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Ordered mesoporous carbons having
graphitic carbon nanoparticles are prepared
in an one-pot synthesis route by the “bricks
and mortar” self-assembly synthesis us-
ing onion-like carbons, or carbon black
(“bricks”) and phenolic resin (“mortar”) in
the presence of triblock copolymers. Meso-
pore widths, electrical series resistance and
capacitance can be tailored by brick selec-
tion and contents in final nanocomposites.
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“Bricks and Mortar” Self-Assembly Approach to Graphitic
Mesoporous Carbon Nanocomposites

By Pasquale F. Fulvio, Richard T. Mayes, Xiqing Wang, Shannon M. Mahurin, John
C. Bauer, Volker Presser, John McDonough, Yury Gogotsi, and Sheng Dai*

Keywords: ordered mesoporous carbon; carbon onions; electrical resistivity; nanocomposites

Mesoporous carbon materials have insufficient ordering at the atomic scale to exhibit

good electronic conductivity. To date, mesoporous carbons having uniform mesopores

and high surface areas have been prepared from partially-graphitizable precursors in the

presence of templates. High temperature thermal treatments above 2000 ◦C, which are

usually required to increase conductivity, result in a partial or total collapse of the

mesoporous structures and reduced surface areas induced by growth of graphitic

domains, limiting their applications in electric double layer capacitors and lithium-ion

batteries. In this work, we successfully implemented a “bricks and mortar” approach to

obtain ordered graphitic mesoporous carbon nanocomposites with tunable mesopore

sizes below 850 ◦C without using graphitization catalysts or high temperature thermal

treatments. Phenolic resin-based mesoporous carbons act as mortar to highly conductive

carbon blacks and carbon onions (bricks). The capacitance and resistivity of final

materials can be tailored by changing the mortar to brick ratios.

1. Introduction

Mesoporous materials with crystalline pore walls have attracted
large interest for applications in catalysis[1] and energy storage/
conversion.[2] Crystalline mesoporous metals and metal oxides
have been prepared by various approaches, including the self-
assembly of non-ionic triblock copolymers and crystalline oxide
clusters,[3] in situ crystallization of oxides from amorphous
mesoporous glasses,[4] confined hydrothermal synthesis,[5]

controlled crystallization in the presence of chemically and
thermally stable hard-templates,[6] or co-condensation of metal
alkoxide and crystalline nanoparticles with triblock copolymers
(“bricks and mortar” approach).[1b] Porous carbon materials
are widely used in battery and supercapacitor electrodes due
to their high conductivity. Mesoporous carbons with atomic
periodicity on the pore walls, in particular graphitic structures,
allow precise pore size control in the mesopore range and have
been prepared by soft[7] and hard-template methods[8] when
using partially graphitizable carbon precursors. In all cases,

Dr. P. F. Fulvio, Dr. R. T. Mayes, Dr. X. Wang, Dr. S. M. Mahurin, Dr. J.
C. Bauer, Dr. S. Dai, Chemical Sciences Division, Oak Ridge National
Laboratory, Oak Ridge, Tennessee 37831 (USA); E-mail: dais@ornl.gov
Dr. V. Presser, Mr. J. McDonough, Dr. Y. Gogotsi, Department of
Materials Science and Engineering, A.J. Drexel Nanotechnology
Institute, Drexel University, Philadelphia, Pennsylvania 19104 (USA)
10.1002/adfm.201002641

high temperature thermal treatments resulted in significant
collapse of the mesoporous architecture without significant
graphitization.

