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Influence of the Synthetic Conditions on the Structural
and Electrochemical Properties of Carbon Nano-Onions

Olena Mykhailiv,”’ Andrzej Lapinski,” Agustin Molina-Ontoria, Elzbieta Regulska,®
Luis Echegoyen,*¥ Alina T. Dubis,”” and Marta E. Plonska-Brzezinska*"

Thermal annealing of nanodiamonds with diameters of a few
nanometers (in an inert atmosphere and at temperatures in
the range: 1500-1800°C) leads to the formation of carbon
nano-onions (CNOs) with diameters between 5 and 6 nm,
which correspond to nanostructures with six to eight graphitic
layers. The resulting spherical CNO structures were thermally
modified under different atmospheres and characterized by
SEM, TEM, thermogravimetric analysis and spectroscopic
(Raman and diffuse reflectance infrared Fourier transform/FTIR)

1. Introduction

Carbon nanostructured materials are potentially useful in
energy storage and conversion devices because of their fa-
vourable mechanical and electrical properties.”! The electrical
behaviour of these nanomaterials is related to their shape, size
and surface area. A lot of attention has been paid to the ca-
pacitive properties of thin films of carbon nanotubes” and gra-
phene® due to their porous structures and large surface areas.
These materials exhibit properties of typical double-layer ca-
pacitors.”) The energy storage (capacitive properties) arise
mainly from the separation of electronic and ionic charges at
the interfaces between the electrode materials and the electro-
lytes in solution and due to the nature and surface of the elec-
trode-electrolyte interface.

Carbon nano-onions (CNOs) consist of a multilayered ar-
rangement of closed fullerene shells with a distance between
the layers of 0.335 nm.”! It is important to note that the differ-
ent synthetic methods lead to CNOs with different sizes,
shapes, core types and physicochemical properties, primarily
differing in the number of layers and the nature of the core.””
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spectroscopy. The electrochemical properties of the CNOs pre-
pared under different conditions were determined and com-
pared. The results reveal that the CNOs show different struc-
tures with predominant spherical “small” carbon nano-onions.
The aim of this article is to investigate the impact of the CNO'’s
synthesis conditions on the resulting structures and study the
effect of further thermal modifications on the sizes, shapes and
homogeneity of these carbon nanostructures.

The structure of the CNOs, the number of graphene layers and
the distance between them, as well as the presence of defects,
determine the physicochemical properties. Various methods
for the synthesis of CNOs have been reported.”'? Most of
these methods lead to CNOs with a large number of shells,
and/or many byproducts and generally result in relatively low
yields."®! One of the most common procedures is based on the
annealing of nanodiamonds (NDs) with diameters of a few
nanometers in a He atmosphere and at temperatures in the
range: 1500-1800°C."¥ This procedure leads to the formation
of CNOs with very high yield. The diameter of the resulting
CNOs is similar to the diameter of the NDs. The standard pro-
cedure proposed by Kuznetsov is based on the annealing of
NDs with an average diameter of about 5 nm at 1650°C under
a He atmosphere.”™ After annealing in an inert atmosphere,
a second annealing is performed at 450°C in an air atmos-
phere to remove amorphous carbon after formation of the
CNOs. The resulting CNOs consist of a few spherical shells (6-8
layers), which is why they are commonly referred to as “small”
spherical carbon nano-onions.

Recent studies of “small” onion-like structures have revealed
their very interesting physicochemical properties. Thermogravi-
metric analyses of CNOs show their high thermal stability in
air, even higher than that of Cg." TEM, Raman and electron
energy loss spectroscopy (EELS) studies suggest the presence
of  electrons."™ A decrease in the defect number after anneal-
ing at 1850 °C results in a corresponding increase in reflectivity
and conductivity. CNOs obtained from the annealing of NDs at
1300-1800°C also display very high values of specific surface
areas between 380 and 600 m?*g~"."® The high conductivity is
similar to those of carbon black (~4 Scm™') and other graphitic
structures and is attractive for many applications,"”'® mainly
for electronics"??” and energy conversion and storage.”"!
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It has been reported that carbon nano-onion electrodes
show a constant capacitance over a large scan range,"®'” so
CNO electrodes are polarizable. However, their conductivities
strongly depend on the thermal treatment,”? microtexture®
and chemical nature,” as well as on their functionalization
with other moieties.”**? |t has been shown, both experimen-
tally and theoretically, that the structural modifications of CNO
cages have a significant effect on the electrical double-layer
properties and on the charging and discharging processes.?*
Although the electronic properties of carbon nano-onions and
their potential application as supercapacitor electrode materi-
als are increasingly being explored,"®'"?*% there are not many
reports that systematically investigate the relationship be-
tween the synthetic parameters and their physicochemical
properties. Some comprehensive studies of the annealing-in-
duced structural transformations of onion-like structures have
been conducted using X-ray diffraction®?” and Raman scatter-
ing.[zs,zgl

