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Electrochemical Properties of Iron Oxide Decorated Activated Carbon Cloth as a
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The oxidation and deposition of transition metal oxides on porous carbon precursor materials
strongly influence the final performance of supercapacitor electrodes. Thus, the influence of oxidation
time combined with simple iron oxide deposition was evaluated on a flexible carbon fiber cloth electrode
oxidized at three different times and exposed to spontaneous iron oxide deposition. The 140 minutes
oxidation time increased by two times the iron quantity deposited on the activated carbon fiber cloth
(ACC) and also increased the crystallinity of the carbon matrix. The iron oxide deposition improved
the contribution of anions to store energy, enhancing the pseudocapacitive effect in the samples. The
optimal oxidation time of the ACC140_Fe sample with the greater iron oxide deposition achieves
116.8 F g'. The binder-free flexible electrode presents a successful design through pre-oxidation
and spontaneous iron oxide deposition on the carbon matrix without expensive and environmentally

unfriendly chemical treatments.

Keywords: Energy storage, Flexible electrodes, Supercapacitors, Spontaneous deposition,

Oxidation.

1. Introduction

The high demand for energy storage is changing how
we buy, sell, and use energy. The development of storage
technologies for new portable electronic devices, wearables,
and electric vehicles is linked to the research of new
electrode materials with fast charging, high energy outputs,
and long lifetime'2. Conventional batteries and capacitors
are not satisfactory enough for new devices systems, which
simultaneously require high power and high energy densities**.
Thus, supercapacitors emerge to fulfill this gap. They have
been developed from several materials, such as carbon-based
materials, spinel ferrites, perovskite oxides, transition metals
sulfides, and conducting polymers®.

Porous carbon materials such as activated carbon®,
CNT’, graphene oxide (GO)?, reduced GO (rGO)’,
xerogel-like'’, and aerogels'' are largely applied for
supercapacitor electrodes because of properties like high
surface area, chemical stability, high conductivity, and stable
electrochemical properties'*!2. Activated carbon fibers are
attractive materials for supercapacitor electrodes or other
applications", especially because of their flexible structure
and three-dimensional arrangement comprising a continuous

*e-mail: manuellagobbo@usp.br

current path, decreasing the interparticle resistance*'* and
increasing the surface area simultaneously. Consequently, a
large number of charges is able to be stored in the electrical
double layer'®. Such morphology simplifies the electrode
assembly preparation and avoids the use of binders, which
are required for powder materials'®. Binders are high-priced
compared to the active material from the electrode and are
responsible for increasing the electrical resistivity and the
total cost, reducing the final performance of the device.
The use of low-cost polyacrylonitrile (PAN) textile precursor
might be a good strategy to overcome these issues and avoid
the use of raw materials for acronautical carbon fiber'>!".
Besides, PAN textile already presents nitrogen groups in
their chemical structure, assisting in the pseudocapacitive
reactions'®.

Several treatments on the carbon surface can be
explored to increase the electrochemical performances of the
carbonaceous matrix'*?. The introduction of heteroatoms
on the carbon surface, such as nitrogen, oxygen, sulfur, and
phosphorus, generally affects properties like wettability and
conductivity*, changing the total capacitance. A thermal
oxidation process is a simple approach used to change the
surface chemistry by the formation of oxygenated functional
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groups on the carbonaceous matrix-like carbon fibers, even
before the carbonization and/or activation processes'®.
The greater amount of oxygenated functional groups was
correlated to larger capacitance values®?’. Besides, grafted
transitional metal oxides are widely used with carbon,
providing great electrochemical performances'>**% through
aredox contribution to the total capacitance, usually called
pseudocapacitance®. This faradaic contribution to the energy
storage might be easily obtained with the addition of metallic
oxides, such as Zn, Co, Ti, Fe, Ag, and Mn*** in the carbon
matrix. Among these, iron oxides have advantages such as
low cost, environmental friendliness, abundant availability,
and non-toxicity**.

The total capacitance of an electrochemical device is
affected by the double-layer storage and faradaic reactions
contributions. In general, cations and anions involved in
energy storage might present different contributions to the
formation of the double layer charges and the pseudo-capacitive
reactions®. Such ions allow a balance of the negative and
positive charges, typical of hybrid supercapacitors. Thus, the
contributions associated with the ion might provide important
information about the electrolyte-electrode interface. Despite
this, only a few research explore the contribution of cations
and anions in the total capacitance®**.

