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Abstract
The association of capacitive charging of the double-layer and a faradic redox reaction is desirable on carbon fiber (CF) when
oxygen functional groups or other heteroatoms are present on its surface enhancing its capacitive properties. In this work, a
systematic study of carbon fiber produced at three different heat treatment temperatures (HTT) of 1000, 1500, and 2000 °C was
performed upon two approaches: middle (chemical) and severe (electrochemical) oxidative treatments. Morphological, structur-
al, and surface chemical changes were investigated by field emission gun-scanning electron microscopy, X-ray diffraction,
Raman spectroscopy, and X-ray photoelectron spectroscopy. Electrochemical responses were analyzed by galvanostatic
charge/discharge, electrochemical impedance spectroscopy, and cyclic voltammetry. Raman results showed that the electrochem-
ical oxidation promoted structural variation on CF samples independently of their HTT. Concerning the specific capacitance, the
results indicated that chemical treatment was more effective for CF1000 than those for CF1500 and CF2000. This behavior may
be attributed to higher amount of oxygen on its surface as well as its lower structural ordering. Otherwise, for CF1000, the
electrochemical treatment increased its resistivity. However, for CF1500 and CF2000, which present higher graphitization levels
and less heteroatom contents, greater capacitance values were observed after their electrochemical oxidative treatment.
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Introduction

The development of modern devices, which enables solutions
for the global energy problem with less environmental impact,
has been the subject of intense research. Nowadays, carbon-
based materials have been used as electrodes for
supercapacitors due to their physical and chemical properties.
The electrical properties of supercapacitors are determined by
the selection of electrode material [1]. Therefore, these de-
vices require the search of new materials as electrodes with
high efficiency.

Carbon fiber (CF) is well known by its lower density, high
mechanical resistance, resistance to corrosion, and high tem-
peratures [2, 3]. CF has multiple possibility applications rang-
ing from reinforcement materials in composites to electrodes
and supercapacitors [4, 5]. The CF offers the advantage of
being used as electrode because it is not necessary any sub-
strates or binders to improve its conductivity or electric con-
tact [6, 7]. Besides, it allows a plausible strategy to maximize
the energy density of supercapacitors [8]. In this context, CF is
one of the most promising materials due to its high surface
area and fast charge/discharge kinetics [9]. It is noteworthy
that the double-layer charge storage is a surface process, and
thus, it is greatly influenced by the CF surface characteristics
[10]. Physical and chemical properties of carbon fiber surface
can be affected by both heat temperature treatment (HTT) and
oxidative treatment [4, 11, 12]. Regarding the CF HTT in-
crease, the ordering and orientation of the crystallites in the
direction of the fiber axis are improved. In addition, the CF
morphology change as well as the removal of its surface het-
eroatoms can take place [11, 12]. Chemical and electrochem-
ical oxidations are widely used to modify the oxygen amount
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and the oxygen functional groups on the carbon material sur-
face [13–15]. According to Berenguer et al. [14], the chemical
modification is widely used, but it is considered not suitable
enough for controlling and modifying easily and selectively
the surface chemistry of carbon materials. On the other hand,
Desimoni et al. [15] showed that chemical oxidation by dilute
potassium permanganate in concentrated sulfuric acid is re-
producible by adjusting temperature, time of treatment, per-
manganate concentration, and the use of a conditioning
(cleaning) treatment before the oxidation. The electrochemical
modification has been considered a promising technique due
to some advantages such as the reproducibility of the reaction
conditions and selectivity and controllability of the oxidation
and reduction processes [14, 16]. Currently, the literature has
reported that the incorporation of heteroatoms like oxygen and
nitrogen into carbon-based materials improves their specific
capacitance because the heteroatoms are responsible for in-
ducing pseudocapacitive behavior besides increase their polar
properties [17].

The use of both oxidation treatments in CF with different
HTT is not well understood, and there are no papers in the
literature that show a relationship between the CF surface
functionalities after oxidation treatments and their capacitive
properties. It is known that different oxygen-containing
groups are produced using various techniques or exposures.
The result of the oxidation process as a function of both the
amount of oxygen and the type of carbon-oxygen groups may
also depend on the CF surface nature [4, 18].

In this work, two different chemical and electrochemical
oxidation treatments were performed to activate CF surfaces
produced at different heat treatment temperatures (HTT) of
1000, 1500, and 2000 °C. This variation is very important
because as the HTT increase, the CF structural organization
as well as its electrical conductivity also increases [19]. The
samples without treatment (WT) and with chemical (CT) and
electrochemical treatments (ET) were systematic analyzed by
field emission gun-scanning electron microscopy (FEG-
SEM), X-ray diffraction (XRD), Raman spectra, and X-ray
photoelectron spectroscopy (XPS). The electrochemical char-
acterizations were carried out by cyclic voltammetry (CV),
charge/discharge curves, and electrochemical impedance
spectroscopy (EIS) to analyze their performance as electrodes
applied to supercapacitor devices.