Since the structural properties of CNOs determine their elec-
tronic properties, the ability to control their structural transfor-
mations is important to obtain the desired functional proper-
ties. As already stated, the physical and electrical properties of
CNOs are a function of their synthetic history. The aim of this
article is to investigate the impact of the synthetic parameters
on the size, shape and homogeneity of the resulting carbon
nanostructures. To further improve the conductivity of carbon
nano-onions, we modified the synthetic conditions, including
the use of different atmospheres and other preparation condi-
tions. The resulting CNOs are spherical small carbon nanostruc-
tures that conserve their concentric graphitic layers. We inves-
tigate their potential as supercapacitors and the relation be-
tween their structural and electrochemical properties. These
properties are important for their further functionalization and
applications.

2. Results and Discussion

2.1. Preparation and Textural Studies of CNOs under
Different Conditions

To modify the electrochemical properties of CNO electrodes,
we performed temperature- and atmosphere-controlled an-
nealing experiments. It is known that annealing processes are
commonly used to remove defects from carbon nanotubes,
thus changing their electrical properties.***"" Moreover, the ox-
idation of carbon nanotubes removes amorphous carbon im-
purities, improves wetting by creating oxygen-terminated sur-
faces,®? and creates bonding sites by breaking some C—C
bonds.®¥

CNOs were prepared by the method proposed by Kuznetsov
by annealing a 5nm ND powder”® Annealing of ultradis-
persed nanodiamonds was performed at 1650 or 1750°C
under a He atmosphere with a heating ramp of 20°Cmin™"
(step 1, Table 1). The final temperature was maintained for one
hour, and then the material was slowly cooled to room tem-
perature over a period of one hour. Then, the CNOs were an-
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Table 1. Table 1
CNO preparation conditions.
Step Conditions Sample
1 Annealing of NDs at 1650°C (1 h under He) CNOs(1650)-N,
2 formed CNOs annealed at 450°C in N, (1 h)
1 Annealing of NDs at 1750°C (1 h under He) CNOs(1750)-N,
2 formed CNOs annealed at 450°C in N, (1 h)
1 Annealing of NDs at 1650°C (1 h under He) CNOs(1650)-AIR
2 formed CNOs annealed at 450°C in air (1 h)
1 Annealing of NDs at 1750°C (1 h under He) CNOs(1750)-AIR
2 formed CNOs annealed at 450°C in air (1 h)
1 Annealing of NDs at 1750°C (1 h under He) CNOs(1750)-CO,
2 formed CNOs annealed at 750°C in CO, (1 h)

nealed at 450 or 750°C under an atmosphere of N,, CO, or air
(step 2, Table 1).

Transmission electron microscopy (TEM) enabled detailed
imaging of the CNO structures and the evolution of their
curved graphitic layers as a function of annealing temperature
and second annealing atmosphere. The TEM pictures of the
samples under investigation are shown in Figure 1. The nano-
diamond used as the starting material consists of particles

Figure 1. a-d) TEMs and e, f) SEMs of GC electrodes containing NDs (a);
CNOs(1650)-AIR (b,e,f); CNOs(1750)-CO, (c,d).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

.@2 ChemPubSoc
x Europe

having an average size of 5 nm (Figure 1a). The distance be-
tween the neighboring layers is 0.206 nm, which corresponds
to the (111) diamond spacing.”® NDs were annealed at 1650 or
1750°C for 1 h under a He atmosphere. Under these condi-
tions, the nanodiamond samples were transformed quantita-
tively into CNOs (Figures 1b-d). The number of graphitic shells
ranges from a few to 12 layers. The spacing of the observed
lattice for CNOs was about 0.335 nm, which was close to that
of the (002) planes of graphite (Figures 1b-d).*® The distances
of the intershell spacing estimated from TEM diffraction pat-
terns are between 0.32 and 0.29 nm. The structural properties
of the CNOs were changed as a consequence of additional an-
nealing. This process changes the carbon structures into pre-
dominantly higher ordered graphitic layers. Some of the parti-
cles took on elliptical, polyhedral and deformed carbon nano-
onion particles (Figure 1c). This process also causes damage
and structural changes on the carbon surfaces by disrupting
their graphene sheet structure (Figures 1c and 1d). This struc-
tural modification is observed after annealing in a CO, atmos-
phere. SEM images of an Au foil covered with CNOs(1650)-AIR
are shown in Figures Te and 1 f. All of the CNO samples pre-
pared under different temperatures and atmospheres show
a similar morphology. The CNO films exhibit porous morpholo-
gies, with many channels and outcroppings.

