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We investigated the electrochemical performance of single-walled carbon nanohorns (SWCNHs) for use as

supercapacitor electrodes. For the first time, we used acid-treatment for oxidation of SWCNHs and hole

creation in their structure. A detailed study was performed on the correlation between the oxidation of

SWCNHs via acid treatment and variable acid treatment times, the structural properties of the oxidized

carbon nanostructures, and the specific capacitance of the SWCNH electrodes. We showed that simple
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functionalization of carbon nanostructures under controlled conditions leads to an almost 3-fold

increase in their specific capacitance (from 65 to 180 F g~* in 0.1 M H,SO,4). This phenomenon indicates
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1 Introduction

Recently, great interest has been focused on the application of
nanostructured carbons for electrocatalysis* and energy storage
applications,”>® particularly in electrochemical capacitors or
supercapacitors (SCs).**® Due to a large specific surface area
connected with high mesoporosity, nanostructured carbons
have a high capability for charge accumulation at the electrode/
electrolyte interface (known as an electric double layer)."***
Accumulation of an ionically conducting electrolyte solution on
an electronically conducting electrode surface leads to the
establishment of electric double-layer capacitance (EDLC). In
brief, the electrochemical performance of these systems
depends on the control of mass and charge transport (i.e.,
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simulated local N, (77 K) adsorption isotherms and the fit to experimental data,
high-resolution C 1s XPS and N 1s spectra, deconvolution of Raman spectra,
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This journal is © The Royal Society of Chemistry 2020

higher accessibility of the surface area of the electrodes by electrolyte ions as a result of gradual
opening of the SWCNH internal channels.

electronic and ionic mobility) and electron transfer kinetics in
multiphase boundaries," and these are size dependent
processes. To this end, much attention is focused on prepara-
tion of nanostructured carbon materials with controlled prop-
erties, including internal and external porosity, electrical
conductivity and rich functional chemistry.*>"”

In literature, we find many reports of the use of nano-
structured carbon materials as electrode materials in SCs,*>**
and the most popular are carbon nanotubes (CNT) and gra-
phene electrodes.'® For example, multiwalled CNTs were heated
to enhance their specific surface area and pore size distribution,
and after thermal treatment, the CNT electrodes reached
a maximum specific capacitance of 180 F g ' with a power
density of 20 kW kg™ '.* Even with special preparation of CNTs,
their specific surface area is still much lower than that of
mesoporous carbons, ordered mesoporous carbons or activated
carbon electrodes (specific surface areas in the range of 600 and
3000 m* g, respectively).22> Surface modification of carbon
nanostructures (CNs) via acidic or alkaline treatment, which
introduces oxygen functional groups, has an additional effect
and improves the electrochemical properties of SCs.'***** It
should also be emphasized that the gravimetric capacity of
carbon materials does not increase linearly with the specific
surface area, and based on the density functional theory model,
it reaches a plateau for values of ca. 1200 m”* g~ *.>2 The authors
suggested that this limitation of the gravimetric capacity can be
ascribed to space constriction for charge accommodation inside
the pore walls.”” In this context, a further increase in the specific
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surface of carbonaceous materials does not affect the increase
in gravimetric capacity.

Single-walled carbon nanohorns (SWCNH) belong to the
class of novel carbon nanomaterials. Thousands of cone-end
shaped tubules with diameters of 2-5 nm are agglomerated in
spheres with a diameter in the range of 60-120 nm. The spheres
can occur in few different forms: dahlia, petal-dahlia, bud and
seed. Dahlia and petal-dahlia shapes have long cone endings on
a spherical surface in contrast to bud and seed shapes.>® The
material is produced by CO, laser ablation of graphite and is
catalyst-free with notably high purity of up to 90%. To obtain
access to the internal volume of SWCNH, various oxidation
reactions have been applied, e.g., heat treatment under different
atmospheres, such as air,***” CO, *® and 0,.**** Less popular
methods are the so-called “wet methods” using, e.g., H,0,,**"*¢
concentrated acids or their mixtures, e.g., nitric acid**' or
“piranha” solution.”»** Oxidation changes selected chemical
and physical properties of the material, thus increasing the
specific surface area and pore volume. Surface oxygen groups
increase hydrophilicity, enabling the formation of stable
colloids in water.®* Generally, these functionalization
approaches increase the specific effective surface of the
SWCNHs while optimizing the structural parameters that
influence the capacitive properties of the SWCNH elec-
trodes.*”**31* Therefore, due to a large surface area, homoge-
neous structure and capacity for modifications, SWCNHSs have
found application in many electrochemical areas, such as Li-ion
batteries,***>*8 SCs,26:272931:44:4950  gengors*™**-5* and/or fuel
cells.***® Moreover, SWCNHs could also be used as composites
to construct complicated and hierarchical systems that exhibit
optimized targeted properties.*

For the first time, we report the structural changes of
SWCNHs that were performed using oxidation by nitric acid. A
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variable acidic treatment time was applied, and the correlations
between the structural changes and the electrochemical prop-
erties of the obtained CNs were examined. We showed that
simple functionalization of CNs under controlled conditions
leads to an almost 3-fold increase in their specific capacitance
due to an ‘opening structure’ for ion mobility. Additionally, the
resulting SWCNH electrode has excellent electrochemical
stability.

2 Results and discussion

2.1. Structural and textural characterization of SWCNHs

The physicochemical properties of CNs are closely related to
their structure, type of carbon atoms, number of defects on the
surface, type of functional groups, etc. Therefore, we performed
systematic experimental and theoretical studies of the structure
and surface of the SWCNHs modified in the oxidation process.
Fig. 1A presents the N, adsorption-desorption isotherms
measured for the pristine and the oxidized SWCNHs. The shape
of the isotherm measured for the pristine SWCNHs (Fig. 1A)
suggests the presence of mesopores. The BET surface area (Sggr)
was calculated using the Brunauer-Emmett-Teller®” adsorption
isotherm equation. However, to make the porosity parameters
more realistic, we used a series of local isotherms for cylinders
calculated using grand canonical Monte Carlo (GCMC) simu-
lations, and this procedure is described in detail in the Exper-
imental section (fit quality is shown in Fig. S1 and S2+t). The Sggr
value for SWCNHs (Table 1) is in good agreement with the
values reported for this system by other authors®® and supplied
by the producer.