This work evaluates binder-free flexible cloth from PAN
textile as electrodes for supercapacitors. The fibers were
thermally oxidized, CO, activated, and then submitted to a
spontaneous deposition of iron oxide performed in the final
activated carbon cloth (ACC). The contribution of ions in
acidic aqueous electrolyte (H,SO, 2 mol L") was investigated
for application as electrodes for supercapacitors without
laborious and expensive binders, reaching capacitances
values up to 116.8 F g'.

2. Experimental

All carbon materials were prepared with textile PAN
fibers. First, PAN textile was converted to ACC through
thermal oxidation at 250 °C using three different times: 110,
140, and 170 minutes. Then, it was carbonized under an
argon atmosphere at 900 °C for 20 minutes and activated at
1000 °C for 2 hours under carbon dioxide. The spontaneous
iron deposition on the ACC was carried out usinga 2.88 g L*!
Fe(NO,), aqueous solution, where the samples of ACC were
immersed into the solution for 24 hours at room temperature®.
After the adsorption step, the samples were washed with
deionized water, dried in a vacuum oven at 50 °C for 24 hours,
and labeled according to the oxidation time of each sample
(ACC110_Fe, ACC140 Fe, and ACC170_Fe).

The microstructure of flexible electrodes was analyzed
through Field Emission Gun Scanning Electron Microscopy
(FEG-SEM), TESCAN model MIRA3 equipped with energy-
dispersive X-ray spectroscopy (EDX), Oxford X-MAX
detector. The Raman spectra were recorded using a Horiba
Scientific model Labram Hr Evolution spectrometer (514.6 nm).
The spectra deconvolution was performed by the method
reported by Sadezky*'. The X-Ray Diffractometry (XRD)
was performed in a PANalytical X PertPRO diffractometer
using CuKo (A=1.54 A) radiation.

The surface groups characterization was performed
using an X-ray photoelectron spectroscopy (XPS) Kratos
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Axis Ultra with a monochromatic Al-Ka (1486.5 eV).
The vacuum was stabilized at 107 Pa, and the scans were
performed with 40 eV pass energy and a step size of 1 eV.
The binding energy of all samples was calibrated to carbon,
C 1s peak at 285 eV, of adventitious carbon***., The results
were evaluated with CASA XPS software. The pore textural
of samples was characterized with a Micromeritics ASAP
2020 Plus instrument by N, adsorption/desorption isotherms
at 77 K. The specific surface area (S,,,) and the total volume
of micropores, pore size <2 nm (V. ), were calculated using
the Brunauer—-Emmett-Teller* and Dubinin—Raduskevich®
methods, respectively. The total pore volume (V,,,) was
deduced from the amounts of nitrogen adsorbed at P/P = 0.97,
and the volume of mesopores (V) was estimated by the
difference between the total pore volume and the volume
of micropores (V,, - V)

Electrochemical measurements were performed in a three-
electrode cell using a PGSTAT 302N Autolab potenciostatic/
galvanostatic. ACC was cut with a steel hole punch into 5 mm
diameter circular samples and used as working electrodes.
The counter electrode was a platinum plate, and the reference
electrode was Ag/AgCl in an aqueous electrolyte solution
(H,SO, 2 M) at room temperature.

3. Results and Discussion

3.1. Morphological and textural properties

All the electrodes presented a high ability to bend
(Figure la), enabling their use in flexible devices!!6444047,
The morphology of all flexible electrodes was observed
with a FEG-SEM (Figure 1b-e). The ACC presents typical
grooves from the fiber manufacture (Figure 1b-d), and iron
oxide microparticle precipitates distributed on the fibers
(blue arrows) (Figure 1b-d), as confirmed by EDX analysis
(Figure le).

Elemental mapping by energy dispersive X-ray
spectrometry (Figure 2) was performed for all the samples.
As expected, carbon, oxygen, and nitrogen species from
the fiber chemical composition are found on the material
surface. Additionally, micro- and nano-particles of iron are
homogeneously distributed on the carbonaceous matrix.
Interestingly, microparticles of the iron match with oxygen,
suggesting the formation of iron oxide.

Table 1 shows the textural properties of the ACC electrodes.
Interestingly, the surface area increased with the oxidation
time, reaching a maximum of 624 m? g"! for the ACC170_Fe.
Therefore, the thermal oxidation process is correlated with
increased porosity'®. Furthermore, the fibers present large
quantities of micropores (0.16 — 0.24 cm?® g'), and such
textural porosity is aimed for application in electrodes for
supercapacitors®-#,

Table 1. Textural properties of carbon electrodes.