Differential thermogravimetric analyses (TGA-DTG-DTA) were
performed to probe the thermal stability of the CNOs prepared
under different atmosphere and temperature conditions. The
TGA-DTG-DTA measurements were performed in an air atmos-
phere. Figure 2 shows the TGA-DTG-DTA curves recorded up to
1000°C in air at 10°Cmin~". The onset oxidation, inflection and
the end temperatures are listed in Table 2, representing the ini-

Table 2. TGA-DTG-DTA results for CNOs annealed in different environ-
ments.
Sample Onset Inflection End
temperature temperature temperature
CNOs(1650)-N, 550 670 720
CNOs(1750)-N, 530 650 710
CNOs(1650)-AIR 500 650 700
CNOs(1750)-AIR 475 635 690
CNOs(1750)-CO, 500 675 720

tial weight loss, the maximum weight loss and the final weight
in the TGA-DTG-DTA graphs, respectively. CNO sample degra-
dation results from combustion of the carbon nanostructures
in an air atmosphere. The thermogravimetric analyses of all of
the samples were reasonably similar with the lowest thermal
stability observed for the CNOs(1750)-AIR sample. Annealing
under air induced structural changes by creating defects and
oxygen-terminated CNO surfaces. These annealing-induced
structural changes modified the spectroscopic and electro-
chemical properties of the CNOs.
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Figure 2. TGA (a) and DTG (b) curves for CNOs(1650)-N, (red), CNOs (1650)-
CO, (violet), CNOs(1750)-N, (black), CNOs(1650)-AIR (blue), and CNOs(1750)-

AIR (green). Measurement in air at 10°Cmin™".

2.2. Spectral studies of CNOs

We performed Raman and FTIR studies to probe the structural
characteristics of the carbon nanomaterials prepared under dif-
ferent atmospheres and temperatures. Figure 3a shows the
Raman spectra of one of the investigated carbon nanomateri-
als recorded using three different excitation lines. The first-
order peaks D, G, D' for CNOs(1750)-AIR at 633 nm excitation
are observed at 1321, 1586, and 1612 cm™', respectively. The D
line not only changes in intensity but is also shifted as the ex-
citation wavelengths decrease from 633 to 488 nm (see Fig-
ure 3b).

It is known that the D line is dependent on the excitation
wavelength for carbon nanostructures,®**>% and is related to
the double resonance Raman effect.! Other first-order
peaks like the G and D’ bands do not appear to have a depend-
ence on the excitation energy (see Figure 3b). For the other in-
vestigated compounds, the strongest features are observed at
1330-1356 (D line), 1582-1590 (G line), and 1612-1622 cm™'

37-39]
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Figure 3. a) Raman spectra of CNOs(1750)-AIR recorded at 633, 514, and
488 nm. b) Effect of the excitation energy on the position of the first-order
peaks for CNOs(1750)-AlIR.

(D' line); and the shifts of these bands for different excitations
are summarized in Table 3. For all materials, the D and G lines
are intense and broad and the D band is stronger than the G
band. In this respect, our spectra are similar to those of strong-
ly disordered graphene.””!

CHEMPHYSCHEM
Articles

The G band is related to intramolecular vibrations between
carbon atoms and the in-plane tangential stretching of the
carbon-carbon bonds in graphene sheets. For single crystals of
graphite, the G band is observed at 1580 (£5) cm ' and is as-
signed to the E,, species of the infinite crystal.®" The position
of this mode is slightly dependent on the domain size.*” For
the samples with a small crystal planar domain size L,, a dou-
blet structure at about 1580 cm™' is observed.*? The higher-
frequency component of this doublet is observed at about
1620 cm™' (D' band).”® The D' band is a double-resonance
Raman feature induced by disorder and defects, similar to the
D band. For diamond, a single D band is observed at
1332 cm™' and it is related to the zone-center optical phonon
with F,y symmetry.*? Moreover, it is known that the Raman
spectra of carbonaceous materials are very sensitive to
changes that disrupt the translational symmetry. In the Raman
spectrum of small graphite crystallites, the D band appears at
about 1355 cm ™' ™ This band is attributed to the A,, mode of
the small crystallites or to boundaries of larger crystallites of
graphite. The Raman intensity of this band is inversely propor-
tional to the crystallite size and is caused by a breakdown of
the k-selection rule.*

