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Abstract Hydrothermally synthesized Co3;0,4 microspheres
were anchored to graphite oxide (GO) and thermally reduced
graphene oxide (rGO) composites at different cobalt weight
percentages (1, 10, and 100 wt%). The composite materials
served as the active materials in bulk electrodes for two-
electrode cell electrochemical capacitors (ECCs). GO/
Co0304-1 exhibited a high energy density of 35 W kg ' with
a specific capacitance (C,p) 0f 196 F g ! at a maximum charge
density of 1 A g'. rGO/C050,4-100 presented high specific
power output values of up to 23.41 kW h kg_1 with linear
energy density behavior for the charge densities applied be-
tween 0.03 and 1 A g '. The composite materials showed
Coulombic efficiencies of 96 and 93 % for GO/Co3;04-1
and rGO/Co304—100 respectively. The enhancement of ca-
pacitive performance is attributed to the oxygenated groups
in the GO ECC and the specific area in the rGO ECC. These
results offer an interesting insight into the type of carbona-
ceous support used for graphene derivative electrode materials
in ECCs together with Co30,4 loading to improve capacitance
performance in terms of specific energy density and specific
power.
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Introduction

Maintaining the energy supply is an important issue for indus-
try and urban development in the present day. In order to deal
with this problem, it is essential to transition to clean renewable
energy sources as fossil fuels become more depleted, as well as
due to the environmental problems associated with greenhouse
gas emissions. For this transition to be successful, better renew-
able energy production, usage, and storage are needed. As
such, energy storage technologies play an important role in
the transition to renewable energy. Electrochemical energy stor-
age technologies are able to collect and deliver a constant pow-
er supply through chemical or physical processes involving the
transfer of electrons between electrode materials. Among the
existing types of energy storage devices, electrochemical ca-
pacitors (ECCs) offer several operational advantages to com-
plement other energy storage devices such as batteries [1, 2].
Their most remarkable advantages include high specific power
output, low charge/discharge time rates, no maintenance, and
cyclability one thousand times greater than batteries, making
ECCs a promising energy storage technology [3]. The energy
storage mechanism in an ECC is based on two processes. The
first mechanism stores energy through a coupled system of
processes involving the adsorption-desorption of ion species
along the electrode-electrolyte interface in the electrochemical
double layer (ECDL) across the surface area of the electrode.
This process is highly reversible because it only involves the
transfer of charge between electrodes and there are no chemical
reactions involved [4]. The second energy storage mechanism
in an ECC is through faradaic contributions produced by the
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redox process in electrode-active materials. These Faradaic
contributions increase the charge density and are limited by
the reversibility of the materials involved in the redox process
[5]. Carbon materials are widely used as building blocks for
electrodes in ECCs. Properties such as high chemical and ther-
mal stability, high cycling capability and large specific area for
the accumulation of charge make carbon materials an excellent
base for storing charge energy via the ECDL mechanism [6, 7].
Although energy density is a limiting factor for ECCs based on
carbonaceous materials, numerous reports have evaluated the
electrochemical proprieties of Co304. Given its electrochemi-
cal stability, tunable morphology and the versatility of its prep-
aration methods, Co30y is a good candidate for use in energy
storage applications. Recent advances in ECC studies have
used composites with metal oxides as the active material on
different types of carbon supports, such as graphene oxide [8],
carbon nanotubes [9], and activated carbon [10], as well as
using cobalt nitrides as a faradaic promoter in hybrid ECC
(HECC) arrangements through urea combustion to ensure
nanometric particle size [11]. Other reported strategies use bi-
nary or ternary metal oxides in a composite electrode, taking
advantage of the structural diversity of the metal oxides to
enhance capacity [12], as well as using phosphate and pyro-
phosphate metal complexes as intercalation compounds to host
Li ions in non-aqueous electrolytes in HECC electrodes [13].