From the data collected in Fig. 1A, B, S1 and S2+t it can be
concluded that increasing the oxidation time of the SWCNHs
led to increasing N, adsorption, which consequently led to

>
3

1 C1s
1 1200 o1s |
30 . 600 o N1s
3 ] -
a g 5 | . PR
2 = £ 800 < " -
£ 20 g 400 < 25 _—
E = < 5 Y
° 2 ] ’ £ L
io ) 2 500 4 400
| SRR [ |
0 [ — i
BET ol ropores 1200 800 400 0
Binding energy (eV)
E F
SWCNH w ) G H
2 El 3 3
s 8 s sl
2 2z > 1724 cm? z
@ [o) oy @ @ @
g 2 SWCNH-0x-1.5 2 2 , z
E N = Aal E
C-OHIC-0-C Pj
V \ C=0 4
al \'\ -
T T T T . .

T
1200 1800 2400 3000 3600
Wavenumber (cm)

T T T T
540 536 532 528 524
Binding energy (eV)

Fig. 1

T T T
1000 2000 3000

Wavenumber (cm™')

— T T T
1500 1600 1700 0
Wavenumber (cm')

(A) Low temperature N, adsorption—desorption isotherms, (B) pore size distributions, (C) pore surface areas, (D) XPS survey spectra, (E)

high-resolution O 1s XPS spectra, (F and G) FTIR and (H) Raman spectra for SWCNH (black), SWCNH-0x-0.5 (blue), SWCNH-0x-1.0 (red),
SWCNH-0x-1.5 (green), SWCNH-ox-3 (orange) and r-SWCNH-ox-1.5 (dotted dark green). For r-SWCNH-o0x-1.5, practically the same adsorption
isotherms and porosity parameters as for SWCNH-ox-1.5 are observed, and thus the adsorption and pore size distribution results for this sample

are omitted for clarity.
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Table 1 Structural parameters of internal nanospaces of SWCNHSs obtained from the BET model and general adsorption integral equation
implemented with the kernel of local N, adsorption isotherms (77 K) simulated in cylindrical carbon pores using GCMC*

SBET (m2 gil) Stotal (m2 gil) Smeso (mz gil) Smicro (m2 gil) Viotal (Cm3 gil) Vmeso (Cm3 gil) Vmicro (Cms gil) Dmicro (nm) Dmeso (l’ll’l’l)

Materials

SWCNH-0x-0.5 1047 527 294 233

SWCNH-0x-1 1116 584 342 242

SWCNH-ox-1.5 1219 687 358 328

SWCNH-0x-3 872 350 234 116
2 -1

“ Sger - the apparent BET surface area, equal to 421 m* g

0.33 0.25 0.08 0.69 3.4
0.37 0.30 0.07 0.83 3.3
0.42 0.31 0.11 0.90 3.4
0.24 0.20 0.04 0.86 3.4

for pristine SWCNH, S;ota) — total internal surface area, Speso — internal surface area of

mesopores, Spicro — internal surface area of micropores, Vo, — total internal pore volume, vy,eso — internal volume of mesopores, Vpjcro — internal
volume of micropores, Dy;cro — average diameter of micropores, and Dyeso — average diameter of mesopores. For r-SWCNH-ox-1.5 (not shown),
practically the same isotherms and porosity parameters as for SWCNH-ox-1.5 were observed.

increasing Sper, Stotal and total pore volumes (Viory) With the
creation of micropores on the SWCNH surface (Table 1). This
observation is schematically presented in Fig. 1C. The Sggr
values are between 872 (SWCNH-ox-3) and 1219 m”> g '
(SWCNH-0x-1.5) for the oxidized materials. The maximum
values for all of these parameters were recorded for SWCNH-ox-
1.5 (Table 1). Therefore, the reduction reaction of the SWCNH-
ox-1.5 material was performed to produce r-SWCNH-0x-1.5,
which was used in further studies as a comparison.

Oxidation treatment of SWCNHs causes gradual opening of
the internal channels of the carbon nanotubes, as confirmed by
the HR-TEM images collected in Fig. 2B. However, for oxidation
time longer than 1.5 h, burn-off of tubules and creation of

— () M
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amorphous carbon around the walls were observed (Fig. 2C).
These conclusions confirm the decrease in N, adsorption
(Fig. 1A) and the consequent decrease of the Sggr and the Vg
values that were observed for SWCNH-ox-3 (Table 1). However,
for electrochemical application of CNs, the most commonly
used parameter is Sggr, @ more justified approach is the use of
internal surfaces, the parameters connected with the presence
of meso and micropores. The Speso and the Spiero values for the
oxidized SWCNHs were increased in the order SWCNH-0x-3 <
SWCNH-0x-0.5 < SWCNH-0x-1 < SWCNH-o0x-1.5 (Table 1). The
sharp drop in the Speso and the Spicro values with a long
oxidation time (SWCNH-o0x-3) is related to the adsorption of
amorphous carbon on the SWCNH surface, as mentioned

— () NM
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"
-
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Fig. 2 HR-TEM images of (A) SWCNHs and selected oxidized samples, (B) SWCNH-ox-1.5 and (C) SWCNH-o0x-3.0 (bottom panel shows the

holes in the horns of the SWCNH-ox-1.5 sample).
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previously, that was observed by HR-TEM studies (Fig. 2C). An
analogous relationship for the SWCNH structures and oxidation
time was observed for the volume of meso and micropores
(Table 1). It must be emphasized that gradual treatment of the
SWCNHs with HNO; shows minimal change in the average
diameters of mesopores (Dpeso) and slightly changes the
diameters of micropores (Dmicro) (Table 1). A longer oxidation
process led to an increase in the average diameter of micropores
from approximately 0.7 to 0.9 nm.