The D and G bands are commonly used to characterize poly-
morphic carbon samples. For such materials, shifts of these
modes from the typical position for planar graphite and dia-
mond can be observed. For CNOs, it is due to the influence of
bond bending on the spherical carbon shells.*” The D-to-G in-
tensity ratio is a convenient measure of crystalline order and
in-plane crystal size. It was shown that there is a linear relation-
ship between the D-to-G intensity ratio and the in-plane crystal
size L, obtained from X-ray data; L,(A) =44(l,/lg) ' The linear
relationship shows that the Raman intensity is proportional to
the percentage of “boundary area” in the sample. Moreover, it
was shown that the D-to-G intensity ratio (/p/l) is strongly de-
pendent on the laser excitation energy.*® Cancado et al. pre-
sented a systematic study of the dependence of the ratio be-
tween the integrated intensities of the disorder-induced D and
G Raman bands (Iy/lg) in nanographite samples with the differ-
ent crystallite sizes (L,) using different laser excitations.”® They
proposed the following general
formula that allows the determi-

Table 3. Best-fit frequencies v for the G, D, and D’ bands obtained for various laser excitation wavelengths, nation of the crystallite size L, by
Aexo Telative intensities, Ip/l;, and corresponding average crystallite sizes, L,. Raman spectroscopy [Eq. (1)]:
Sample Jexe [NM] vp [em™'] ve [em™] v [em™] Io/lg L, [nm]
l -1
CNOs(1650)-N, 633 1321 1585 1615 3.11 124 L, = (24 x 1070)1¢ (2) (1)
514 1346 1585 1618 172 9.7 ls
488 1352 1585 1618 136 10.0
CNOs(1750)-N, 633 1324 1589 1619 M 124
s14 1349 1588 1622 1.56 107 where ), is the laser wavelength
488 1356 1588 1622 129 106 .
CNOs(1650)-AIR 633 1320 1583 1613 312 123 In nanometers.
514 1347 1588 1620 1.79 924 For the investigated com-
488 1353 1586 1621 1.60 85 pounds, the ratio of the D and G
CNOs(1750)-AIR 633 1321 1586 1612 3.18 12.1 band intensities (i,/l;) decreases
514 1348 1590 1621 1.86 9.0 ; 318 f he 633
488 1353 1589 1617 1.80 7.6 rom . or the nm
CNOs(1750)-CO, 633 1322 1585 1615 2.99 12.9 (196 eV) laser to 1.29 for the
514 1347 1587 1622 1.77 9.5 488 nm (2.54eV) (see Table 3).
488 1353 1582 1618 165 82 The changes of this ratio versus
ChemPhysChem 2015, 16, 21822191 www.chemphyschem.org 2185 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the wavelength of the excitation light are related to the
double-resonance Raman effect. The crystallite sizes of our
samples were investigated using the formula proposed by
Cancado etal.," and the results are summarized in Table 3.
These data show that the crystallite size, L,, of spherical CNOs
is in the range between 9-13 nm and does not depend signifi-
cantly on the preparation conditions during CNO formation, al-
though the Raman spectral profiles have been found to vary
with the excitation wavelength.*® The dependence of the
Raman spectra on the excitation wavelength is interpreted in
terms of m-mt* resonant Raman scattering due to the presence
of sp® carbon clusters with various sizes. Therefore, Raman
scattering excited by visible radiation is more sensitive to m
bonding, whereas Raman scattering excited by UV radiation is
more sensitive to the o bonding present in all carbon nano-
structures.”” In the spherical CNO nanostructures, both types
of carbon atoms with sp? and sp® hybridization are present
and these influence the crystallite sizes.

The CNO crystallite sizes determined by TEM (diameter ca.
5 nm) and Raman spectroscopy (diameter ca. 10 nm) are clear-
ly very different. The larger values derived from the Raman
measurements are probably the result of the phonon-confine-
ment effect,*® which has been observed for nanodiamond
powders.* This effect becomes prominent when the nano-
crystallites have average sizes larger than 3 nm.

Figure 4 shows the Raman spectra of CNOs(1650)-AIR and
CNOs(1750)-AlIR after isothermal oxidation in air at two temper-
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b .= 633 nm
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G D’
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Figure 4. Raman spectra of CNOs(1750)-AIR and CNOs(1650)-AIR recorded at
633 nm. The spectra are normalized with respect to the D band intensity.

atures, 1650 and 1750 °C, measured after cooling to room tem-
perature using a 633 nm excitation wavelength. The spectra
are normalized with respect to the D band intensity to monitor
changes in the (Ip/lg) value. This ratio is larger for higher tem-
peratures, probably the result of more extensive oxidative
damage. An increase in the line width of the D band (see
Figure 5 and Table 4) also suggests higher disorder for the
1750°C samples. The samples annealed at 1650°C under a He
atmosphere exhibit a G band that is similar to that of graphite,
in contrast to those annealed at 1750 °C (see Table 3). These re-
sults indicate that CNOs(1650)-N, and CNOs(1650)-AIR have
more graphitic structures and more ordered shells than
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Figure 5. Raman spectra of CNOs(1650)-N, recorded at 633 nm and fitting of
the bands with Lorentzian (Area) peaks.