Experimental

CF samples were produced from polyacrylonitrile (PAN) pre-
cursor at HTT of 1000, 1500, and 2000 °C and named as
CF1000, CF1500, and CF2000, respectively. The temperature
step was 330 °C/h under nitrogen atmosphere. The maximum
temperature was kept for 30 min and then cooled down to
room temperature. The CF samples were cut in 1 cm2 size

and weighed. The sulfochromic solution (H2SO4/K2Cr2O7)
used in the chemical treatment (CT) was prepared dissolving
10 g K2Cr2O7 into 50 mL of deionized water. Under constant
stirring, 100 mL sulfuric acid (95%) was added slowly to keep
the room temperature. This procedure was already used for
Cheng et al. [20] for carbon paper activation. The CF samples
were dispersed in boiling acetone for 5 min. Subsequently,
they were washed with distilled water, immersed in H2SO4/
K2Cr2O7, and sonicated for 5 min. For electrochemical treat-
ment (ET), the CF electrodes were anodically polarized using
as electrolyte 0.5 mol L−1 H2SO4 in a fixed potential of 2.0 V
for 30 min adapted from the Wang et al. [2], using a conven-
tional three-electrode cell with Ag/AgCl/KCl(sat) and Pt mesh
as reference and counter electrodes, respectively.
Morphological, structural, and surface chemical changes were
investigated by FEG-SEM from a TESCAN MIRA 3 micro-
scope system; XRD patterns were carried out using a
PANalytical model X’Pert Powder diffractometer with the
Cu-Kα (λ = 1.54 Å), set at 45 kV and 25 mA, in the ω/2 θ
configuration with ω = 1° and 2 θ varying from 10° to 80°;
Raman spectra were recorded by a Horiba Scientific LabRAM
HR Evolution microscope system with laser beam line of
514 nm; and XPS measurements were taken on a Kratos
Axis Ultra XPS spectrometer using a monochromated Al-
Kα (1486.5 eV) X-ray radiation at 15 kV and 150 W. The
emitted photoelectrons were detected using a hemispherical
analyzer of 15 μm spatial resolution. Broad scans were used
for elemental quantification, and pass energy of 40 eV was
used for high resolution scans on specific atomic peaks. The
energy instrument resolution was 0.58 eVand estimated from
the full width at half maximum of the XPS Ag 3d5/2 of a pure
silver target. Spectroscopic data were processed in CasaXPS,
version 2.3.16. The electrochemical characterization of the
electrodes was studied by EIS measurements at open circuit
potential (OCP) in 1 mol L−1 H2SO4 with ± 10 mV of the
potential amplitude in the frequency range of 10−3 to
105 Hz, CV, and charge/discharge tests. All measurements
were performed in 1.0 mol L−1 H2SO4 solution.

Results and discussion

Morphological characterization

Figure 1 shows the surface morphologies of the CF heat treat-
ed at 1000, 1500, and 2000 °C and their respective chemically
and electrochemically oxidized materials. The effect of heat
treatment is difficult to visualize for both CF1000 and
CF1500. On the other hand, the grooves and surface rough-
ness of CF2000 (Fig. 1c) seem to increase. The fiber diameter
was not determined due to the high variation in each sample
and a slight variation after oxidation treatments that could lead
to an incorrect average result. Also, in the HTT range studied,
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there are two processes influencing the fiber diameter: (1)
denitrogenation, which can bloat the fiber due to the high
pressure created during the nitrogen gas evolution and leads
to increased diameter; (2) graphitization, which leads to fiber
shrinkage and increase densification [21]. According to Gao et
al. [21], the average fiber diameter increases with increasing
HTT until 1900 °C and decreases sharply after HTT above
1900 °C. After CT and ET, it can be clearly noted an increase
in the grooves of the samples that probably increases their
surface area (Fig. 1d–i). This behavior was more pronounced

for CF1000ET as seen in Fig. 1g. According to literature, the
surface roughness of the treated fibers can increase due to the
fact that oxidative treatment may promote controlled exfolia-
tion of the first graphitic layers [22].