Hydrothermal synthesis offers an easy and controllable
synthesis technique for metal oxide composites for ECC elec-
trode materials [14—17]. Different morphologies have been
reported including rugby ball-like structures of Co3;04 with
high cycling properties of over 10,000 charge/discharge cy-
cles with energy density values of 14.3 W h kg ™' and a power
density of 7.5 kW kg ' [18]. Co;0, nanoplates over graphene
nanosheets had a capacitance loss of 18.7 % after 1000 cycles
when tested in a three-electrode cell arrangement [16]. Along
with morphology, the percentage of metal oxides has been
evaluated. At high weight proportions, Co30O4 composites ex-
hibit rapid decomposition after cycling, giving rise to an
anomalous increase in the calculated capacitance [19].
However, the use of indistinct nomenclature in graphene de-
rivative carbonaceous materials as supports for the metal ox-
ide in electrode-active materials [20] and electrochemical
evaluation in three-electrode-type cells may lead to unclear
conclusions for assessment in a more realistic application ap-
proach when intended for ECC use. The aim of this work was
therefore to use a two-cell ECC to electrochemically evaluate
the performance of a series of composite materials synthesized
through a hydrothermal process employing two different car-
bonaceous supports: thermally reduced graphene oxide (rGO)
and chemically exfoliated graphene oxide (GO), and varying
the Co30,4 composition in the composite electrode-active ma-
terial. Morphology, phase identification, Raman spectroscopic
characterization, thermal decomposition, and textural propri-
eties of the composites were investigated.
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Experimental

All chemical reagents were of analytical grade (from Sigma-
Aldrich) and were used without further purification. All aque-
ous solutions were prepared using deionized water.

Synthesis of GO/rGO-Co composites

GO was obtained using the Brodie modification method [21].
In a typical oxidation process, 5 g of graphite with a mesh of
300 were mixed with fuming HNO; at 0 °C, and then 14 g of
KCIO; were added to the reaction flask. The reaction was kept
under agitation for 24 h in an ice bath to avoid the formation of
gas by the oxidation process. The resulting yellow material
obtained was decanted, filtered, and washed until the pH was
neutral. The resulting yellowish-brown material was dried at
80 °C. To obtain rGO, the GO was thermally reduced in a
tubular furnace under Ar atmosphere at 250 °C for 1 h. The
GO and thermally reduced rGO materials obtained through
the oxidation process were used as supports for Co** from
Co(NO3),'6H,0 coupled by a hydrothermal process carried
out in a Teflon® reactor with a volume of 120 mL.

The composite material was prepared in three different
concentrations of Co** from Co(NO;),'6H,0 of 1, 10 and
100 wt% for the GO-based composite and the rGO-based
composite respectively, and 6 mL of 0.01 M NaOH was used
in each synthesis. The reagents were previously dispersed by
sonication for 20 min. Then, the heterogeneous mixture was
placed in the Teflon® reactor, sealed, and heated to 160 °C for
24 h with continuous magnetic stirring. The resulting black
powder was washed with deionized water, filtered, and dried
at 80 °C for 24 h.

Characterization of composite materials

The phases of the composite materials were identified using
X-ray powder diffraction (XRD, D8 X Bruker) with Cu K«
irradiation. The scan data were collected in the 26 range of 10—
60° at 20/min. The particle morphology of the composite ma-
terials was observed by scanning electron microscopy (SEM;
HR-Hitachi S-8000) with field emission filament. The thermal
stability of the composite materials was evaluated by thermal
gravimetric analysis (TGA; TA-Q500 TA Instruments) using
an air atmosphere with a heating rate of 5 °C/min. To investi-
gate the hybridization of sp2 and sp3 carbon atoms in the
supports, Raman spectroscopy was performed using a
Renishaw Raman microscope with a monochromatic light
source of 514.5 nm.

Electrode preparation

The electrochemical performance of the composites was ana-
lyzed in symmetric two-electrode Swagelok®-type cells.
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Supercapacitor electrodes were processed as cylindrical pel-
lets 12 mm in diameter by cold-pressing (200 kg cm 2,
10 min). The electrodes were made by mixing 80 wt% of
the composite as the active material (50 mg), 10 wt% of
PTFE binder (Aldrich), and 10 wt% of carbon black
(SuperP, 3 M). The ECCs were assembled using two elec-
trodes with Whatman 934AH separator in between them and
soaked with aqueous 6 M KOH solution as electrolyte. Two
stainless steel rods (alloy A20) acted as current collectors. All
cells were fully discharged before each experiment.