The hard-template method includes disadvantageous addi-
tional steps for the preparation of the templates and the need
for hazardous chemicals, such as hydrofluoric acid and sodium
hydroxide, to etch the most widely used silica templates. Due
to this, the soft-template synthesis of ordered mesoporous car-
bons (OMCs) using phenolic resins as carbon sources and tri-
block copolymers as templates is a more economical, faster, and
environmentally friendly route to obtain materials with large
mesopores and high surface areas. The drawback of the latter
is the limitation of available carbon sources that will permit
the successful self-assembly of the polymeric framework with
the triblock copolymers. The starting precursors are usually
limited to partially graphitizable phenol,[7b] phloroglucinol,[7a]

resorcinol,[9] with formaldehyde or glyoxal[10] as thermoset
resins.

Conductivity of carbon materials heavily depends on the
degree of graphitization and electron percolation.[11] Carbon
materials that are used for applications such as supercapac-
itor electrodes include activated carbon, carbide derived car-
bon, templated carbon,[12] graphene, carbon nanotubes,[11,13]

and carbon onions.[14] The latter three exhibit excellent con-
ductivity resulting in their use as electrode materials or con-
ductive fillers. Highly conductive materials like carbon black

Adv. Funct. Mater. 2011, XX, 1–7 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1
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are usually used in commercial supercapacitors as additives
to high-surface area carbons to improve the resulting capac-
itance of supercapacitors. Recently, it was shown by Pech et
al.[15] that binder free onion-like carbon micro-supercapacitors
for high-power handling and fast charge-discharge rates, can
be obtained via electrophoretic deposition. Depending on the
application requirements, control over the porosity of high sur-
face area carbons is essential for optimization of the properties;
the pore size distribution in the micropore (< 2 nm) and meso-
pore (2–50 nm) range plays a particularly important role.[11,16]

Hence, the development of simple yet reproducible and con-
trollable ways to prepare materials exhibiting stable graphitic
mesoporous frameworks, especially using high the yield soft-
template method, is of particular importance for optimized
energy storage devices.

Recently, soft-templated OMCs containing ceramic,[17]

metallic[18] and oxide nanoparticles[19] were reported. In the
latter case, the chemical composition of the nanoparticles al-
lows incorporation in significantly large amounts of nanopar-
ticles (20–30wt%) embedded in the frameworks of the final
materials.[19b] The ability of (poly-ethylene)–(poly-propylene)–
(poly-ethylene) triblock copolymers to strongly and simulta-
neously interact with the resorcinol–formaldehyde oligomers
and silica/alumina particles yielded homogeneous carbon–
oxide nanocomposites. Because strong interactions are nec-
essary, nanoparticles without any surface functional groups
segregate during self-assembly synthesis. Consequently, pure
carbon nanocomposite materials with homogeneously dis-
persed graphitic carbon nanostructures and mesoporous car-
bon nanoparticle assemblies have not been reported yet.
Herein, we demonstrate, however, that by using the “bricks
and mortar” approach,[1b] it is possible to obtain graphitic car-
bon nanostructures, i.e., carbon black and carbon onions in the
framework of OMCs and to systematically replace the pheno-
lic resin precursors by more than 50 wt% of these, making itQ1
possible to obtain highly conductive mesoporous materials.

2. Results and Discussion

Nitrogen adsorption isotherms at −196◦C for CO and CB com-
posites (Figure 1a and 1b) are characteristic of materials with
large mesopores (type IV).[20] In both series, hysteresis loops
typical for large mesopores (H-1) are seen for samples contain-
ing up to 25 wt% of CO and up to 50 wt% CB in the initial
syntheses gels. From the calculated pore size distribution[21]

(Figure 1c and 1d) we clearly see that with increased CO or CB
contents, the PSD changes from a narrow distribution centered
on 7 nm to larger and broader pore size distributions. Com-
pared to CO with the same concentration, CB additions to OMC
yield more narrow PSDs while the average pore size is compa-
rable up to 50 wt% particle concentration ( Table 1). Also the
total pore volumes (single point pore volume) increase propor-
tionally to the CO and CB contents, whereas the highest surface
areas were obtained for the smallest loadings of COs and CBs, 5
and 10 wt%. The calculated adsorption parameters are summa-
rized in Table 1. Samples with a high content of carbon onions
(CO-50 and CO-75) show an adsorption isotherm similar to