Surface and structural characterizations

Surface analyses after CT and ET of CF with different HTT
were examined by XPS measurements. Table 1 shows the
carbon, oxygen, and nitrogen atomic percentage obtained

Fig. 1 FEG-SEM images of a CF1000WT, b CF1500WT, c CF2000WT, d CF1000CT, e CF1500CT, f CF2000CT, g CF1000ET, h CF1500ET, and i
CF2000ET
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from the survey scans. The presence of nitrogen is notice only
on sample treated up to 1000 °C coming from the polyacry-
lonitrile precursor and is totally removed after 1500 °C HTT.
An increase in the carbon content with HTT is expected,
reaching a maximum value of 96.1% for CF2000 sample.
The oxidation treatment does not change this trend of gradual
increase in carbon content in samples with higher HTT. The
introduction of oxygen to CF surface can be observed for both
oxidation treatments in which electrochemical treatment is
more severe, resulting in a higher percentage of oxygen than
chemical treatment. Berenguer et al. [14] compared chemical
and electrochemical treatments of activated carbon and also
found that anodic treatment produced a higher oxidation de-
gree than classical chemical oxidants like HNO3, H2O2, and
(NH4)2S2O8.

The graphitic carbon is the predominant C1s binding ener-
gy and increased with HTT, but it usually decreases with ox-
idation treatments [4, 16]. In this work, after CT, the percent-
age of atomic carbon decreased for CF1000, CF1500, and
CF2000 samples, as expected. Similarly, for ET, the percent-
age of carbon loss was more pronounced for the three sam-
ples, indicating that this treatment was more severe. The liter-
ature reports that the capacitance improvements are probably
dependent on the kind of oxygen functional groups present on

the electrode surface and not only on their amount [23].
According to Milczarek et al. [16], the C–OH and C=O func-
tional groups increase the specific capacitance, while COOH
group shows opposite behavior. In order to investigate the
functional groups formed after oxidation treatments, C1s re-
gion was deconvoluted assuming the possible presence of six
peaks assigned according to the literature [2, 24–26]: graphitic
(~ 284.4 eV), β-carbon (~ 285.2 eV), hydroxide or ether (~
286.1 eV), carbonyl (~ 287.7 eV), carboxyl or ester (~
288.8 eV), and π-π* shake-up (~ 290.6 eV). The percentages
of each functional group are shown in Table 2. The curve
fitting for C1s region of CF without treatment and after chem-
ical and electrochemical treatments are given in
Online Resource 1.

For samples chemically modified, CF1000CT presents the
largest increase for the carbonyl group varying from 7.0
(CF1000WT) to 18.1%. On the other hand, the electrochem-
ical treatment increases the graphitic carbon for CF1000 prob-
ably due to removal of amorphous carbon. However, the larg-
est presence of carboxylic group on CF1000ET demonstrates
that this sample suffered higher oxidation, which can be relat-
ed to its structural organization that is more susceptible to the
action of severe oxidative treatment. In opposite way, CF2000
electrochemical treated exhibits the lowest value of carboxylic
groups and the highest value of carbonyl group.

XRD patterns of CF samples heat treated at 1000, 1500,
and 2000 °C without and after the respective chemical and
electrochemical treatments are shown in Fig. 2. HTT effect
increase is mainly observed in the narrowing and symmetry
of (002) peak width. Additionally, the (004) peak appears after
heat treatment at 1500 °C. Figure 3 shows the effects of chem-
ical and electrochemical oxidations in CF with different HTT
for the interlayer spacing (d002), crystallite height (Lc), and
crystallite width (La). The Bragg’s law, d002 = λ/2sinθ was
used to calculate interlayer spacing, where λ is the radiation
wavelength 0.154 nm and θ is the (2θ/2) Bragg angle of (002)
band (in rad). The Scherrer’s equations, Lc = 0.89λ/Bcosθ and
La = 1.84λ/Bcosθ, were used to determine the crystallite
height and crystallite width, respectively, where B is the full

Table 1 Atomic
percentage of carbon,
oxygen, and nitrogen of
CF before and after
chemical and
electrochemical
treatments

Composition (atomic %)

Sample C1s O1s N1s

CF1000WT 82.79 12.81 4.40

CF1500WT 94.57 5.43

CF2000WT 96.06 3.94

CF1000CT 74.48 22.10 3.42

CF1500CT 86.92 13.08

CF2000CT 93.13 6.87

CF1000ET 68.05 27.80 4.15

CF1500ET 82.97 17.03

CF2000ET 83.35 16.65

Table 2 Percentages of each
surface functional group from
C1s spectra of carbon fiber