Table 4. Best-fit band width Av [cm™"] for the G and D bands obtained
for various laser excitation wavelengths A, [nm].

Sample Aexe =633 nm Aexe =514 nm Aexe =488 nm
P Avg Av, Avg Avp Avg Av,
CNOs(1650 238 26.8 234 243 18.7 20.4

(1650)-N,
CNOs(1750)-N, 27.6 36.9 26.0 29.2 25.2 287
CNOs(1650)-AIR 243 25.0 21.9 2338 19.9 239
CNOs(1750)-AIR~ 26.6 35.0 26.3 294 23.1 269

(1750)-

CNOs(1750)-CO, 25.0 26.9 229 229 20.2 232

CNOs(1750)-N, and CNOs(1750)-AlIR. These observations are
also supported by the analysis of the Raman absorption half-
widths (see Table 4). A representative fit is shown in Figure 5. It
can be seen that the half-width D and G bands for the 1650°C
samples are smaller than those for the 1750°C samples, in-
creasing the disorder in the systems. The introduction of de-
fects is not always a disadvantage; it can be a desirable fea-
ture, especially for further functionalization due to the activa-
tion of the nanomaterial shells and the improved wetting.

Experimental® " and theoretical®? evidence clearly shows
that CNOs prepared by annealing (between 800-2100°C) of
NDs possess different graphene-like structures: spherical, facet-
ed-polyhedral or ellipsoidal. Annealing in the 1500-1800°C
temperature range leads to the creation of spherical CNO
structures with six to eight graphene layers, with an interlayer
distance of 0.334 nm. In the center of the nanoparticles, there
is often a layer corresponding to a Cq, molecule. The spherical
product can be also converted into faceted nanoparticles upon
additional annealing at higher temperatures. The resulting
CNOs show various deviations from the spherical shape.

Figure 6 shows the IR spectra of CNOs prepared at 1650 or
1750°C under nitrogen and air atmospheres. The spectra ex-
hibit two prominent absorption bands at 1507 and 1238 cm™’,
which could be assigned to larger shells of the carbon nano-
onions. There are also two prominent bands at 1454 and
1182 cm™', which could be identified as belonging to the in-
nermost shell of Cg,. The signal at 1507 cm™' likely arises from
an overlap of six-membered-ring contributions from fullerenes

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. DRIFTS/FTIR spectra of: a) CNOs(1650)-N,, b) CNOs(1750)-N,,
c) CNOs(1650)-AIR, and d) CNOs(1750)-AlR.

with different dimensions. The bands’ half-widths at 1507 cm™'
indicate surface functionalization, since they were substantially
broadened as a result of ozonolysis as compared to the bands
of non-modified CNOs.?¥ Under annealing, the intensity of the
1507 cm™' band increased relative to that of the 1430 cm™
band (Table 5). These changes are most likely the result of a de-

Table 5. Absorbance intensity of the larger and innermost shell bands of

the samples.

Sample I, of the CNO I, of the Cg, Ratio of
band at 1507 band at 1454 1507/1454
fem™] fem™]

CNOs(1650)-N, 0.195 0.033 591

CNOs(1750)-N, 0.176 0.025 7.04

CNOs(1650)-AIR 0.188 0.032 5.88

CNOs(1750)-AIR 0.175 0.026 6.73

crease in the number of defect sites in the outer shell of the
carbon nano-onions. The higher absorbance intensity ratio in-
dicates the formation of more ordered nanostructures.

2.3. Voltammetric Study of CNOs Obtained under Different
Conditions

The electrochemical characteristics of CNOs prepared under
different conditions were investigated and correlated with the
nature of the CNO surfaces. To elucidate the structural effects
with energy storage abilities, cyclic voltammetric studies were
performed.

Due to the small size of the CNO nanoparticles (<10 nm)
and their ideal sphericity, they are referred to as zero-dimen-
sional structures (0-D),**!and in comparison with other carbon
materials, they have better mesoporous properties, which can
lead to potentially better properties for double layer capaci-
tance (EDLCs).”¥ Carbon nanostructures have been shown to
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be ideal materials for the easy penetration of ions at the
carbon/electrolyte interface.” Nanoparticles with high specific
surfaces are easily accessible to ions, thus exhibiting very high
loading and unloading capacitive speeds.!”!