Figure 1. Nitrogen adsorption isotherms at −196◦C for a) CO-
x and b) CB-x and c, d) their corresponding pore size distri-
butions calculated according to Ref. 20 using statistical film
thickness for nonporous carbon reference material.[21] Adsorp-
tion isotherms were vertically offset by increments of 150cm3

STP g−1.

the as-received CO material. This indicates that the porosity is
governed by agglomerated carbon onions and a resulting loss
of the textural templated cylindrical pores. This is corroborated
by the electron microphotographs presented in (Figure 2) and
can, to a lesser degree, also be seen for high concentrations of
carbon black. The large pore volume of CO-R is the result of the
voids formed by the aggregates of onions that are very small
in size, approximately 6nm, with the textural mesopores being
larger than 12nm in diameter. A control sample was prepared
by polymerization of resorcinol with formaldehyde and CB,
without the triblock-copolymer, and resulted in a nonporous
carbon material (not shown). The pore size enlargement with
increased contents of CO and CB in the synthesis gel can be
explained by the inability of the PEO chains of the triblock
copolymer to interpenetrate the carbon particles, as in the pure
phenolic resin. Particles with radii of gyration similar or larger
than that of F127 micelles will change the conformation of the
block chains, segregating larger particles in a central core and,
thus, increasing the effective micelles size.[22]

The mesopore structures of CO-x and CB-x materials were
investigated by STEM (Figure 2). The images show that CO
and CB particles are well dispersed in the highly ordered
mesoporous carbon matrices. All CO-x and CB-x samples

2 wileyonlinelibrary.com © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, XX, 2–7
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Table 1. Adsorption parameters calculated from N2 adsorption at −196◦C isotherms.†

Sample

Additive Content

[wt%]a) VSP [cm3 g−1]b) Vmi [cm3 g−1]c) Smi [m2 g−1]d) SBET [m2 g−1]e) wKJS [nm]f )

CB-R 100 0.16 0.00 0.00 67 30.8

CO-R 100 1.59 0.00 0.00 484 15.1

OMC-R 0 0.52 0.17 252 629 6.8

CO-05 5 0.60 0.19 295 700 7.0

CO-10 10 0.58 0.18 285 688 7.1

CO-25 25 0.68 0.13 324 613 8.9

CO-50 50 0.78 0.05 243 363 13.6

CO-75 75 1.14 0.02 360 402 13.7

CB-05 5 0.48 0.17 234 608 6.7

CB-10 10 0.62 0.18 312 696 7.0

CB-25 25 0.64 0.12 300 556 8.2

CB-50 50 0.43 0.02 121 175 14.6

CB-75 75 0.15 0.01 50 66 29.3

CB-50R 50 0.12 0.03 37 103 30.3

a)Additive content in the starting synthesis gels prior to thermal treatments; b)Single point pore volume from adsorption isotherms at p/p0

∼0.98; c,d)Micropore volume and micropore surface area calculated in the "S-plot range of 0.75–1.00 of standard adsorption ("S); e)Specific
surface area calculated using the BET equation in the relative pressure range of 0.05–0.20; f )Pore width calculated according to the improved
KJS method, Ref. [20] and statistical film thickness for nonporous carbon reference, Ref. [40].