Sample C–C β-
carbon

C–O or C–OH C=O COOH π→ π*

CF1000WT 50.88 11.10 25.41 7.00 3.72 1.88

CF1500WT 61.62 12.51 17.60 1.66 4.66 1.95

CF2000WT 72.20 1.81 15.97 6.12 0.54 3.36

CF1000CT 46.22 11.15 18.08 18.09 5.67 0.78

CF1500CT 62.98 8.19 14.23 10.24 0.56 3.81

CF2000CT 58.75 16.71 13.62 6.47 1.72 2.73

CF1000ET 62.96 6.21 15.73 7.88 7.16 0.07

CF1500ET 65.26 0.14 14.63 13.77 4.89 1.30

CF2000ET 61.20 12.77 7.79 14.76 0.92 2.55
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width at half maximum and θ is the (2θ/2) Bragg angle (in rad)
of (002) band for Lc or (100) band for La [26, 27]. HTT effect
is evident in the improvement of graphitic order by d002 de-
crease followed by Lc and La increase for CF1000, CF1500,
and CF2000, respectively. Lower values of d002 indicate less
defects on graphitic layers leading, consequently, to a better
packing [28]. Comparing d002 values of CF1000, the CT and
ET seems to improve the graphitic layers packing in compar-
ison to that for this sample without treatment. The introduction
of oxygen by both treatments, as revealed by XPS, creates
active centers that may help to suppress the increase of the

interlayer spacing by forming strong chemical bonds between
carbon and oxygen atoms [29, 30]. For CF1500, both oxida-
tion treatments do not affect the d002, while for CF2000, there
is a small increase in d002. As the CF2000 microstructure is
more organized, the oxidation treatments only generate de-
fects, increasing it interlayer spacing.

Lc represents the stacking height of graphitic layers [26],
and it is shown as a function of HTT for both oxidation treat-
ments in Fig. 3b. When the CTand ETeffects are analyzed for
CF1000, the crystallite height is preserved in relation to that
for this fiber without treatment. For CF1500, Lc value slightly
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increases after both oxidation treatments, while for CF2000,
there is a decrease mainly for ET. This behavior may be at-
tributed to surface oxygen contents on this ET fiber that in-
creased four times according to Table 1. Collins et al. [26]
have discussed this tendency on oxidized activated carbon
and explained that since the edges of stacked graphene sheets
become excessively concentrated with surface oxygen groups,
more energy is necessary to keep the stacked formation of
graphene sheets. Consequently, the average crystallite height
decreases as a function of the defect sites increases. This effect
is also confirmed by d002 results (Fig. 3a) which shows an
increase in interlayer spacing for both CT and ET CF2000,
which can be associated to the steric hindrance.

Taking into account the La values (Fig. 3c), a larger varia-
tion is noticed for CF1000 after both treatments. This perfor-
mance can be related to its lowest structural ordering, which
enables higher modification after oxidation treatments at the
in-plane extent. CF1500 presented slightly variation between
the two different treatments, tending to an improvement. On
the other hand, CF2000 showed an opposite effect with both
oxidation treatments, i.e., the crystalline width decreased
slightly compared to untreated carbon fiber. Considering that
XRD technique gives information of the material bulk, this
behavior may be associated to more contribution of the
CF2000 bulk where it is not affected by oxidative treatment,
as can be seen in the FEG-SEM images. In the opposite way,
the oxidative treatment achieved deeper layers of CF1000, due
to the fact that crystallite of graphite was less organized and
more susceptible to oxidative treatments, resulting to more
pronounced decrement of La values. Furthermore, because
different mechanisms and factors may be acting for the in-
plane growth and the growth normal to the plane, La values
do not necessarily have a parallel trend with Lc [31].

Raman analyses give the information of the carbon surface
with a sampling depth of about 100 nm [32]. Thereby, it can
detect changes in structural order after surface treatments, un-
like XRD technique, which gives information of the core part
that is not so affected by the oxidative treatment. Figure 4
shows the normalized first-order Raman spectra of each CF
sample set (CF1000, CF1500, and CF2000) with their

respective chemical and electrochemical treatments. An in-
crease of graphitization index results in a decrease of D and
G band widths, located around 1350 and 1590 cm−1, respec-
tively. The intensity ratio of D to G bands (ID/IG) is a param-
eter to quantify the degree of disorder in carbon material,
where lower ID/IG indicates a lower disorder in carbon mate-
rial samples [33]. Figure 5 shows the ID/IG ratio of CF samples
as a function of HTT for the three conditions: WT, after CT,
and after ET. Analyzing CF1000 and CF1500 samples, the
graphitic ordering increased as ID/IG ratio decreased after both
treatments. For CF2000, the oxidative treatments have an op-
posite effect, increasing its structural disorder. Generally, ox-
idation treatments may introduce some degree of disorder at
the surface level [34]. In this sense, ID/IG ratio for CF1000 and
CF1500 oxidized samples is quite questionable. According to
Samuel et al. [35], ID/IG ratio is not a complete criterion and
must be used along with complementary techniques. This is
because samples with low HTT still present broad D and G
bands hindering a reliable quantification. That is why changes
in Raman spectra after oxidation on CF1000 and CF1500
samples are very small and for CF2000 are more visible. As
reported by Samuel et al. [35] and Gonçalves et al. [36], ID/IG
ratio increases after heat treatment at various temperatures and
decreases only at 2000 °C. However, CF1500 oxidized sam-
ples follow the same tendency as observed from XRD analy-
ses, i.e., a slightly graphitic ordering improvement after both
oxidation treatments. Similarly, CF2000 Raman results are in
good agreement with XRD, in which ET generates higher
disorder than that for CT. The electrochemical treatment
seems to be more severe for CF2000 sample surface since a
significant change can be observed for its Raman spectrum in
Fig. 4c, such as the following: the increase in D band intensity
that is related to the increase of unaligned regions [37]; the
increase in the full width at half maximum of D and G band
associated with an increase in disorder and in the oxygen
percentage of CF surface [38, 39]; the increase in the band
at 1500 cm−1 (also called D3 or D^) related to amorphous
carbon entities, like organic molecules, stacking faults, and
non-graphitic carbon with a high density of oxygen functional
groups as can be verified by XPS analysis [40, 41]; and the
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3498 J Solid State Electrochem (2018) 22:3493–3505