The electrochemical properties of the CNO films depend on
the porous structures of the carbon surface. Annealing under
a different atmosphere altered their textural properties, in
agreement with the gas adsorption measurements. The micro-
and mesopore structures, the pore volumes and the specific
surface areas for all of the CNOs were measured and analyzed
using the multilayer model of coverage adsorption, the Bruna-
uer—-Emmett-Teller (BET) static nitrogen adsorption tech-
nique.k®

The surface area and pore volume reached maximum values
of 581 m>g~" and 1.86 cm>g~"', respectively, for CNOs(1750)-AIR
(Table 6). Barret-Joyner-Halenda (BJH) proposed a calculation

Table 6. Textural parameters of CNOs according to the N, adsorption/de-
sorption isotherms.

Sample Seer™ Micropore Pore volume Pore
[m?g~"] area V, [em*g™"1¢ size

[mz g 1][b] [nm]
CNOs(1650)-N, 385 37.9 1.04 10.78
CNOs(1750)-N, 442 107.2 1.56 11.10
CNOs(1650)-AIR 488 116.3 1.56 12.79
CNOs(1750)-AIR 581 418.5 1.86 12.79
CNOs(1750)-CO, 399 20.3 1.19 11.96

[a] Sger: BET specific surface area. [b] Based on the t-Plot method.
[c] Single-point adsorption, total pore volume of the pores.

method for the distribution of pore volumes or surface areas
as a function of the pore diameter using nitrogen adsorption—
desorption data.”” Based on these analyses, it is possible to
determine the necessary gas volume to fill all the pores in the
materials, considering their cylindrical form. Average pore sizes
were also estimated from the pore volume, which is derived
from the amount of N, vapor adsorbed at a relative pressure
close to unity (t-Plot method and BJH model). The average
pore size was observed to be between ~11 and ~13 nm after
annealing. According to the pore-size-distribution curves of
the BJH adsorption, it was also possible to estimate the pore-
size distribution of the carbon nano-onions. CNOs have mainly
mesoporous structures, with pores in the 2-50 nm diameter
range. As shown in Table 6, there is a small fraction of micro-
pores (<2 nm) available in all of the CNO materials. Annealing
of CNOs at 1750°C and further additional annealing in an air
atmosphere led to more micropores, and the total micropore
area of the micropores significantly increased up to
418.5 m?g~' for CNOs(1750)-AIR (t-Plot method).

For the electrochemical studies, films containing CNOs were
prepared following the procedure described below. A drop of
the dispersion containing CNOs was deposited on the glassy
carbon (GCQ) electrode surface. For the preparation of the CNO
films, a conductive carbon paste was used to solubilize the
CNOs for further modification of the GC surface electrodes.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The volume ratio of carbon paste to ethanol was 1:6. A drop
(10 mL) of the ethanol dispersion was deposited on the elec-
trode surface. After solvent evaporation, the electrode covered
with the thin film was transferred to a solution with the sup-
porting electrolyte. The films exhibit excellent electrochemical
stability under cyclic voltammetric conditions. The voltammet-
ric responses of the CNO films obtained from different samples
are shown in Figure 7. The film exhibits a stable and conduc-

60
50
40
30
20
10

Current (uA)
o

-200 0 200 400 600
Potential vs. Ag/AgCl (mV)

Figure 7. Cyclic voltammograms of GC electrodes containing:
1) CNOs(1650)-AIR, 2) CNOs(1750)-AlIR, 3) CNOs(1650)-N,, 4) CNOs(1750)-N,,
and 5) CNOs(1650)-N, in 0.1 mol L™" NaCl. The sweep rate was 5 mVs™'.

tive behavior under cyclic voltammetric conditions. All the vol-
tammograms exhibit pseudorectangular cathodic and anodic
profiles that are typical for double-layer capacitors (Figures 7
and 8b)."® No changes of the current were observed after pro-
longed potential cycling between —100 and 4500 mV (vs. Ag/
AgCl). Therefore, the high degree of reversibility for double
layers near the CNO film surface indicates that there are no
chemical processes or other changes occurring between
charge and discharge cycles.

The effect of the sweep rate on the voltammograms of the
CNO films was also studied (Figure 8). The rectangular CV
shapes observed for all the samples over a wide range of volt-
age scan rates indicate a fast charge transport within the elec-
trodes, and electrical double layer capacitance. The CV shape
remained almost undistorted upon increasing the scan rate
from 5 to 20 mVs™', indicating excellent wetting and easy
transport of ions within the films (Figure 8). Figure 9 shows the
voltammetric behavior of the CNO films in a 0.1 m NaCl aque-
ous solution at different potential sweep rates. The capacitive
current depends linearly on the sweep rate at 400 mV (vs. Ag/
AgCl) (Figure 9). The dependence of the capacitive current, i,
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Figure 8. Cyclic voltammograms of GC electrodes of CNOs(1650)-AIR in
0.1 mol L' NaCl. The sweep rates were: 5, 10, 20, 50, 75, and 100 mVs ™.

electrical double layer are highly reversible and kinetically
facile. The difference between the observed capacitive current
behavior for the different CNO samples is likely the result of
more porous structures and more defects on the surfaces of
the samples prepared under air and CO, atmospheres
(Figure 9).