up to 25 wt% exhibit 2-dimensional (2D) hexagonal arrange-
ment of cylindrical mesopores, P6mm symmetry. The CO-50
sample (Figure S 1 in Supporting Information) is composed
of CO walls interconnected by carbon from the resorcinol-
formaldehyde resin. Differences were found when large CB
particles were present in the gels where a thin film of meso-
porous carbon acts as the mortar for the CB bricks. The powder
X-ray diffraction (XRD) for the reference samples and selected
nanocomposites with high loadings of CB and CO particles
are shown in Figure S2 in Supporting Information. The pat-
terns for the CB-R and CO-R were assigned to that of graphitic
carbons (JCPDS 4–7-2081 and 1–646, respectively), with cal-
culated d002-spacings of 0.349nm and 0.341nm, respectively.
No diffraction peaks could be identified on the XRD pattern
for OMC-R sample, whereas low intensity intense and broad
reflections from the added graphitic nanostrutures (CB and
CO) were identified in case of CB-25 and CO-25, despite of the
intense background from the amorphous mesoporous carbon
framework. For the latter two composites, the d002-spacings
were estimated as 0.347nm and 0.338nm, respectively; all ma-
terials exhibit larger d002-spacings than that for natural graphite
of 0.335nm.[8a] Broader diffraction peaks, as well peak shifts to
wider 2θ angles afforded larger calculated d-spacings, result-
ing from lattice defects, presence of amorphous carbons and
small crystallite sizes. Further evidence for the existence of
graphitic domains in these materials was provided by Raman
spectroscopy. While Raman spectra of CO-x samples are indis-
tinguishable, see (Figure 2g), the spectrum for CB-50 sample
largely resembles that of pure CB powder (not shown). CB ex-
hibits narrower D (∼1320cm−1) and G (∼1590cm−1) bands,
relatively intense 2D (∼2650cm−1) and the additional D+G
band at approximately 2890–2900cm−1.[23]

Such structural changes are also reflected in the electro-
chemical behavior of these nanocomposites. For instance, the
capacitance changes significantly as a function of CO and CB
contents as seen in Figure 3a and b. Increasing the CO content
in the pore walls of the nanocomposites resulted in retention
of the large gravimetric capacitance for CO-25 at sweep rates

as high as 200 mV s−1, in contrast to CO-5 (Figure 3b) and
OMC-R (not shown). A constant capacitance over a large scan
rate range is one of the advantages of carbon onions and is dis-
played for higher CO concentrations (> 25 wt%).[15] The final
nanocomposites having concentric graphitic carbon structures
exhibit superior double layer capacitance performance when
compared to pure mesoporous materials with pore walls hav-
ing amorphous or turbostratic carbon. When comparing the
Nyquist plots for materials with similar contents of CO and CB,
see Figure 3c, the slope of the plot for CO is steeper than for
CB, indicating a larger charge transfer resistance, i.e., a larger
diffusion limitation, in the sample with CB. Also, higher load-
ings of the CO and CB lowered the equivalent series resistance
of these composites, shown by the semi-circles in the Nyquist
plots (Figure 3d and e, respectively) and calculated values[24]

(Figure 3f). Furthermore, CO-x materials exhibited lower re-
sistivity than the CB-x nanocomposites. This shows that even
at such high loadings, the mesoporous carbon (mortar) did not
interrupt the CO particle network (bricks) permitting electron
percolation, in comparison to the much larger and more segre-
gated CB particles. Also the series resistance values for CO-25
and CB-25 were similar to those of the carbon bricks used, CO-
R and CB-R, respectively. In addition, CO-x composites clearly
show semi-circle shapes at high frequencies in the Nyquist
plots, in contrast to those previously reported for the pure car-
bon onions.[14b] Phase angle versus frequency curves show ca-
pacitive behavior for these samples at low and high frequencies
(not shown), whereas CB materials exhibit resistive behavior at
intermediate frequencies where CO materials maintain their
capacitive properties and without significant phase shifts based
on CO contents. Electrodes with CO as an additive have a better
capacitive behavior, as the real capacitance, CReal, represents the
actual capacitance of the cell, (Figure 3g). Also, the frequency
response of the CO electrodes is higher than for the CB elec-
trodes, indicating better rate capabilities. From the imaginary
part of the capacitance, CImag in Figure 3h), the time constants
(τ ) are calculated, see (Figure 3f), illustrating a maximum value
at a given frequency.[24] These values correlate well with the ca-