appearance of D4 or I band at around 1140 cm−1 related to
transpolyacetylene or ionic impurities [40, 42].

Electrochemical measurement

The CV curves of all electrodes were obtained from − 0.1 to
0.8 V and at scan rate of 25 mV s−1, using 1.0 mol L−1 of
H2SO4 as electrolyte. Figure 6a–c shows the CV curves for
CF1000, CF1500, and CF2000 without and after the two ox-
idation processes. By comparing the three untreated fibers, it
was observed that CF1000 has a capacitive current in the order
of 10−3 A, whereas for both CF1500 and CF2000, these values
are in the order of 10−5 A, which means that CF1000 presents
a capacitive response two orders of magnitude larger than
those for CF1500 and CF2000. In addition, for the more con-
ductive CF electrodes (1500 and 2000), the cathodic currents
start at lower potential as expected due to the increase in the
carbon content with HTT, according to XPS analyses. After
chemical treatment (CT), only CF1000 exhibited a capacitive
profile as shown by the almost rectangular voltammogram
with high current density, typical of the capacitor response.
This results indicated that the CT was less severe for the
CF1000 and favored the incorporation of carbonyl groups
on its surface (C=O) without significant change in the first
graphitic layers [43]. According to Yun et al. [17], the

presence of these functional groups on the electrode surface
improves the supercapacitor performance due to increase its
hydrophilic polar sites enhancing its wettability favoring
Faradic reactions. On the other hand, the CF1500 and
CF2000 did not show the same behavior with CT. These fibers
were extremely organized, and with few heteroatoms, conse-
quently, the CT was less efficient to break the C–C bonds to
give rise to edge carbon atoms allowing to incorporate a great-
er amount of heteroatoms as well as to create mesopores that
enabled a more electrochemically active surface [14].

Otherwise, the ET provided better capacitive performances
for the CF1500 and CF2000 because it promoted the incorpo-
ration of higher percentage of carbonyl groups on these CF
surfaces than those for chemical treatment. According to Nian
and Teng [23], after electrochemical treatment, the double-layer
formation process occurs due to the presence of carbonyl or
quinone-type site in the surface of the carbon that contributes
for proton adsorption enhancing the capacitance. Besides,
Faradaic reactions were also observed in the region between
0.4 and 0.45 V related to couple redox peaks for the CF1500
and CF2000 electrodes. These redox peaks may be explained
by the presence of the quinone–hydroquinone or pyrone-like
structures with pair redox, which present oxidation/reduction
processes due to the oxygenated surface functionalities [16,
19], such as C=O and C–O obtained by the XPS data, showed
in Table 2. For CF1000 after ET, it was observed a small dis-
tortion in the voltammogram for the current response, which
may be attributed to electrolyte and electrode resistances. This
result indicated that the ET is more severe for CF1000 because
it not only removed the amorphous carbon and edge carbon
atoms, but also created grooves as previously discussed in
FEG-SEM images, which can originate micropore creation that
may turn difficult the electrode wettability [44], resulting in
more resistive behavior [17]. In addition it was observed an
increase of functional groups COOH, responsible for the de-
crease of the capacitive effect [16]. Nonetheless, this effect was
less evident with CT in CF1000 resulting in its lowest resistiv-
ity. These data corroborate with Raman analyses for CT treat-
ment, where ID/IG decreases moderately for CF1000 and
CF1500, except for CF2000. For ET treatment, the ID/IG

0.2

0.4

0.6

0.8

1.0

1.2

1.4

I D
/I G

I
D
/I

G
  WT

I
D
/I

G
  CT

I
D
/I

G
  ET

CF2000CF1500CF1000

Fig. 5 ID/IG ratio of CF heat treated at various temperatures and with
different oxidation treatments

(a) (b) (c) 

-0.2 0.0 0.2 0.4 0.6 0.8

-0.0028

-0.0024

-0.0020

-0.0016

-0.0012

-0.0008

-0.0004

0.0000

0.0004

20x smaller (A x 10 
-5
)