The CV traces were used to determine the specific capaci-
tance, C,, of the electrodes. The specific capacitance can be es-
timated using Equation (2), where C, is the specific capaci-
tance; E,, E, are the cut off potentials in cyclic voltammetry;
i(E) is the instantaneous current; i(E)dE is the total voltammet-
ric charge obtained by the integration of the positive and neg-
ative sweeps in the cyclic voltammograms, v is the scan rate
and m is the mass of the individual sample.*®

S2i(E)dE

. L Co=—r——"—— 2
over the complete range of potential scan rates is linear. These >~ 2vm(E, — E,) )
results indicate that the charge-discharge processes of the
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Figure 9. Dependence of the capacitive current on the sweep rate for:

) CNOs(1650)-N,, A) CNOs(1750)-N,, A) CNOs 1650 °C annealed at 750 °C
CO,, ¢) CNOs(1650)-AIR, and @) CNOs(1750)-AIR in 0.1 molL™' NaCl; at
E=400 mV (vs. Ag/AgCl).

The values of C,, calculated using Equation (2), are collected
in Table 6. The specific capacitance can also be calculated
using Equation (3):

i = Cyvm (3)

The values of the specific capacitances, calculated from the
dependence of the current on the sweep rates for the different
samples using Equation (3), are also collected in Table 7. Clear-
ly, the values of the specific capacitances obtained by the inte-

Table 7. Specific capacitances of CNOs annealed in different environ-
ments.

Cs IF 971][a]
Sample From the integration of From the slope of
i~E voltammograms'® the i~V relation
CNOs(1650)-N, 355 36.2
CNOs(1750)-N, 321 339
CNOs(1650)-AIR 42.6 41.9
CNOs(1750)-AIR 375 38.1
CNOs(1750)-CO, 356 374

[a] Supporting electrolyte: 0.1 M NaCl; [b] Integration: AE between 100
and 400 mV (vs. Ag/AgCl) at a sweep rate of 20 mVs™".

gration of /-E curves and those calculated from the linear rela-
tionship of I-v plots are in a good agreement.

Analysis of the specific capacitances shows that the second
annealing modification did not significantly change the elec-
trochemical properties of the carbon nanoparticle films. On the
other hand, additional annealing leads to structural changes.
Annealing under air improves wetting by creating oxygen-ter-
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minated CNO surfaces and affects the electrochemical proper-
ties. These structural and textural changes slightly affected the
electrochemical properties of CNOs(1650)-AIR or CNOs(1750)-
AIR and improved the penetration of the supporting electro-
lyte into the films.

3. Conclusion

The key factors that dictate the selection of carbon materials
for supercapacitors are: structure, surface area, wettability and
the presence of electroactive species. Combined thermal, spec-
troscopic and electrochemical analyses provide deep insights
into the annealing-induced structural modifications of CNOs.
The research presented here can be summarized as follows:

a) The structure and shape of the CNOs were changed as
a consequence of additional annealing. This process
changes the carbon structures into predominantly higher
ordered graphitic layers and also causes damage and struc-
tural changes on the carbon surfaces by disrupting the gra-
phene sheet structures, mainly after annealing under a CO,
atmosphere.

b) An increase in line width of the D band suggests a higher
disorder for the samples obtained at 1750 °C.

¢) For the materials prepared at 1650°C under a He atmos-
phere, the G band is closer to the theoretical position for
graphite, compared with compounds obtained at 1750 °C.

d) The CNOs(1650)-N, and CNOs(1650)-AIR samples are more
graphitic and have more ordered shells compared to
CNOs(1750)-N, and CNOs(1750)-AlR.

e) Two prominent bands at 1430 and 1182 cm~
fied as belonging to the innermost shell of Cq,.

f) A comparison of the specific capacitance values shows that
the second modification slightly changes the electrochemi-
cal properties of the carbon nanoparticle films.

g) Taking into consideration the spectroscopic, textural, and
electrochemical properties, the best characteristics for su-
percapacitor electrodes are exhibited by the CNOs(1650)-
AIR and CNOs(1750)-AIR samples.