Electrochemical characterization

Cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS)
electrochemical characterization techniques were used to
study the capacitive performance of the composite materials
in symmetric two-electrode Swagelok®-type cells using a
Solartron 1480 MultiStat potentiostat. Potentiostatic electro-
chemical impedance spectroscopy (PEIS) was carried out with
a coupled Solartron 1255B frequency response analyzer mod-
ule over a frequency range of 300 kHz to 0.010 Hz with a
sinus amplitude of 10 mV against open circuit potential
(OCP). CV was measured within a potential window of 0—
1 Vat a scan rate range of 1-100 mV s~'. GCD measurements
were conducted at current densities from 0.03 to 1 A g ' with
potential window limits between 0 and 1 V. The capacitance
was obtained by different electrochemical techniques.
Specific capacitance obtained by CV is given by Eq. 1 [22]:

A

Cop=—
U X v X Melectrode

(1)
where A is the absolute area of the voltammogram cycle in
coulombs (C), U is the potential window given by the differ-
ence between the upper limit (U,,.y) and lower limit (U,y;,) of
the potential window in V, v is the scan rate in V sﬁl, and
Melectrode 18 the active mass of the electrode in grams. GCD
analysis allows for the estimation of several values for evalu-
ating the performance of ECCs: specific capacitance (Cgp),
equivalent series resistance (ESR), specific energy density
(E), specific power (P), and Coulombic efficiency (Ceg %)
were calculated from Eqgs. 2—6. The specific capacitance
(Csp) of the ECC cells (F g ") was estimated by means of
Eq. 2:

0 I Xty

C,)— .
AV X Melectrode AV X Melectrode

(2)

where / is the current applied in A, ¢4 is the discharge time
in seconds, AV, is the voltage range in which the discharge
occurs, and Mgjecrode 1S the active mass of the electrode in
grams. The ESR corresponds to the sum of all resistances
of the electrochemical components in the ECC giving an /R

drop in the charge/discharge cycles and can be estimated
by Eq.3:

AV,

ESR =
2x1

3)

where AV is equal to the difference between the final potential
recorded in the charge process and the first potential value
recorded at the beginning of the discharge process, also known
as the IR drop, and /s the current applied in A [23]. To evaluate
the performance of the ECCs, specific energy density
(Wh kg_l), specific power (W kg_l), and Coulombic efficiency
(Cet%) were calculated by Eqs. 4-6 [24]:

_Cpx AU? _ Gy x (Unax=Unin)’

E 4
3 > (4)
AU ( Umax_ Umin)

P= = 5

4 x ESR 4 x ESR )

t

Cor = - x 100 (6)
Ich

Results and discussion
Morphology and structure

Morphology and structure of the carbonaceous support
materials

Figure 1 shows the morphology and characterization of GO
and rGO determined by SEM, XRD, and Raman spectroscopy
analysis. Figure 1a, b shows SEM images of the carbonaceous
supports. rGO exhibits expanded and separated flakes from
the formation of CO and CO, gases in the thermal reduction
process [25]. On the other hand, GO supports exhibit closely
packed graphitic layers. From the XRD analysis, Fig. 1c
shows the diffraction profiles of the GO and rGO carbona-
ceous supports. Both supports present the characteristic car-
bonaceous diffraction plane (002) located at around 26 = 25°.
Additionally, GO exhibits diffraction planes (001) and (004)
located at 26 = 18° and 43°, respectively. These planes suggest
a high graphitic orientation of the carbonaceous support [26].
These two diffraction planes are not present for rGO due to the
thermal reduction process applied to the GO. The Raman
spectra (Fig. 1d) show the graphitic active modes of GO and
rGO in the range of 1300-1600 cm ™ '. Modes D and G were
observed in both materials with some differences. Active
mode D (at 1356 cm ™) is given by sp3 hybridization and its
intensity is associated with the defects on the boundaries of
graphitic flakes [27], while mode G (at 1590 cm ') corre-
sponds to graphitic sp2 hybridization in the carbonaceous ma-
trix [28]. GO showed a stronger D intensity associated with
the defects on the surface induced by the chemical oxidation
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Fig. 1 SEM images of
carbonaceous supports a rGO,

b GO, ¢ diffractograms for rGO
and GO carbonaceous supports,
d Raman spectra of rGO and GO
carbonaceous supports