30x smaller (A x 10 
-6
)

E / V vs. Ag / AgCl

I (
 A

 x
 1

0
-5

)

 CF 1000 WT

 CF 1500 WT

 CF 2000 WT

-0.2 0.0 0.2 0.4 0.6 0.8

-0.0060

-0.0045

-0.0030

-0.0015

0.0000

0.0015

0.0030 (A x 10 
-3
)

20x smaller (A x 10 
-5
)I (

A
 x

 1
0

-3
)

E / V vs. Ag / AgCl

 CF 1000 CT

 CF 1500 CT

 CF 2000 CT

100x smaller (A x 10
-6
)

-0.2 0.0 0.2 0.4 0.6 0.8

-0.0060

-0.0045

-0.0030

-0.0015

0.0000

0.0015

0.0030

-0.2 0.0 0.2 0.4 0.6 0.8

-0.0018

-0.0012

-0.0006

0.0000

0.0006

E / V vs. Ag / AgCl

I (
A

 x
 1

0
-3

)

 CF 1000 ET

 CF 1500 ET

 CF 2000 ET

 CF 1500 ET

Fig. 6 Cyclic voltammetry of treated and untreated CF samples at 25 mV s−1 a CFs WT, b CFs CT, and c CFs ET

J Solid State Electrochem (2018) 22:3493–3505 3499



decreased dramatically for CF1000 and CF1500 and increased
for CF2000. According to literature, the ID/IG ratio is used as an
index to evaluate the level of destruction of the carbon surface
structures that were subjected to an anodic oxidation. This
modification in the surface structure gives rise to large numbers
of edge carbon atoms that facilitate the bond with oxygenated
functional groups [34].

Figure 7a–c illustrates the charge/discharge curves for
CF1000, CF1500, and CF2000 electrodes without and after
the two oxidation processes at 0.2 A g−1 current density. After
CT, only CF1000 exhibited a long charge/discharge time,
while for CF1500 and CF2000, these times did not change
in relation to these samples WT. For ET, the CF1000 elec-
trodes exhibited a non-linear charge/discharge whereas for
CF1500 and CF2000 electrodes, the curve profiles are typical
of the conventional symmetric capacitor. This behavior can be
correlated with the presence of oxygen contents as well as the
presence of C–OH and C=O oxygen functional groups obtain-
ed from the XPS analysis. These results corroborated with that
reported by Chen et al., which demonstrated that these oxygen
functional groups enhance the pseudocapacitive reactions
[44]. In addition, all CF samples WT showed high value of
the IR drop, where R is ohmic drop or resistance uncompen-
sated. According to literature, the IR drop is a result of the
association of resistance, which includes electrode and elec-
trolyte resistances and denominated equivalent series resis-
tance (ESR) [45]. For CF1500 and CF2000, it was not possi-
ble to measure IR values due to very low-charge storage. After
the CT, IR drop of the CF1000 decreased of 0.5 for 0.2 V
whereas for CF1500 and CF2000, no significant change oc-
curred. On the other hand, for ET, the CF1500 and CF2000
electrodes showed IR drop values lower than that of CF1000,
i.e., 0.04 and 0.07 V, for CF1500 and CF2000, respectively,
while for CF1000, the IR drop value was 0.32 V. The smaller
IR drop values may be related to the high conductivity of the
electrodes. Thus, the electrochemical oxidation was more ef-
ficient for CF1500 and CF2000 electrodes, while the chemical
oxidation improved the electrochemical performance of
CF1000 electrode.

Cell capacitance values were determined by charge-
discharge test from discharge curves at constant current ac-
cording the Eq. (1):

Csp ¼ I= dV=dtð Þ � m½ � ð1Þ

where I is constant current discharge curves, dV/dt is calculat-
ed from the slope of the discharge curve, and m is the mass of
electrodes [46].