X-ray photoelectron spectroscopy (XPS) and Fourier trans-
form infrared spectroscopy (FTIR) were performed to confirm
the oxidation of the SWCNH surface. Quantitative and qualita-
tive studies were conducted using XPS (Fig. 1D and E).

The survey spectra for the SWCNHs and the oxidized mate-
rials are compared in Fig. 1D, and the elemental quantification
is shown in Fig. S3-S5.f The XPS spectra for the pristine
SWCNHSs contain one peak (of C 1s) and two peaks (of C 1s and
O 1s) for SWCNH-ox (Fig. 1D). A small N 1s peak is also observed
for the reduced sample (Fig. 1D).

Deconvolution of the high-resolution C 1s core level spectra
for the pristine SWCNHs shows three main peaks centered at
284.7 eV (56.4% at. concentration of C; C=C sp?; graphitic
carbon), 284.9 eV (13.6% at. concentration of C; C-C sp*) and
285.2 eV (8.2% at. concentration of C; high C-C sp*/C-H sp?),
(Fig. S31).7*" After the oxidation reaction, the C 1s XP spectrum
exhibits additional energy regions that confirm the presence of
oxygen-containing groups on the SWCNH surface and could be
deconvoluted into six peaks at 285.7 eV (ether groups, C-O-C),
286.1 eV (hydroxyl groups, C-OH), 286.7 eV (epoxy groups, (CC)
~0), 287.3 eV (carbonyl groups, C=0), 289.2 eV (carboxyl
groups, COOH, very weak signal), (Fig. S31),>** and an addi-
tional peak centered at 284.2 eV related to the vacancy defects of
the graphene lattice.** The level of oxidation of the SWCNHSs
was determined from the areas under the C 1s and O 1s peaks
(Table S17). As expected, the amount of functional groups (C-O-
C, C-OH, (CC) >0, C=0 and COOH) increased with increasing
oxidation reaction time, and after reaching the reaction time of
one and half hours, their amounts on the surface of the CN
decrease (a progressive decrease in the C 1s/O 1s ratio, Table 2).
However, it should be emphasized that this observation is
correct in considering the total number of oxygen-containing
groups (Table S1f). The amount of COOH groups on the
SWCNH surface increased proportionally with the increase in
the oxidation time (the value for 0.5 h was not determined; in
the range of 1-3 h oxidation reaction the values are between
1.0%-2.3% at. concentration of C).
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Deconvolution of the O 1s XPS peaks produced additional
information on the nature of the surface-containing groups.
However, for the SWCNHs, selected oxygen functionalities were
found with the contribution of chemisorbed water. The calcu-
lated percentages of these groups are quite low, and they are
shown in Fig. S4f for comparison purposes only. As shown in
Fig. 1E, the O 1s core signal for the oxidized CNs could be
deconvoluted into peaks at 530.5 eV (quinones),*® 531.8 eV (C=
0),% 532.9 eV ((CC)>0),* 533.8 eV (C-OH, C-O-C) and 535.0 eV
(chemisorbed water).*** The percentage of these functional
groups for all oxidized SWCNH materials is shown in Fig. S4.1
After reduction of the SWCNH-ox-1.5 by hydrazine, the amount
of oxygen-containing groups on the SWCNH surface decreases
significantly, with the exception of the quinone groups, which
proves that the groups containing O were successfully reduced.

This observation is confirmed by high-resolution N 1s XPS
studies, which were decomposed into four identified compo-
nents (Fig. S51). For -SWCNH-o0x-1.5, we observed the appear-
ance of N-H bonds at 399.8 eV, pyrrolic or amine moieties at
400.2 and 400.6 eV, and quaternary N at 401.8 eV.**”>”* We
observed the hydrophilization of the SWCNH surface by the
creation of surface oxides. The ratio of C 1s/O 1s peaks
decreases rapidly after a short oxidation process (after 0.5 h),
from 15.110 to 4.143, and subsequently changes during a longer
oxidation time, reaching a value of 2.603 for SWCNH-ox-3 (Table
2) and a value of 4.05 for -SWCNH-o0x-1.5.

This observation is also strongly supported by the decrease
in the { potential values (from —6.65 to —29.65) determined at
pH = 2 (Table 2). As confirmed by the XPS data (Table S17) the
presence of nitrogen-containing groups for the -SWCNH-ox-1.5
sample is manifested by the positive { potential value (¢
potential = +2.45) caused by the basic nature of selected surface
nitrogen groups.

The FTIR-HATR technique was used to determine the nature
of the functional groups on the SWCNH surface. Fig. 1F and G
show the FTIR spectra of the pristine, oxidized and reduced
SWCNHSs. Three clearly distinct bands appear for the pristine
SWCNHSs at 1573, 1356 and 1185 cm™ ', with small shoulders at
1059 cm ™. Thus, the band at 1573 em ™' might be assigned to
stretching vibrations of the C=C aromatic groups.”””’* The
presence of the peaks at 1356 and 1185 cm ' are strongly
affected by the defective structure of CNs and was also observed
for ultradispersed diamond powders.” However, it should be
emphasized that these peaks are found in the area of several
overlapping peaks that occur in the range from 1400 to
900 cm™*, therefore, the determination of their intensities is

Table 2 Selected parameters of the studied materials obtained from Raman spectroscopy, XPS and { potential values

