from the annealing of nanodiamond
between 1300 and 1800 °C, the BET specific

surface area (SSA) from N, gas adsorption
varies between 400 and 600 m?/g (Fig. 2a).
There is no accessible internal porosity
for OLC, so the SSA is dependent on the
density of the material and the surface of the
particles. At lower annealing temperatures,
there is residual diamond in the sample
causing a lower SSA due to a higher density
of nanodiamond compared to graphitic
carbon forming onion shells. A maximum
at 1500 °C is found after all diamond is
transformed to OLC and the particle has a
rough (defective) surface, and the subsequent
decrease in SSA is due to sintering and
formation of larger polygonized particles
as annealing temperature in increased. The
pore size distribution of OLC is broad in the
mesoporous range, as any “pore” is actually
formed by the space between multiple
onions, and does not vary significantly
between synthesis conditions.'®

Conversion from nanodiamond to fully
graphitized onions was investigated using
X-ray diffraction (XRD) (Fig. 2b). The
nanodiamond precursor shows pronounced
diamond peaks, as expected, in addition
to a small peak for (002) graphite. Upon
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Fi1G. 2. (a) BET specific surface area of raw diamond soot and annealed nanodiamond (carbon onions),'® (b) XRD patterns of annealed nanodiamond," and (c)

Raman spectra of annealed nanodiamond.”
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Fi1G. 3. (a) Capacitance normalized to specific surface area as a function of particle or pore size for mesoporous carbon, microporous carbon, zero-
dimensional carbon onions, and one-dimensional carbon nanotubes, with the solid black line at 10 uF ¢cm™ representing a parallel plate capacitor (graphite).
(b) Capacitance normalized to specific surface area as a function of carbon onion particle diameter. Inset is an image displaying how cations adsorb on the
surface of a charged carbon onion particle, forming a double layer.®

annealing for 30 minutes at 1400 °C, three
peaks appear for graphite that are relatively
broad and weak in intensity, probably
because the graphitic carbon is still defective
and incomplete shells are formed. The
graphitic carbon peaks grow for the sample
annealed at 1700 °C, with some residual
diamond peaks. Finally, after annealing at
2000 °C for 30 minutes, no diamond peaks
are present, with very pronounced peaks for
graphite.!2

Raman spectroscopy was used by
Portet, et al. to study the surface structure
of carbon onions as they are annealed
from nanodiamond at temperatures
between 1200 and 2000 °C (Fig. 2c). The
nanodiamond precursor (UD50 grade') used
was a detonation nanodiamond soot, that
is comprised of disordered carbon, carbon
onions, and diamond nanoparticles, with
~25 wt% of sp? carbon and ~75 wt% of sp?
carbon.?' The Raman spectra for all samples
contain two peaks at 1350 and 1600 cm’,
corresponding to the D-band for disordered
carbon and the G-band for graphitic
carbon, respectively, in addition to second
order peaks for the 2D band at ~2700 cm'!
and for the G+D band at ~2850 cm™. The
spectrum for UD50 shows two very broad
D and G peaks, and the 2D and D+G
peaks are unresolvable, implying a highly
disordered graphitic carbon present in the
detonation soot. Annealing the nanodiamond
at 1200 °C causes a narrowing of all peaks,
and appearance of the resonant peaks. As the
samples are annealed at higher temperatures,
up to 2000 °C, the peaks continue to narrow
as the sp® carbon and disordered carbon
is further graphitized. The ratio of the D
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to G band (I /I, not shown) decreases
significantly upon annealing due to the
increase in ordering of the carbon particles.?

Electric double layer capacitors (EDLC),
also known by their commercial names as
supercapacitors or ultracapacitors, are non-
faradaic electrical energy storage devices
that store charge on the surface of a high
surface area carbon electrode, often made
of porous activated carbon.?*** Materials for
supercapacitors range from microporous and
mesoporous carbons, to one-dimensional
carbon nanotubes, to two-dimensional
graphene. The theoretical capacitance per
surface area of these materials as a function
of pore size and particle size is shown in
Fig. 3a. Below a pore size or particle size of
~5 nm, the normalized capacitance deviates
from planar graphite, with mesoporous
materials decreasing in capacitance and
materials with a positive curvature, i.e.,
carbon onions, increasing significantly. This
figure shows that the smallest 0-D carbon
onions can potentially outperform other
materials in terms of capacitance per area.