S \ v,

Blectrodes (%0 (em’e)  (em'gh)  (em'g")
ACCI110_Fe 440 0.17 0.16 0.01
ACCI140_Fe 557 0.22 0.22 0
ACCI170 Fe 624 0.24 0.24 0




Electrochemical Properties of Iron Oxide Decorated Activated Carbon Cloth as a Binder-Free Flexible 3
Electrode

The N, isotherms (Figure 3a) are type I for all samples®,
typical of microporous materials. The curves agree with
the mesopores and micropores volume calculated, i.e.,
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Figure 1. (a) Flexible electrode ACC140_Fe. FEG-SEM (b)
ACCI110_Fe; (c) ACC140_Fe; (d) ACC170_Fe; (e) EDX spectra
of ACC140_Fe.

the materials are exclusively microporous. The pore size
distributions show a peak pore centered at 0.72 nm for all
samples (Figure 3b).

3.2. Chemical and structural composition

Spectra and elemental analysis of the samples evaluated
through XPS are presented in Figure 4. The electrodes
showed the presence of carbon, oxygen, and nitrogen
from the carbon matrix precursor and iron oxide from the
spontaneous deposition, as expected. The highest amount
of iron in the oxidized sample surface is presented in the
sample ACC140_Fe (4.08%). This value is twice the amount
of'iron deposited on activated carbon cloth with oxidation of
50 minutes (2.1%)*. Those findings suggest that an oxidation
time of 140 minutes is optimal for iron oxide deposition.

The N/C, O/C, and Fe/C ratios (Table 2) were calculated
from the elemental analysis. A reduction of carbon amount is
compensated for the increase in iron, nitrogen, and oxygen
content, probably associated with the increase of heteroatoms
on the carbon matrix.

The oxidation step of the carbonaceous matrix had a
strong influence on the chemical surface characteristics,
acting mainly in the formation of different nitrogenated
and oxygenated functional groups. Consequently, it has a
significant influence on the faradaic reactions of the final
electrode'®. The oxygenated and nitrogenated groups presented
in the ACC140_Fe electrode might provide active sites for
pseudocapacitive reactions'®*. Normally, higher oxidation
times of PAN fibers generate surface groups such as C-O,
C-OH, C-0O-C, and reduce adsorbed water®>. Therefore, the
additional oxidation performed on the electrodes probably

Table 2. N/C, O/C, and Fe/C ratios calculated for the samples.

SAMPLES N/C (%) 0/C (%) Fe/C (%)
ACC110_Fe 1.93 17.09 0.91
ACC140 Fe 2.06 29.03 5.58
ACC170 Fe 241 21.29 2.34

Figure 2. SEM image of (a) ACC140_Fe and its respective elemental mapping of (b) carbon (C); (c) oxygen (O); (d) nitrogen (N), and

(e) Iron (Fe).
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Figure 3. (a) N, isotherms at 77 K of ACC electrodes and (b) pore size distribution calculated from DFT model.
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Figure 4. XPS survey spectra of the samples ACC110 Fe,
ACCI140 Fe,and ACC170 Fe.

produced a higher number of oxygenated groups, which
might be associated with iron species.

The high-resolution O 1s spectra, Figure 5, presented
carbonyl groups (C=0 531 eV), ether groups (C-O 532.3 eV),
and hydroxyl groups/chemisorbed water (C-OH 533.5 eV)*’.

The deconvolution of Fe 2p spectra is seen in Figure 6.
The figure shows the main peaks of Fe*",  and Fe*'  at
711.6 and 725.6 eV, respectively. The spin-orbit splitting
(BE 2p,,-2p,,) of 13,4 eV was obtained, and peaks were
identified from deconvolution®’.

The Fe 2p high-resolution spectra presented a complex
shape, showing multiple states of division because of
electron exchange interactions. The produced multiplets are
normally reported for a,y-Fe O, and a,y-FeOOH species**.
Furthermore, the associated satellite peaks between 719.2 and
719.6 ¢V found in the ACC140_Fe are characteristic of the
Fe* species, typically seen in Fe,0,%%, corroborating the
chemical phase found in the elemental mapping.

Complementary information about the chemical structure
of electrodes was evaluated by XRD and RAMAN analysis.
Figure 7 shows the XRD characterization of the samples.
Except for ACC140_Fe, crystallinity decreases with increasing

oxidation time, suggesting that there is an addition of oxygenated
groups in the carbon matrix, as already corroborated by XPS
analysis. The diffractograms showed carbon peaks around
25° and 45° related to the crystallographic planes of graphite
(002) and (100), respectively®>. However, iron was not found
in the evaluated samples, probably due to non-crystalline
species deposited on the electrodes.