Materials C 1s/0 1s vp (em™) vg (em™) Ip/lg ¢ potential (mV)
SWCNH 15.110 1332 1580 1.20 n.a.
SWCNH-0x-0.5 4.143 1335 1575 1.28 —6.65
SWCNH-o0x-1 3.087 1335 1571 1.37 —-17.91
SWCNH-0x-1.5 3.172 1338 1575 1.50 —22.35
SWCNH-0x-3 2.603 1336 1574 1.68 —29.65
r-SWCNH-o0x-1.5 4.050 1334 1577 1.66 +2.45
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often ambiguous. In the literature, this phenomenon is often
translated as the occurrence of ‘dangling bonds’ on the surface
of CNs, which are sensitive to chemisorption of foreign
elements.” These surface carbon atoms have free valances that
can be saturated by chemisorption or that might interact or
react with foreign elements (H,O, H, N, O, etc.) to form bonded
surface functional groups.” These absorption features still exist
in the region of 1600 to 900 cm™ " in the reduced form of the
SWCNHs, but they are somewhat different. Therefore, this
wavenumber region might be assigned to edge carbon atoms on
the SWCNH surface, which are sensitive to chemical reactions
(oxidation or reduction), that in successive stages have changed
the chemical nature.

Successful oxidation of the SWCNH surface is strongly sup-
ported by the peak at 1724 cm ™", which can be assigned to C=0
stretching vibrations (Fig. 1G),”” and these vibrations are not
observed for the pristine SWCNHs. The spectra of the oxidized
SWCNH materials clearly indicate that a longer oxidation
process of the CNs leads to an increase in the intensity of the
C=0 stretching vibrations (from 0.5 h to 3 h), which conse-
quently proves the increase in the amount of oxygen-containing
groups on the SWCNH surface. For the reduced form of the
SWCNHs, the intensity of this peak decreased, but an additional
shoulder is observed at 1716 cm ™" (dashed line on Fig. 1G). This
peak might be assigned to C=O stretching vibrations in
ketones or aldehydes.” Based on the FTIR spectroscopic char-
acterization of functionalized single-walled carbon nanotubes,
the band detected at approximately 1570 cm ™~ ' was attributed to
C=C stretching vibration of functionalized carbons.””” The
increased intensity in the high frequency region between 3700
and 3200 cm™" could also indicate successful oxidation of the
SWCNH surface.” This band is the result of the O-H stretching
vibration and can be observed in the spectra in Fig. 1F as
a broad band with a maximum at 3440 cm™'. Upon surface
reduction with hydrazine, the spectrum for the r-SWCNH-o0x-1.5
shows a strong and broad band in the 3500-3800 cm ™" region.”
The maximum falls near 3650 cm ', and the band might be
assigned to N-H asymmetric stretching vibrations.” Two addi-
tional broad peaks are observed. The first peak is found in the
2100-1830 cm ™' region with two maxima at 1980 and
1860 cm ™. These peaks might be assigned to C-NH;" and C=0
stretching vibrations of anhydride or cyclic acid anhydride.” In
the 1050-900 cm ! region with a maximum near 970 cm ™, the
peak observed might be assigned to C-C-C bending vibrations
or C-O-C symmetric stretching vibrations.”

The Raman spectra of the pristine and the oxidized SWCNH
samples registered at 532 nm are shown in Fig. 1H and S67 and
are summarized in Table 2. The most distinctive signal at
approximately 1580 cm ' is known as the G band, which
corresponds to the in-plane optical mode of vibration for two
adjacent sp” C atoms on an ideal hexagonal ring of graphite.”*°
The spectra are also dominated by the D band at 1332 cm ™ *.8%#
The presence of the D band is due to defects in the carbon
crystalline curved structure. Additional combined tones for the
peaks are located at 2665 cm ™' (2D) and 2919 ecm ™! (D + G)
(Fig. S67) that are observed for all investigated materials and
correspond to the second-order Raman spectrum.® The D band

This journal is © The Royal Society of Chemistry 2020
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for all oxidized SWCNH materials and the reduced sample is
shifted compared with that of the pristine SWCNHs (from 1332
to 1338 cm™'). The origin and dispersive behavior of the D band
can be explained by the double resonance Raman mechanism?*
that was also observed for nanographite.®

The ratio of the intensities of the D and G bands (Ip/I) is
used as a convenient measure of crystalline order and could
confirm the functionalization process of the pristine SWCNHs
(Table 2). The effectiveness of the functionalization of CNs
increased, and the heights of the “disorder” deconvoluted peaks
(D', D) also increased as the G peak decreased.®® Based on this
relationship, the Raman spectrum for the pristine SWCNHs
shows the lowest D/G intensity ratio (Ip/Ic = 1.2), and the
highest Ip/Ig value was determined for SWCNH-0x-3 (Ip/lg =
1.68). Oxidation with strong acids causes the creation of pores
with different dimensionality. Therefore, the hybridization of
the C atoms changes from sp® to sp®, which is recognized as
formation of the defect in the CN structure.?” The larger D band
intensity is also caused by the presence of oxygen functional
groups on the SWCNH surface that are recognized as a defect in
the structure of carbonaceous material. It must also be noted
that the G band in the SWCNH-ox spectra exhibits an apparent
shoulder, which corresponds to the D’ band, a second-order
band, at ~1604 cm ™ '. This phenomenon is commonly associ-
ated with disorder in graphite and could be associated with
oxidation treatment of CNs (Fig. S61).5*%®

2.2. Electrochemical performance of SWCNH electrodes

To explore the potential application of these materials in energy
storage devices, the samples were used as supercapacitor elec-
trodes and characterized using cyclic voltammetry (CV) in
0.1 mol dm ™ aqueous solution. Fig. 3A shows a comparison of
the electrochemical properties of the glassy carbon electrode
(GCE) modified with SWCNH, SWCNH-0x-1 and r-SWCNH-o0x-1
layers. Modification of the electrode was performed by the drop-
casting method using an ethanol dispersion of SWCNH,
SWCNH-o0x-1 or r-SWCNH-o0x-1 with the same concentration of
CNs (please see Experimental section, where modification of the
GCE is described in the details).