Carbon onions debuted as a material for
EDLCs in 2006-2007 in both aqueous®-
and organic? electrolytes. Since then, there
has been an immense amount of attention
given to OLC for both batteries’?* and
supercapacitors,'8?233¢ a5 both active
materials and easily dispersible conductive
additives (ultimate carbon black). The high

power capabilities of carbon onions, with
excellent capacitance retention at current
densities as high as 200 mA/cm? (15 A/g)
have been highlighted in the very first
paper.? The theoretical values from Fig. 3a
compared to published data in Fig. 3b show
a very good agreement and an increase in
capacitance as onion size decreases. A few
years later, in 2010, the carbon onion micro-
supercapacitor was fabricated and tested in
comparison to other systems at the same
length scale** The micro-supercapacitor
using interdigital OLC electrodes was able to
operate efficiently at rates as high as 100 V/s
(Fig. 4), much faster than conventional
EDLCs operating at rates well below 1 V/s.
A plot of the discharge current vs. scan rate
derived from cyclic voltammetry should
be linear for a capacitive system and will
deviate at high enough rates due to diffusion
limitations of the ions in electrolyte. From
Fig. 4a, the OLC micro-supercapacitor has
a linear relationship up to about 100 V/s.
Tetraethylammonium ions at the surface
of a carbon onion particle are shown in
Fig. 4b. The performance of other systems
in comparison with the OLC micro-
supercapacitor is shown in a Ragone plot
(Fig. 4c). Carbon onions have roughly 10x
the power of activated carbon, however a
lower energy density because of the lower
surface area. Electrolytic capacitors have
a comparable or higher power density,
yet carbon onions have more than 10x the
energy density.*

Recently, OLC and carbon nanotubes
(CNTs) were used to store energy from -50
to 100 °C—a wider temperature range than

(continued on next page)
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any porous activated carbons can deliver
with organic or aqueous electrolytes. The
exohedral carbons were combined with a
eutectic mixture of ionic liquids, which
remains liquid at temperatures down to
-80 °C. The arrangement of ions around the
respective electrode materials can be seen
in Fig. 5a and 5b. Both, carbon onions and
nanotubes were found to operate efficiently
at temperatures as low as -50 °C and as
high as +100 °C. Conventional EDLC
electrolytes utilize propylene carbonate (PC)
as the solvent and begin to see a decrease
in performance below 0 °C (Fig. 5c).
Activated carbon was used in the same
eutectic mixture of ionic liquids and failed at
temperatures of -20 °C, even at slow charge-
discharge rates.* This shows that adsorption

of ions on the exohedral surfaces of onions
(Fig. 5a) minimizes ion transport limitations
allowing either very fast charge-discharge
rates (Fig. 4a) or use of electrolytes with low
mobility (Fig. 5c).

Carbon onions represent one of the
least studied carbon nanomaterials, and
are seeing a large increase in attention for
energy storage applications. Because of
their unique 0-D structure, small (<10 nm)
diameter, high electrical conductivity, and
relatively easy dispersion, compared to 1-D
nanotubes and 2-D graphene, OLC has been
shown to be ideal as a conductive additive to

battery and supercapacitor electrodes, or as
active material for supercapacitor electrodes
for high-power applications and for low
temperature devices using ionic liquid
electrolytes.

This work was supported as part of the
Fluid Interface Reactions, Structures and
Transport (FIRST) Center, an Energy
Frontiers Research Center funded by the US
Department of Energy, Office of Science,
Office of Basic Energy Sciences. The
authors are thankful to Dr. Vadym Mochalin
(Drexel University) for Fig. 4b. [ |
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