The specific capacitance values were calculated based on the
weight of active materials for CF1000, CF1500, and CF2000
before and after the two oxidation processes in order to evaluate
their capacitive e performances. Figure 8a shows the specific
capacitance as a function of the cycle numbers for all electrodes
studied, obtained from Eq. (1). The initial capacitance values are
around 20, 0.48, and 0.15 F g−1, for the CF1000, CF1500, and
CF2000 without treatment, respectively. After ET, the specific
capacitance values of these electrodes increased significantly for
100, 111, and 72 F g−1, for the three samples, respectively. After
CT, only the CF1000 electrode presented a significant capaci-
tance value increase, around 138 F g−1 while the CF1500 and
CF2000 electrodes presented values of the 1.24 and 0.66 F g−1.
According to Stoller and Ruoff [46], electrodes with
pseudocapacitive behavior can present large deviations in line-
arity resulting in the no longer symmetrical discharge curves.
Thus, in this case, the use of slope dV/dt can lead to significant
errors in the Csp values. Taking into account, we also presented
the calculations considering this methodology to compare Csp
values. Figure 8b showed the Csp regarding method by Stoller
and Ruoff [46], using two data points from the discharge curve,
where dV/dt = (Vmax − ½Vmax)/(t2 − t1). This methodology was
used just for the electrodes CF1000TC, CF1000ET, CF1500ET,
and CF2000ET. For other electrodes, it was not possibly calcu-
lated due to extremely low values of time discharge and high
values of IR drop, making it difficult to select the correct range
of time and potential from the discharge curve. It was verified an
increase in the capacitance values, i.e., at around 126, 130, and
80 F g−1 for CF1000ET, CF1500ET, and CF2000ET, respec-
tively, and for CF1000CT at around 200 F g−1.
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Therefore, the ET was more efficient for CF1500 and
CF2000, while CT was best for CF1000. This behavior can
be attributed to the surface area increase due to the suitable
grooves and roughness appearance in CF surface as shown by
FEG-SEM images in Fig. 1d, h, i. Another important contri-
bution may be related to the incorporation of oxygen atoms by
the oxidative process that promoted the hydrophilic character
on the CF surfaces. According to the literature, the incorpora-
tion of heteroatoms like oxygen and nitrogen into carbon-
based materials improves their specific capacitance because
the heteroatoms are responsible for inducing pseudocapacitive
behavior [17]. These results corroborate with the XPS and
Raman results, which showed oxygen atoms as well as the
structural disorder increase, respectively.

In addition, the coulombic efficiencies were calculated
using Eq. (2):

η ¼ tc=tdð Þ � 100% ð2Þ
where tc is the time charge and td is the time discharge [47].
Table 3 showed the coulombic efficiency values for all

electrodes. Comparing η values of the samples before and
after the two oxidation processes, it was verified that ET in-
creased the coulombic efficiency for CF1000 and CF2000
whereas CT enhanced for the CF1500 and CF2000.
According to literature, decreasing η values as a function of
cycling number is due to the non-reversible reactions within
the cell [46]. Although η values of our electrodes did not
achieved 100%, it is noteworthy that the coulombic efficiency
for all samples kept a constant value during cycling number
(see Online Resource 1), indicating good electrochemical
reversibility.

Table 4 shows some results of specific capacitance pub-
lished in the literature for carbon fibers with different oxida-
tive treatments. The results of specific capacitance with ap-
proximate conditions used in this work such as HTT, current
density, and electrolyte were selected. It is important to point
out that this study presents a one-step process for both oxida-
tive treatments. By comparison, according to Table 4, we
showed significant capacitance increase with simple and ef-
fective methodologies.

The Nyquist diagrams for CF1000 electrodes without and
after the two oxidation processes are presented in Fig. 9a–b. It
is important to point out that the vertical line in the diagrams,
almost parallel to –Z^-axis represents an equivalent circuit
consisting of a resistance in parallel with a capacitor. For
CF1000 electrodes, the capacitive behavior was observed in
low-frequency region after both treatments [17]. Figure 9a
inset shows a zoom view for medium-frequency region while
for high-frequency region, it is better visualized in Fig. 9b.
Electrochemical parameter qualitative values of the CF1000
electrodes can be obtained analyzing the Nyquist diagrams.
For CF1000 samples WTand after CT, warped semi-cycles in
the high-frequency region were observed, in which the first
value extrapolated with the real Z’-axis is attributed to the
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Table 3 Coulombic
efficiency values for the
all CF electrodes

Sample η (%)

CF1000WT 75

CF1500WT 86

CF2000WT 43

CF1000CT 72

CF1500CT 95

CF2000CT 63

CF1000ET 82

CF1500ET 87

CF2000ET 78
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solution resistance, at around 1 Ω, using OCP. Also, the trans-
fer charge resistance (Rct) is observed at second intersection of
semi-cycle with Z’-axis [54]. The CF1000WT showed Rct at
around 4 Ω. After CT, this value remained unchanged while
after its electrochemical oxidation, the Rct value was 400 Ω.
The chemically treated CF1000 sample showed a more capac-
itive profile whichmay be ascribed to the moderate increase of
oxygen amount on its surface [44], verifying in its XPS anal-
ysis. However, the electrochemical oxidation can promote the
excessive incorporation of oxygen groups and exfoliation of
the first graphitic layers with edge carbon atoms resulting in a
reorganization of the surface layers, which would also explain
the ID/IG ratio decrease from 1.3 to 0.8 as shown in Raman
analysis. Furthermore, Fig. 1g showed the excessive increase
of grooves and surface roughness in CF1000 after ET. These
results confirmed the resistive voltammetric behavior of this
sample.