The potential was cycled between —0.2 and +0.6 V vs. Ag/AgCl
without any noticeable change in the shape of the CVs. The
electrodes modified with SWCNH and r-SWCNH-ox-1 exhibit CV
curves with the typical capacitance behaviour and almost
pseudorectangular anodic and cathodic profiles. The symmetry
of both CVs indicates that the capacitance of the electrodes is
reversible in the anodic and cathodic directions.

A small departure from the ideal rectangular shape is
observed for the oxidized SWCNH materials (Fig. 3). The broad
and poorly defined peaks Ox and Red were recorded on CVs in
anodic and cathodic cycles, respectively (Fig. 3A, red line). The
difference between the observed capacitances of the non-
modified SWCNH electrodes and their oxygen-containing
derivatives could be due to the more microporous structure of
SWCNH-ox and the pseudocapacitive faradaic reactions
(reversible oxidation/reduction) of oxygen functionalities
(mainly C-OH, C=0 and COOH) generated during chemical

RSC Adv, 2020, 10, 38357-38368 | 38361
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line) or r-SWCNH-ox-1 (blue line); and (B) nonmodified GCE (black
dashed line) and SWCNH-ox prepared with different oxidation time:
SWCNH-0x-0.5 (blue line), SWCNH-ox-1 (red line), SWCNH-ox-1.5
(green line), and SWCNH-ox-3 (orange line). The sweep rate was
10mv st

oxidation.***® The characteristic weak shoulders in both cycles
is characteristic of the oxidized CNs due to the low redox
kinetics of the surface functional groups compared with the
charging kinetics of the electrochemical double layer.**** This
effect also depends on the small fraction of oxygen-containing
groups relative to the whole surface of the CNs. Moreover, all
CVs are stable for these films, which proves their electro-
chemical stability in the studied potential range.**°*

A previous study showed that an increase in surface oxides
on the CNs,”> which are used as an electrode material, results in
increasing intensities of both redox processes (Fig. 3B). The
amount of oxygen-containing groups on the oxidized SWCNH
surface depends on the oxidation time of this nanostructure
(please see the spectroscopic results in Fig. 1G). A previous
study also showed that surface oxides prefer proton adsorption
in the micropores of the carbon materials.**** Therefore, the
specific adsorption results in local changes to the charge
density in the double-layer capacitance. The pseudocapacitive
effect is observed for all SWCNH-ox (Fig. 3B).

The specific capacitances (Cs) of the SWCNH and their
oxidized and reduced forms (SWCNH-ox and r-SWCNH-ox,
respectively) were determined using the CV method based on
the following eqn (1):

o i(E)dE

s ZVM(El — Ez) (1)

where E; and E, are the respective initial and final potentials (V),
fé ' {(E)dE is the integrated current in the potential window, v is
the sweep rate (V s ), and m is the mass of the active material.

The calculated C; are summarized in Table 3. A clear correlation
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exists between the concentration of the oxygen functionalities
in the SWCNH structure and the Cg values (Fig. 3B). The first
interesting observation is an enhancement of the Cs of the
SWCNH materials, from 65 F g~ found for the pristine SWCNH
to 180 F g~ for the oxidized SWCNHs (SWCNH-0x-1.5 in acidic
media, H,SO,). This value is in good agreement with a previous
report on the oxidized SWCNHs exhibiting higher capacitance
than their pristine form due to modification of the micropore
surface area and micropore volume due to hole-opening of the
SWCNHs.26,29,31,44

Generally, increasing the Sggr value of materials leads to an
increasing overall capacitance due to a higher electrode/
electrolyte contact area (Table 3). However, it should be noted
that the number of pores and also their size (micro and meso-
pores, and outer surfaces of the particles) affect the capacity of
the layers (Smicro and Smeso) (Table 1). These parameters deter-
mine the possibility of ion mobility in the electrode layer and,
consequently, the formation of electric double-layer capaci-
tance."™* In addition, the method of measuring the electrode
surface has an influence on the capacitance of porous carbons,**
considering the C; relative to the morphology of the carbon
material and surface chemistry (e.g., wettability and type of
oxygen-containing group). As presented above, the capacitance
of materials is a highly complex process, and therefore, for each
newly obtained or modified CN, the structure and surface
properties must be analyzed in detail in relation to many
parameters.

Even for SWCNHs oxidized via the heat-treatment
method,***”**34* for which the literature is quite scarce, we
find many discrepancies and no simple relationship between
Sger and Cs. For example, oxidation of the SWCNHSs via heat-
treatment in an air atmosphere at different temperatures in
the range of 400 to 580 °C results in an increasing specific
surface area, from 400 to 1420 m”> g~ (limit values for the
pristine SWCNHs and the oxidized SWCNHs, respectively), and
consequently leads to increasing Cg, from 66 to 114 F g~ .3
Using the same type of modification (at 550 °C), other authors
have produced materials with the following parameters: Sggr of
1690 m> ¢~ and C, of 100 F g~ '.2 However, Sano et al. used heat
treatment of pristine SWCNHs in an air atmosphere at the same
temperature (550 °C), and they obtained an oxidized material
with a much lower Sggy value of 964 m? g~ %, although the C, was
quite high 365 F g~* (at sweep rates of 10 mV s~ '). As noted

Table 3 Specific capacitance of SWCNH, SWCNH-ox-1.5 and r-
SWCNH-0x-1.5 in aqueous solutions of different supporting
electrolytes

Specific capacitance® (F g™ %)

Materials NacCl Na,S0, H,SO, (Et),NCl
SWCNH 32 52 65 28
SWCNH-0x-1.5 103 125 180 52
r-SWCNH-o0x-1.5 95 102 134 96

“Based on eqn (1); AE = 300 mV; m = 0.018 g; v = 10 mV s
concentration of supporting electrolyte was 0.1 mol dm™>.