On the other hand, the Raman spectra presented peaks
centered at 1350 cm™ and 1600 cm™, respectively as D
and G bands, Figure 8a. Those bands are characteristic of
carbon materials, and their deconvolutions were performed
to evaluate the type of structural defects of the studied
samples, Figure 8b. The deconvolution method reported by
Sadezky*!' was used to adjust those bands.

The D band is related to defects in the graphitic structure,
while the G band is associated with the elongation of the C-C
bond of the sp? atom pairs, characteristic of carbonaceous
materials*'. The deconvolution of the Raman displacement
(Figure 8b) also allowed calculating the I /I, ratio for all
the samples. Usually, the I /I ratio is a parameter used to
analyze the increase in defects in the graphical structure as an
indicator of disorder>*. All samples presented a high degree
of disorder. Nonetheless, the ACC140_Fe electrode showed
a smaller disordered structure compared to ACC110 Fe
and ACC170_ Fe, in agreement with previous XRD results.

3.3. Electrochemical characterization

The electrochemical measurements were performed for
all iron-deposited samples, and the total cyclic voltammogram
(CV), as well as the cations and anions CVs, in the acid
electrolyte (H,SO, 2 M) are presented in Figure 9.

As explained elsewhere**%, in an aqueous solution, the
sulfuric acid dissociates in two dominant ions: bisulfate
(HSO,") and hydronium (H,0"). The open-circuit potential
(OCP) is the point that separates those contributions®. After
OCP estimation, the ions contribution was separated for
each electrode system.

Figure 9 shows the total potential window, comprising
the cathodic and anodic responses for all electrodes. A slight
increase in intensity at very negative potentials and very
positive potentials is associated with water electrolysis,



Electrochemical Properties of Iron Oxide Decorated Activated Carbon Cloth as a Binder-Free Flexible

Electrode

ACC110_Fe R 1 ACC140_Fe ACC170_Fe
| /\\ H‘\i ]
- /1 \
P i 1
:;;, \ | A
z B
2 / \ Y
2] / 4 /J i
) J A\ ViR A
R R ot o A&L\ i e e i / (
— % e el ALY L =
545 540 535 530 525 545 540 535 530 525 545 540 535 530 525
Binding energy (eV)

Figure 5. Deconvoluted XPS O 1s spectra to ACC110_Fe, ACC140_Fe, and ACC170_Fe.
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Figure 6. Deconvoluted XPS Fe 2p spectra to ACC110_Fe,
ACC140_Fe, and ACC170_Fe.
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Figure 7. XRD diffractogram ACC110_Fe, ACC140_Fe, and
ACCI170_Fe.

based on the evolution of hydrogen (negative potentials)
and oxygen (positive potentials). Cation-associated CVs
(H,0") show rectangular shapes characteristic of double-

layer capacitance, while anion-associated CVs (HSO,") show
mixed behavior curves involving pseudocapacitance and
double-layer capacitance®®. The CVs also show that samples
with greater current density amplitude, ACC140_ Fe, and
ACC170_Fe, have elevated surface area (S,,,) and total pore
volume (V,.), exclusively composed of micropores (V)
with diameters lesser than 2 nm (Table 1 and Figure 3b).

The galvanostatic charge/discharge curves (GCDC) were
obtained from electrochemical measurements for all samples.
The total potential window of ACC140_Fe is seen in Figure 10a,
comprising the cathodic and anodic responses shown in
Figures 10b and 10c, respectively. The specific capacitances
associated with cations and anions, measured in the range of
the cathodic and the anodic potentials, were determined from
galvanostatic measurements performed at 1 mA.

The triangular shape of the curves is characteristic of
materials with a predominance of electrical double-layer
capacitive (EDLC) effects. At the same time, the lack of
linearity of the curve indicates the reversible redox reaction
(pseudo-capacitive reactions), typical for carbon with quinone/
hydroquinone (C=0) groups, corresponding to the anodic
and cathodic peaks at 0.38-0.4 V vs. Ag/AgCl found in the
voltammograms®’. Those pseudocapacitive reactions are
probably related to the presence of iron and oxygen groups
on the carbon matrix surface, as shown through XPS analysis.