Adv. Funct. Mater. 2011, XX, 3–7 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 3
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Figure 2. Representative SEM images for carbon onion
nanocomposites CO-x. a) x = 5, b) 10 and c) 15 wt%. d) Rep-
resentative TEM image for CB-5 material, and SEM images for
e) CB-10 and b) CB-25. g) Normalized Raman spectra for se-
lected reference materials and CO-25 and CB-25 nanocompos-
ites, showing the characteristic D and G bands for carbon mate-
rials, with additional intense 2D and D+G bands for the starting
carbon black sample.

pacitance values calculated from the frequencies (ω) at −45◦ in
the phase angle plots. Furthermore, all nanocomposites exhibit
at least 10 times the capacitance of CO-R and CB-R samples
(not shown), and consequently, higher time constants.

The general formation mechanism of soft-templated OMCs
is the in situ polymerization of resorcinol, phloroglucinol with
formaldehyde, or glyoxal in the presence of triblock copolymer
surfactants in acidic conditions via enhanced hydrogen bond-
ing and charge interactions.[7a,9] OMCs are finally obtained
after phase separation of an organic polymer nanocomposite,
followed by annealing and thermal treatments of films in non-
oxidizing atmosphere. The surfaces of the carbon nano-onions
(CO) and carbon black (CB) do not exhibit groups to allow for
the hydrogen bonding interaction between these and triblock
copolymers. Our results show that precursors such as resorci-

Figure 3. a) Representative cyclic voltamograms for CO-25
nanocomposite and b) capacitance results as a function of the
sweep rates for CO-5 in comparison to CO-25. c) Nyquist plots. d
and e) Magnification of semi-circles in the same Nyquist curves,
for selected CO-x and CB-x nanocomposites compared to CO-R
(a) and CB-R (b) materials. f) Lower resistivity is found for higher
onion and carbon black contents, g) CO composite electrodes
have a better capacitive behavior than the real capacitance, CReal,
represents the actual capacitance of the cell. h) From the max-
ima in the imaginary component of the capacitance, CImag, vs
frequency, ω, plots, the calculated time constants, J , for CO-R,
CB-R, onion-based composites are higher than mesoporous car-
bon black composites (f); a similar correlation was obtained for
the time constants calculated using frequencies at −45◦ phase
angles.

4 wileyonlinelibrary.com © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, XX, 4–7
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Figure 4. Proposed self-assembly mechanism of CO-x and CB-
x nanocomposites using excess resorcinol-formaldehyde (A).
The CO and CB nanoparticles are dispersed throughout the
OMC matrix. When in excess, CO (B) and CB (C) particles
assemble differently with resorcinol-formaldehyde resin. For the
small CO particles, a non-porous thin carbon film acts as a
mortar and the mesopores are formed by the irregular assembly
of CO. For the much larger and less regular CB particles, a
thin mesoporous carbon film acts as the mortar for the CB
bricks. In the latter case, much larger pores are formed between
aggregates of mesoporous carbon-coated CB particles.

nol can be physically adsorbed on their surfaces, thus providing
the interaction with the block copolymer templates according
to the mechanism in (Figure 4), with micro phase polymer-
ization and separation occurring without significant solid–gel
phase segregation. The final gels are then converted into highly
ordered mesoporous carbons binding the small and large ag-
glomerates of COs or CBs following the proposed “bricks and
mortar” approach.[1b] This mesoporous carbon “mortar” acts
as a binder for the carbon onions and as a mesoporous car-
bon film, coating and binding the larger CB particles; in both
cases forming stable porous frameworks. The final composites
exhibit thermally stable mesopores and much higher electri-
cal conductivity than pure phenolic resin-based carbons and
without the need for graphitization above 2000 ◦C, thus pre-
serving the mesopores. Furthermore, only carbons templated
with large silica colloids exhibited mesopores larger than 10nm
diameter.[8e] In general, tailoring the pore diameters of meso-
porous carbons represents a significant challenge. Recently,
it has been demonstrated that the ordered mesopores of soft-
templated carbon materials can also be increased by mixing
different triblock copolymers.[25] Final carbons however, still
exhibited ordered pores smaller than 8nm.[25] The present
“bricks and mortar” approach for the synthesis of mesoporous