This journal is © The Royal Society of Chemistry 2020
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many times, no simple correlation is found between the Sggr
and C; of the CNs because the values presented above show that
the same method of oxygenation and nearly the same experi-
mental conditions can lead to different electrochemical prop-
erties of the materials. Although there is a general tendency that
more efficient oxidation of CNs leads to an increase of Sgpr and
consequently an increase in the C; of SWCNHs, the resulting Cy
values differ quite significantly. It seems that a key to increasing
Cs, as Kaneko reports, is the type and the size of the pores
created in the SWCNHSs during the oxidation treatment, known
as ‘tip opening’ and/or ‘sidewall opening’.>***

For the first time, we used acid treatment for oxidation of
SWCNHs and hole-creation in their structure. Because the pore
size of an electrode material should be suitable for the ion size
of the electrolyte, a systematic study of the effects of SWCNH
porosity on the ion-electrode interactions was performed.

Additionally, the surface area of porous carbons are
measured by gas adsorption, which can penetrate the open
pores that are available for the molecular size of the adsorbate.
Electrolyte penetration into pores is more restricted,” and thus
a correlation between the electrolyte accessibility and carbon
structure and their surface properties was studied.

Herein, the effect of the supporting electrolyte on the
capacitive properties of the GCE modified with SWCNH (Fig. 4,
panel (I)), SWCNH-ox-1.5 (Fig. 4, panel (II)) or -SWCNH-0x-1.5
(Fig. 4, panel (III)) films was studied. This investigation was
performed in an aqueous solution containing different sup-
porting electrolytes of H,SO,4, Na,SO,, NaCl or (Et),NCI. The Cj
values were determined using eqn (1) and are summarized in
Table 3.

There are two effects responsible for the influence of the
supporting electrolyte on Cj, the degree of the film penetration
of the counter ions and the structure of the double layer on the
CNO surface and electrolyte solution.** A few parameters might
have an influence on these effects: the hydrated radius of the
ions (ry,), the chemistry of the CN surface, the number of pores
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in the CNs and their size. According to Stokes' law, the migra-
tion velocity is inversely proportional to the effective r,.°* The
Stokes radius (rg), r, and standard molar enthalpy of hydration
(AnyaH°) for the ions of the supporting electrolytes are
summarized in Table S2.7 However, the size of r}, is almost the
same, and therefore, the supporting electrolyte affected the
electrochemical properties of the films (Table 3). The SWCNH-
ox might interact more strongly with cations than with
anions. Additionally, the interaction of water molecules with
the oxidized surface of CNs can influence the wettability of the
carbon surface in aqueous solution and affect their electro-
chemical properties. The observed value of the Cg of -SWCNH-
ox-1.5 is higher than for unmodified nanostructures in all
supporting electrolytes (Fig. 4, panel (III)), but the tendency of
the supporting electrolyte to influence the electrochemical
properties remains as in the oxidized form of SWCNHs.
However, it should be emphasized, that reversible oxidation
and reduction of oxygen functionalities generated during
chemical oxidation are not visible on CVs of r-SWCNH-ox-1.5.
Therefore, it may be assumed, that the chemical reduction of
SWCNH-ox-1.5 with the use of hydrazine led to the reduction of
carboxylic groups, creating quinone or alcoholic groups. The
higher values of C; of the reduced nanostructures (r-SWCNH-ox-
1.5) compared to SWCNHs may also result from incomplete
reduction of SWCNH-ox-1.5. It can be assumed that the surface
of CNs has not been completely reduced and is still hydrophilic
in nature (Table 3).

To investigate the rate performance of the CNs, the elec-
trodes were cycled between —0.2 and 0.6 V (vs. Ag/AgCl) at
different potential sweep rates. Fig. 5 and S71 show the CV
curves of the SWCNH (Fig. 5) and SWCNH-ox-1.5 (Fig. S77)
layers on the GCE surface in an aqueous solution of 0.1 mol
dm™® in the different supporting electrolytes recorded at
different sweep rates.

The CV curves were obtained for each nanomaterial at 5, 10,
15, 30, 50, 75 and 100 mV s~ ', showing an increase in the
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Fig.4 CVsof(l) SWCNH, (Il) SWCNH-ox-1.5 and (Ill) r-SWCNH-o0x-1.5 films in 0.1 M (A) NaCl, (B) Na,SO4, (C) H,SO4, and (D) (Et);NCL The sweep

rate was 10 mV s 1.
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current peak with increasing v. A linear relationship between
the capacitive current (I) and the sweep rate (v) is observed for
all forms of CNs (Fig. 5 and S71). In this case, the capacitive
current is expressed by the following equation:

I = Cym (2)
where the mass of active material deposited on the electrode
surface was 0.018 g and other values are as explained above.
Given the existence of a linear correlation between the
current peak and the scan rate, the Cs can be calculated from
the slope of the linear fit using eqn (2).* The C; values are
summarized in Table S3,f which compares these values ob-
tained by both methods (eqn (1) and (2)). The values of Cs ob-
tained by integration of the I-E curves are slightly higher than
those calculated from the slope of the I-v plots. Generally, the C
of the SWCNH, SWCNH-o0x-1.5 and r-SWCNH-ox-1.5 electrodes

38364 | RSC Adv, 2020, 10, 38357-38368

calculated by these two methods in the presence of the inor-
ganic electrolytes are highly similar.

Frequently, the presence of functional groups on the CN's
surface can contribute to capacitor instability of these elec-
trodes.”” Therefore, we checked the electrochemical stability of
the oxidized SWCNH electrodes in two supporting electrolytes,
an inert and an acidic solution. Fig. 6 shows the CVs for up to
1000 cycles of the SWCNH-ox-1.5 electrode. As shown in Fig. 6,
the C; of the SWCNH-ox-1.5 electrode showed a slightly
different electrochemical stability in the two supporting elec-
trolytes. The Cy decreases rapidly during the first 100 cycles but
remained nearly constant thereafter up to 1000 cycles in H,SO,
solution.