" were identi-

Experimental Section
Materials

All chemicals and solvents were commercially available and were
used without further purification. Aqueous solutions were pre-
pared with deionized water having a resistivity of 18.2 MQ from
Millipore. “Small” CNOs were obtained by annealing a nanodiamond
powder (Molto, 5 nm average particle size) under a positive pres-
sure of helium. A commercially available nanodiamond powder
(Carbodeon puDiamond®Molto) with a crystal size of 4-6 nm and
a nanodiamond content >97 wt.% was used as received. Anneal-
ing of ultradispersed nanodiamonds was performed at 1650 or
1750°C under a He atmosphere with a heating ramp of
20°Cmin~". The final temperature was maintained for one hour,
then the material was slowly cooled to room temperature over
a period of one hour. The furnace was opened and the trans-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

.@2 ChemPubSoc
x Europe

formed CNOs were annealed in N,, air or CO, at 450 (for CNOs ob-
tained in N, or air) or 750°C (for CNOs obtained in CO,).

Methods

The films were imaged by secondary electron SEM using an S-
3000N scanning electron microscope from FEI Tecnai G2 20 X-TWIN
(Tokyo, Japan). The accelerating voltage of the electron beam was
either 15 or 20 keV; the TEM point resolution was 0.25 nm, the
TEM line resolution was 0.144 nm, the maximum diffraction angle
was +12° and the working distance was 10 mm. TEM images
were recorded using the FEI Tecnai™ instrument. The accelerating
voltage of the electron beam was 200 keV. Thermogravimetric ex-
periments were performed using an SDT 2960 for simultaneous
TGA-DTG-DTA (TA Instruments company). The spectra were collect-
ed at 10°Cmin~" in an air atmosphere (100 mLmin™").

Diffuse reflectance infrared Fourier transform (DRIFTS)-FTIR
Measurements: FTIR spectra were recorded between 550 and
4000 cm™' using a Thermo Scientific Nicolet™ 6700 spectrometer
at room temperature under N, atmosphere. The spectra were col-
lected at a resolution of 4 cm™’, apodized with a triangular func-
tion, and a zero-filling factor of one was applied. All the spectra
were corrected with conventional software to cancel the variation
of the analyzed thickness with the wavelength. DRIFTS spectra
were recorded using a Spectra-Tech diffuse reflectance accessory
equipped with the Si-Carb Sampling Kit (Spectra-Tech Inc., USA).
The sample was analyzed directly on the sample cup after rough-
ing it with abrasive paper. A small disc of silicon carbide paper was
used to roughen the sample to be analyzed. Pieces of clean silicon
carbide paper were used as the background. Sample spectra were
referenced against a background spectrum. The spectra were
transformed into reflectance units which are generally equivalent
to an absorbance scale.

Room-temperature Raman spectra in the range between 100 and
3500 cm™' were taken using a Jobin Yvon HORIBA LabRAM HR 800
confocal spectrometer containing a liquid-N,-cooled charge cou-
pled device (CCD) and two lasers: a Stabilite 2017 (Ar+ ion laser)
and a He-Ne laser. To avoid sample overheating, the laser power
at 633, 514, and 488 nm wavelength was less than 2 mW. The posi-
tions of the Raman peaks were calibrated using a Si thin film as an
external standard. The spectral resolution of the Raman spectra
was 2 cm . The position and integral intensity of the Raman lines
were obtained after computer deconvolution of the spectra using
the commercial program PeakFit.

Prior to gas adsorption analysis, all samples were degassed at
350°C at low vacuum (10 pm Hg) for 20 h to remove any adsorbed
species. N, gas adsorption measurements were performed using
a Micromeritics apparatus (ASAP2020 - automatic sorption analyzer,
Micromeritics Corp., USA) at —196 °C.

Voltammetric experiments were performed using a potentiostat/
galvanostat model AUTOLAB (Utrecht, The Netherlands) with
a three-electrode cell. The AUTOLAB system was controlled with
the GPES 4.9 software of the same manufacturer. A glassy carbon
disk (GCE) with a diameter of 1.6 mm (Bioanalytical Systems Inc.)
was used as the working electrode. The surface of the electrode
was polished using extra fine carborundum paper (Buehler) fol-
lowed by 0.3 um alumina and 0.25 um diamond polishing com-
pound (Metadi Il, Buehler). The electrode was then sonicated in
water to remove traces of alumina from the metal surface, washed
with water, and dried. The counter electrode was made from plati-
num mesh (0.25 mm) and was cleaned by heating in a flame for
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approximately 30 seconds. A silver wire with deposited AgCl, sepa-
rated from the working solution by a ceramic tip (Bioanalytical Sys-
tems Inc.), served as the reference electrode.
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