The Nyquist diagrams for CF1500 before and after the two
treatments are presented in Fig. 9c–d for all frequency ranges
studied. The Nyquist diagrams showed the capacitive behav-
ior in the high-frequency region very similar to those observed
in the CF1000 results (Fig. 9b). The Rct for CF1500WT was
around 0.6 Ω. With chemical oxidation, this value remained
unchanged while after the electrochemical oxidation, the Rct
value was 50 Ω. Nevertheless, observing the expanded
Nyquist diagrams in the medium-frequency ranges (inset
Fig. 9a, c), the diameter of the semi-cycle for the CF1500ET
was smaller than that for the CF1000ET. This result was much
lower when compared with that obtained for CF1000, indicat-
ing high electronic transference velocity of this electrode due
to its higher surface area available for the electrolyte [55]. In
addition, the ET may incorporate more oxygen atoms in
CF1500 structure, promoting a surface wettability; as a con-
sequence, the electron transfer occurs more easily [44], which
explains its higher charge/discharge times were observed in
galvanostatic tests.

The Nyquist diagrams for CF2000 before and after the two
treatments are presented in Fig. 9e–f for all frequency ranges

studied. The results are comparable to those for CF1500. This
similar behavior was attributed to the fact that both materials
were obtained from high HTT, close to graphitization process.
The CF2000WTelectrode presented Rct value at around 0.6Ω.
With chemical oxidation, this value did not change while that
after electrochemical oxidation, the Rct value was estimated at
around 1.8 Ω, which represents the smallest Rct value. This
result is 200 times smaller than that for CF1000ET and 25
times smaller than that for CF1500ET. The CF2000ET pre-
sented the highest structural organization promoting the low-
est electrochemical oxidation effect on its surface. It is note-
worthy that the electrochemical oxidation was less aggressive
for CF2000 surface; as consequence, a capacitance value in-
crease was observed only in this electrode. This increase was
attributed to its high percentage C–OH and C=O groups not to
mention its surface wettability increase [56]. It is clearly that
the oxidative processes were important to the active surface of
CF samples when applied as an electrode for supercapacitor.

Conclusion

Carbon fiber samples obtained from different HTT and acti-
vated through oxidative processes were suitable for applica-
tion as electrode materials in supercapacitors. After chemical
and electrochemical oxidative processes on the CF samples, it
was observed an increase in their roughness surface, which
probably increased their surface area. In addition, XRD results
revealed slightly variations between different oxidation treat-
ments for each HTT, indicating that they slightly affected the
core of CF samples. A capacitive behavior was observed for
CF1500 and CF2000 after electrochemical oxidation in CV

Table 4 Overview of some results published in the literature for specific capacitance of carbon fibers with various oxidative treatments

Carbon electrode HTT Oxidative treatment Electrolyte Electrochemical cell Cs (F/g) Ref.

PAN-based nanofibers paper 1000 °C Activation at 1000 °C under CO2 atmosphere 1 M H2SO4 Three electrodes ~ 170 [48]

PAN-based activated carbon fibers 900 °C Nitric acid 1 M H2SO4 Two electrodes ~ 120 [49]

Activated carbon fiber cloth *N.A. Electrochemical oxidation 0.5 M H2SO4 Two electrodes 170 [50]

Activated carbon fibers papers 900 °C Activation under O2 at 325 °C 1 M H2SO4 Three electrodes 157 [51]

Coal-based pitch fibers 240 °C Chemically activated after impregnation
with NaOH at 900 °C

1 M H2SO4 Two electrodes 109 [52]

Activated carbon fiber cloth *N.A. Electrochemical activation 3.75 M H2SO4 Two electrodes 169 [16]

PAN-based activated carbon fabric N.A. Thermal treatment at 250 °C under O2

atmosphere
1 M H2SO4 Two electrodes 150 [53]

*N.A. not available

�Fig. 9 Nyquist plots for aCF1000, cCF1500, and eCF2000 in the whole
range and zoommedium frequency; inset: medium-frequency region; and
b, d, f zoom of high-frequency interval for electrodes before and after the
two treatments

b
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measurements due to the incorporation of the higher percent-
age C–OH and C=O groups on these surfaces. However, the
EIS analyses showed that the chemically treated CF presented
lower Rct values when compared to electrochemically treated
CF. Particularly, CF1000 chemically treated exhibited the best
performance considering both charge/discharge curves and
EIS measurements. This behavior can be attributed to the
presence of oxygen atoms on its surface, which favored
pseudocapacitive reactions. In general, the two oxidation pro-
cesses contributed to the increase of the specific capacitance
values for all samples studied. CTwas more suitable for sam-
ples with lower HTTwhereas ETwas more efficient for sam-
ples obtained to a high HTT.
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