In the case of NaCl solution, the C, for this electrode
decreases gradually throughout the cycling potential window.
The value of Cy decreased by approximately 12% (from 230 to
202 F g~ ') for NaCl solution and approximately 5% (from 233 to
221 F g~ ") for H,SO, solution after 1000 cycles. The SWCNH-0x-

This journal is © The Royal Society of Chemistry 2020
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Fig.6 Cyclic life test of SWCNH-0x-1.5 in 0.1 mol dm~* NaCl (@) and
H,SO,4 (A) measured by CVs at +0.2 V (vs. Ag/AgCl). The sweep rate
was 50 mV s,

1.5 electrode in H,SO, solution was retained approximately 95%
of the initial capacitive current after 1000 cycles. The study
confirmed long-term cycling stability of the SWCNH-ox-1.5
electrode in acidic solution.

3 Experimental

3.1. Modification of SWCNHs

An amount of 0.5 g of SWCNH (NEC, Minato, Tokyo, Japan) was
oxidized using 250 mL of 65% HNO; (Chempur, Piekary Slaskie,
Poland) at 80 °C for different times (0.5, 1, 1.5 or 3 h). The
samples were labeled as SWCNH for the initial material and
SWCNH-ox-y, where ‘ox’ denotes the oxidation and ‘y’ oxidation
time, respectively. After the oxidation reaction, the mixture was
cooled and diluted to 1000 mL, filtered under vacuum on a 0.45
pm nylon membrane (Whatman) and washed with hot distilled
water until the conductivity of the mixture was no larger than 10
uS. The obtained material was collected, dispersed in distilled
water, centrifuged and freeze-dried. The SWCNH-o0x-1.5 was
reduced. To the reduction reaction, 50 mg of SWCNH-o0x-1.5 was
added to 100 mL of 5% hydrazine aqueous solution. The
mixture was refluxed for two hours, and in the last step, the
mixture was centrifuged, washed with water until low conduc-
tivity was reached, and freeze-dried. The material was labeled as
r-SWCNH-0x-1.5.

3.2. Methods

Nitrogen adsorption-desorption isotherms (77 K)
measured using an ASAP 2010 adsorption apparatus (Micro-
meritics, Norcross, USA). We computed the BET apparent
surface areas (Sggr) from the classical Brunauer-Emmett-
Teller”” adsorption isotherm equation. Porosity parameters
were calculated from of the kernel of local N, isotherms (77 K)
simulated in infinitely long structureless graphene cylinders
and the in-house grand canonical Monte Carlo (GCMC) simu-
lation code. We used a single-site (12, 6) Lennard-Jones poten-
tial model (og = 0.3615 nm and eg/kg = 101.5 K) for computing
N,-N, interactions. The cylindrical sections of SWNHs were
modeled by a structureless graphene layers. The solid-fluid
potential was computed from:

were

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

63 F[—4.5; —4.5,1.0;6”]
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F[-15; — 1.5;1.0;62}}

[R¥(1- )"

where eg/kg = 53.22 K, 0¢ = 0.3494 nm, 3 =1/R, R* = R/os (05 =
0.3494 nm), r is the radial coordinate of N, molecule calculated
from the pore center, R denotes the pore radii, p; = 38.2 nm *is
the surface number density of carbon atoms in graphene, and F
[a;b;c;d] is the hypergeometric function.*®*°

For GCMC simulations of N, adsorption in graphene cylin-
ders, we used a periodic unit with a length of 1004. The periodic
boundary conditions and the minimum image convention was
used for computing N,-N, interactions in the longitudinal
direction. Interactions between N, molecules were truncated at
504 without applying the long-range correction. The relation-
ship between pressure and chemical potential for N, at 77 K was
computed from canonical Monte Carlo simulations and the
Widom particle insertion method.®® At each point along the N,
adsorption isotherm, the GCMC simulations were equilibrated
using 4 x 10’ Monte Carlo steps. The ensemble averages were
computed from additional 2 x 10’ Monte Carlo steps. In all
GCMC simulations, we used an equal probability of 1/3 for the
insertion, deletion and displacement perturbation step.

The absolute value of N, adsorption per surface area of
graphene wall, S, was computed from:

Usf(ra R) = Tczpsesfgsfz{

-3

(3)

nabs(D;h) = N(h)/Scyl (4)

where 2 = p/p, denotes the relative pressure, D = 2R, S, =
2TRH, H is the length of the graphene cylinder, and N(#) is the
ensemble average of the number of N, molecules simulated at
the selected value of h.

The pore size distribution function f{D) was computed from
the general adsorption integral equation:

Dinax

Nabs(h) = J nabs(D§ h)f(D)dD (5)

Dinin
where N,ps(%) is the absolute value of N, adsorption inside
graphene cylinder, and Dy,;, = 0.8 nm and D,,,x = 20 nm are the
minimum and maximum diameters of the graphene cylinder in
our kernel, respectively.

The experimental value of the absolute N, adsorption inside
SWNHs was estimated from the following equation:

Naps(h) = Nopened(h) — Netosed(h) [6)

where Nopened(/) and Neiosea(2) are the experimentally measured
absolute values of N, adsorption on closed and opened SWNHs,
respectively. To compute f{D) from eqn (5), we simulated 142 N,
(77 K) adsorption isotherms in graphene cylinders with pore
dimeters uniformly distributed between Dy, and Dpax
(selected isotherms are collected on Fig. S1t). The Tikhonov
regularization method with Sobolev seminorm implemented in
the adsorption stochastic algorithm (ASA) was used in stable
inversion of eqn (5).”” The micropore surface area and
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micropore volume were computed by integration of the total
surface and total volume to Dy,,x = 2.0 nm (upper limit of the
size of micropores following to IUPAC classification). Finally,
the bimodal pore size distribution of the internal nanospaces of
SWNH f(D) was deconvoluted using two Gaussian peaks to
estimate the average size of the micro and mesopores.