carbons resulted in materials with mesopores larger than previ-
ously reported for templated carbons. The “bricks and mortar”
approach combined with the soft-template synthesis does not
require mixtures of surfactants and, as previously mentioned,
requires less preparative steps while avoiding hazardous chem-
icals used in the hard-templating method.[8g] Thus, the present
methodology is not only more economically viable compared to
all previous methods, but also more environmentally friendly
than hard-templated carbons.

3. Conclusions

In summary, these results show it is possible to greatly improve
and tailor the electrochemical performance of low-temperature
mesoporous carbons that, in general, lack sufficient ordering
at the atomic level thereby having moderate electrical conduc-
tivity, which limits their applications. The addition of carbon
blacks and carbon onions to the synthesis gels of mesoporous
carbons also provides a general methodology to tune the pore
widths of the final materials, which is difficult to attain for pure
resin based carbons. Such nanocomposites may further be pre-
pared as powders, monoliths, and as films. Furthermore, the
ability to prepare soft-templated carbons with mesopores in the
range of 10–20nm without organic additives or using mixtures
of surfactants represents a major economical advantage of the
present method. Carbon materials with such large pores are
extremely attractive for the design of membranes,[26] catalyst
supports,[27] enzyme immobilization[28] and assembly of fu-
ture electrode materials for energy storage applications[12–16,24]

ranging from portable electronic devices to hybrid vehicles.

4. Experimental

Synthesis: Carbon onions (CO) were obtained by vacuum an-
nealing of detonation nanodiamonds (DND) at 1500◦C yield-
ing 4–6nm large carbon onions.[14b] Mesoporous carbon sam-
ples were prepared by the self-assembly of resorcinol (Sigma–
Aldrich, 99%) and formaldehyde (Sigma–Aldrich, 37 wt%) in
the presence of triblock copolymer Pluronic F127 (EO106-PO70-
EO106, BASF) purchased from Sigma–Aldrich, according to pre-
viously reported recipe.[9] In a typical synthesis, approximately
1.1g of resorcinol and 1.1g of Pluronic F127 were dissolved
in 4.5 mL of ethanol, 3.4 mL of water and 1.1 mL of concen-
trated HCl (37 wt%). To this, 1.3 mL of formaldehyde solution
(37 wt%) was added and the system stirred until phase sep-
aration was observed. The carbon black (CB, Sigma Aldrich,
acetylene, <200nm) and carbon onion (CO) composites were
prepared by substituting the resorcinol by weight%, (5–95 wt%)
and the amount of formaldehyde adjusted proportionally to
the amount of resorcinol used. After stirring for an additional
30 min, the suspensions were centrifuged at 9500 rpm for
5 min and the aqueous phases discarded. The isolated polymer-
rich phases were quickly re-dispersed using minimal amounts
of ethanol with strong stirring followed by casting on Petri
dishes. Thin films were cured at room temperature for 6 hours
(and reference resorcinol/formaldehyde-F127 film overnight)

Adv. Funct. Mater. 2011, XX, 5–7 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 5
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and at 150◦C for 24 h. The phenolic resin-triblock copolymer
nanocomposites were finally carbonized at 400 ◦C for 2 h (1◦C
min−1 heating rate) and 850 ◦C for 2 h in flowing nitrogen and
using 2◦C min−1 as heating rate. Ordered mesoporous carbon
was labeled OMC-R and composites were labeled as CB-x and
CO-x, respectively, where x stands for the initial weight% of
CB or CO with respect to resorcinol in the synthesis gels (5,
10, 25, 50 and 75 wt%). A sample containing 50 wt% of CB
to resorcinol was prepared in a similar way but without F127
template and after carbonization, the latter was labeled CB-50R.
Pure carbon blacks and carbon onions were labeled as CB-R
and CO-R, respectively.