The total specific capacitance, measured in the full
potential window, and the specific capacitance associated
with cations and anions, measured in the cathodic and
anodic potential range, respectively, were determined from
galvanostatic measurements at 1 mA in a potential window
from 0 to 1 V according to:

1.t

C=
AV.m

(M

where I is the applied current; t is the time for discharge, AV
is the potential range, and m is the weight of the samples.
Table 3 summarizes the total specific capacitance, the cationic,
and the anionic capacitances obtained with Equation 1.
The ACC140 Fe electrode presented the highest density
amplitude and the highest capacitance value, 116.8 F g (Figure 10a).
Interestingly, the ACC170_Fe sample presented a lower
capacitance value than ACC140 Fe, despite the highest
surface area of such material, indicating that the presence of
heteroatoms, especially iron and oxygen, on the matrix was
essential to increase the electrochemical performance.
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Figure 9. Cyclic voltammetry of samples (a) ACC110_Fe, (b) ACC140_Fe, and (c) ACC170_Fe in aqueous solution H,SO, 2 mol L.
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Table 3. Calculated capacitance values of ACC electrodes. the capacitance for cation adsorption. Despite the relation
SAMPLES Cs(Fg) C Fgh C (Fg) between the specific capacitances and the same intensities
ACCI10 Fe 719 63.9 101 of anodic and cathodic peaks, the high values of anions
ACC140 Feo 1168 104 22 specific capacitance are associated with the electrochemical
ACCL70 Fo 973 917 2 intercalation phenomenon of anions due to the remaining

graphitic structure’’. The samples ACC140_Fe and
ACC170_Fe have greater anion specific capacitance, and

It is clear that the capacitance obtained for ACC  consequently greater anion intercalation, pointing out
electrodes results in extremely high anion adsorption.  samples with greater graphitic structure in agreement with
The anion capacitance is more than six times higher than ~ XRD and Raman results.
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Nyquist plots of the electrodes are presented in Figure 11.
The equivalent series resistance (ESR) and charge transfer
resistance (R ) were estimated from the total equivalent circuit
using the curve fitting of the electrochemical impedance
spectroscopy (EIS) plot. All the samples present a semicircle in
the high-frequency region associated with the charge transfer
at the interface between the electrode and the electrolyte®.
Additionally, the vertical shape of electrodes produced at
140 and 170 minutes at a low-frequency range is attributed
to the EDLC characteristic of the ions diffusion process on
porous structure®.

As seen in Table 4, the ACC140_Fe electrode presented
the ESR slightly higher compared to other samples. These
differences could be related to structural variations of the
electrodes that affect the conductivities of the assembly’.
Furthermore, the R  value of ACC140_Fe is the smallest,
followed by ACC170 Feand ACC110 Fe, respectively, and
thus the ACC140_Fe electrode is expected to present faster
ions transfer with a higher diffusion coefficient value (Table 4)
estimated from CV using the Randles Sevcik equation®’.
A larger ion diffusion coefficient allows easy transport of
ions into the electrode material.

2 _269.105m32CoaD, 2 2
Ny
Where i » is peak current, v is the scan rate, n is the number
of electrons transferred, Cy) is the electrolyte concentration,
A s the electrode area and Dy is the diffusion coefficient.
Lower R  values associated with a great porosity provide
more ion adsorption and consequently enhance the overall
electrochemical performance of the electrode®. Additionally,
the ACC_140 presents the highest diffusion coefficient. These
findings agree with the highest value of specific capacitance
found for ACC140_Fe (116.8 F g).

——ACC110_Fe
? ——ACC140_Fe
ACC170_Fe

.
of |/
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Figure 11. Nyquist plots of ACC110_Fe, ACC140_Fe, and
ACCI170_Fe. The total equivalent circuit for the plots (inset image).

Table 4. ESR and R, parameters of flexible electrodes obtained
from the Nyquist plots and diffusion coefficients (D) calculated
by Equation 1.

SAMPLES ESR (Q) R, (Q) D (cm’s")
ACC110 Fe 3.52 28.4 7.28 x 10710
ACC140 Fe 4.57 12.5 1.54 x10°
ACC170 Fe 3.75 17.3 9.72x 1010

4. Conclusions

This work demonstrated the contribution of acidic
electrolyte ions in the electrochemical process of flexible
electrodes using pre-oxidized carbon cloth as a matrix associated
with a simple iron oxide deposition method. The addition of
iron to the carbon cloth offered high faradaic contributions,
especially when the amount of iron deposited reached 4.08%
inthe ACC140_Fe electrode. The highest capacitance value
of 116.8 F g™! was calculated for the ACC140_Fe sample, and
such value is associated with the greater amount of iron, the
number of active groups (especially oxygen and iron), the
greatest crystallinity of the matrix surface and the developed
surface area (557 m? g!). In this electrochemical process, anions
have a greater contribution to the final capacitance involving
a hybrid pseudocapacitive and double-layer behavior, while
the stored energy associated with the H,O" cations exhibit
only double-layer characteristics. The successful design of
binder-free electrodes through pre-oxidation and spontaneous
iron oxide deposition on the carbon matrix boosts the EDLC
performance without difficulties or expensive binders to
produce carbon-based electrodes.
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