For X-ray photoelectron spectroscopy (XPS), an UHV analyt-
ical system (Prevac, Rogow, Poland) equipped with a non-
monochromatic Al K (1486.7 eV) radiation source (VG Scienta
SAX 100) and a monochromator (VG Scienta XM 780) was used.
The Al K source was operated at 12 kv and 30 mA. A low-
resolution survey scan (0-1200 eV) was performed for all
samples. The pristine SWCNH and SWCNH-ox powder samples
were placed on naturally oxidized Si wafers (ITME, Warsaw,
Poland) that were precoated with approximately 50 nm of Au
(purity 99.999%) using molecular beam epitaxy (MBE, Prevac).
The measurements were performed at room temperature. The
collected data were described using Casa XPS software (Casa
Software Ltd., Teignmouth, USA).

The materials were also characterized using high-resolution
transmission electron microscopy (HR-TEM). The images were
collected using a transmission electron microscope F20X-TWIN
(FEI-Tecnai, Hillsboro, USA) operated at 200 kV. The drop of
sample dispersed in methanol (99.8% p.a.) was placed on a Cu
grid coated with an ultrathin amorphous carbon film and dried
under ambient conditions.

The {-potential (25 °C, Particulate Systems, NanoPlus HD,
Micromeritics, Norcross, USA) was measured using solutions
with a concentration of carbon materials of 0.01 mg mL ™" and
an ionic strength of 0.1 M. Each solution was prepared using
HCl and KCl (analytical grade, Chempur, Piekary Slaskie,
Poland) to adjust the ionic strength. After 24 h, the pH value was
measured again, and the {-potential was measured.

The infrared (IR) spectra were recorded using a NICOLET
IN10 MX infrared microscope (Thermo Scientific, Waltham,
Massachusetts, USA). The microscope was operated primarily in
reflectance mode, and the mercury-cadmium-telluride (MCT)
detector was cooled with liquid N,. A zinc selenide (ZnSe) crystal
(0 = 45°, n, = 2.4) was used in the FTIR-HATR (Fourier trans-
form infrared spectroscopy-horizontal attenuated total reflec-
tance) technique. The solution of the analyzed samples was
placed in HATR cells, and a beam of infrared radiation entering
a crystal underwent multiple internal reflections. The resultant
radiation was measured and plotted as a function of wave-
length. The spectral resolution was 4 cm ™, and 256 scans were
averaged to obtain a single spectrum.

Raman spectra were recorded using a SENTERRA (Bruker
Optics, Billerica, MA, USA) micro-Raman system. Spectra were
investigated in the range of 60-4500 cm ™. A green laser (532 nm)
was used as the excitation source, and the beam was focused on
samples through a 20x microscope objective. Spectra were
collected with laser powers at 2 mW to avoid sample heating and
damage. Each sample was measured at least three times with
a total integration time of 60 s (2 x 30 s). The obtained spectra
were averaged and normalized to the G band intensity.

Voltammetric experiments were performed using an AUTO-
LAB (Utrecht, The Netherlands) computerized electrochemistry
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system equipped with a PGSTAT 12 potentiostat. The AUTOLAB
system was controlled with Nova 2.0 software from the same
manufacturer. A three-electrode cell was selected. A glassy
carbon disk electrode (GCE, Bioanalytical Systems Inc. West
Lafayette, USA) with a diameter of 2 mm was used as the
working electrode. Before each experiment, the surface of the
GCE electrode was polished using extra fine carborundum
paper (Buehler) followed by 0.3 pm Al,O; and 0.25 pm diamond
polishing compounds (Metadi II, Buehler). The GCE electrode
was sonicated in water to remove traces of Al,O; from the metal
surface, washed with water, and dried. The film on the GCE was
prepared as follows. An amount of 4 mg of active material
(SWCNH, oxidized or reduced form) was suspended in ethanol
containing conductive carbon paint (v/v; 10 : 1) and sonicated
for 15 minutes. An amount of 10 uL of the SWCNH dispersion
was transferred to the GCE surface, and the solvent was evap-
orated under an Ar atmosphere. The counter electrode was
a platinum flag with an area of approximately 0.5 cm?. A silver
wire immersed in 0.1 mol L™ AgCl and separated from the
working electrode by a ceramic tip (Bioanalytical Systems Inc.
West Lafayette, USA) served as the reference electrode. All
experiments were performed in water purified through a Milli-
pore apparatus. Oxygen was removed from the solution by
purging with argon. The studied solutions were not buffered.

4 Conclusions

Nitric acid treatment for oxidation of SWCNHs leading to hole
creation in their structure was used for the first time. The ob-
tained materials were characterized using several physico-
chemical methods and experimental and theoretical studies.
The N, adsorption technique, which was supported by GCMC
simulations, led to the porosity parameters. XPS, HR-TEM, FTIR
and Raman spectroscopy and ¢{-potential proved the successful
oxidation of the SWCNH structures and their chemical
composition. Electrochemical measurements were performed,
supplying the correlation between the structural properties of
oxidized CNs and the specific capacitance of the SWCNH elec-
trodes. The most important conclusion from our study is that
use of simple functionalization of CNs under controlled
conditions leads to an almost 3-fold increase of their specific
capacitance. Thus, nitric acid treatment is a simple method for
enhancement of the specific capacitance of SWCNHs and
facilitates application of this material for supercapacitor elec-
trodes. Additionally, the resulting SWCNH electrode has excel-
lent electrochemical stability, indicating the possibility of
potential future applications.
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