Characterization: Nitrogen adsorption isotherms were mea-
sured at −196◦C using TriStar 3000 volumetric adsorption an-
alyzer manufactured by Micromeritics Instrument Corp. (Nor-
cross, GA). Before adsorption measurements the, finely ground
carbon powders were degassed in flowing nitrogen from one
to two hours at 200 ◦C. The specific surface area of the sam-
ples was calculated using the Brunauer-Emmett-Teller (BET)
method within the relative pressure range of 0.05 to 0.20.[20]

Pore size distributions were calculated using the BJH algorithm
for cylindrical pores according to the KJS method calibrated
for pores up to 10nm.[21] For TEM characterization, carbon
powders were dispersed in ethanol using an ultrasonic bath.
The final suspensions were transferred to lacy carbon coated
200-mesh copper TEM grids and dried in ambient air prior
to electron microscopy analysis. Specimens were then char-
acterized using a Hitachi HD-2000 operating in STEM mode
using a secondary electron (SE) and/or bright-field STEM de-
tector operating at 200 kV. The wide angle XRD patterns were
recorded on a PANanalytical. Inc. X’Pert Pro (MPD) Multi Pur-
pose Diffractometer with X’Celerator detector and Cu K" ra-
diation (0.1540 nm), using an operating voltage of 40 kV and
40 mA, and 0.01◦ step size (15.00◦ < 2θ < 55.00◦). Microscope
glass slides were used as sample supports for small angle mea-
surements and for wide angle measurements of OMC, CB-x
and CO-x nanocomposites, whereas Al holders (PANanalytical
PW1172, 15 mm × 20 mm × 1.8 mm) were used for wide an-
gle measurements of the CB-R and CO-R reference materials.
The samples were manually ground prior to the XRD analysis
and all measurements were performed at room temperature.
Raman spectra were collected using a Renishaw system 1000
Raman spectrometer equipped with an integral microscope
(Leica DMLMS/N). Excitation was provided by a 25-mW He–
Ne laser (Renishaw) and the 632.8 nm excitation beam was
focused onto the sample with a 50 × objective; the laser power
at the sample was approximately 0.2–0.5 mW for carbon onions
and carbon black and 2mW for nanocomposites. An edge fil-
ter removed the Rayleigh scattered light, while a holographic
grating (1800 grooves mm−1) permitted a spectral resolution
of ∼1 cm−1. A silicon wafer with a Raman band at 520 cm−1

was used to calibrate the spectrometer and the accuracy of
the spectral measurements was estimated to be better than 1
cm−1. For the capacitive energy storage measurements, a slurry
of the carbon and polyvinylidene fluoride (PVDF; 15 wt%) in
N-methylpyrrolidone (NMP) was cast onto aluminum foil and
dried under a heat lamp. Electrodes (13 mm diameter) were
then cut out and subsequently dried at 120 ◦C under vacuum.

The dry electrodes were then transferred to an inert atmo-
sphere (Argon) glove box for construction of coin-type cells. The
electrolyte was triethylmethylammonium tetrafluoroborate in
acetonitrile (1.8 mol L−1). Impedance spectroscopy measure-
ments were collected using the aforementioned coin cells on
a Gamry Reference 600 potentiostat in the frequency range of
0.1–106 Hz. Cyclic voltammetry (CV) was performed on the
Gamry G300 potentiostat with a potential range of 0.0–2.0 V.
The gravimetric capacitance was calculated from the CV curve
following the formula:

Cg =

(

1I
2

)

m<
(1)

Where 1I is the current difference at 1 V, m is the mass of
the active material, and ν is the scan rate.
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