Intensity (a.u)

Intensity (a.u)

process. After thermal reduction of GO, the ratio between the
normalized intensities quotient decreased from Ip/lg = 1 for
GO to Ip/lg = 0.73, leading to the reduction of defects asso-
ciated with oxygen functionalities on the edges of graphite
oxide [29]. Thermal degradation of rGO was determined by
TGA (Supplementary material, Fig. S3), with a residual mass
of 6.9 % and a degradation temperature of 590 °C. Thermal
degradation cannot be determined for GO due to the limiting
thermal reduction process at 250 °C. The specific surface area
of the carbonaceous supports was obtained through BET cal-
culation, with specific surface area values of 28.44 and
332.8 m? g ! for GO and rGO, respectively.

Morphology and structure of the composite materials

Figure 2 shows the structure and characterization of GO/
Co30,4 and rGO/Co304 determined by SEM (Fig. 2a, b),
XRD (Fig. 2¢, d), Raman spectroscopy (Fig. 2e, f), and
TGA (Supplementary info). The SEM images in Fig. 2a, b
show well-dispersed microspheres of Co on the surface of
both GO and rGO carbonaceous supports determined by
EDS (Supplementary material, Fig. S1 and Table S1). The
rGO/Co0504-100 composite material (Fig. 2a) presented a
packed structure different from the expanded layered rGO
structure (Fig. 1a). The appearance of diffraction plane (001)
at 20 = 18° is a characteristic of graphitized materials. The
structural change of the support is due to the autogenous pres-
sure during hydrothermal synthesis that causes a restacking of
the graphitic sheets, as suggested by the SEM images (Figs. la
and 2a). On the other hand, the GO support presents no

@ Springer
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structural change from the hydrothermal process, as suggested
by the XRD diffractograms (Fig. 2d). The XRD patterns of the
composite materials in Fig. 2¢, d show distinctive Co304
phase signals according to JCPDS card 43-1003 with diffrac-
tion planes (111), (220), (311), (222), (400), and (511) located
at260=20°,31°,37°,39°,44°, and 59°, respectively [16]. The
lattice parameter was calculated by Rietveld refinement using
FullProf © Suite 2.05 crystallographic software employing the
reported space group Fd-3m (227) and showed a value of
“a” = 8.078 A for Co30,. The lattice parameter “a” value
obtained is slightly lower than that obtained by other Co3z0,
preparation methodologies [30]. As the Co30,4 weight percent
in the composite increases, the Co;0,4 signal showed higher
intensity over the carbonaceous (002) diffraction plane.
Moreover, the samples with 10 and 100 wt% of Co showed
a small contribution in the diffractograms corresponding to the
non-reduced Co(OH), formed by precipitation by the NaOH
used as the pH mediator in the hydrothermal process. The
diffraction peak agreed with JCPDS 74-1057 for plane (001)
at 20 = 19° [31]. In the rGO/Co50;, set of samples, the appear-
ance of diffraction plane (001) in the composite materials sug-
gests a change in the carbonaceous support structure due to
autogenous pressure promoting a restacking of some of the
graphitic sheets, as suggested by the SEM images (Figs. la
and 2a). Raman spectroscopy showed that the active modes in
the composite materials differed as the Co weight percent
varied, with each Raman spectrum presenting two distinctive
zones. The first zone located in the range between 471 and
680 cm ! contains the active modes of Co;04: active modes
Eq, Fag, and A, at 471, 515, and 680 cmﬁl, respectively [32].
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Fig. 2 SEM images of composite materials a rGO/Co304-100, b GO/
C0304-100, ¢ XRD pattern of GO/C0304-1, 10, and 100 composite
materials, d XRD pattern of GO/Co0304-1, 10, and 100 wt% composite

The second zone shows the graphitic signals of the GO and
rGO carbonaceous supports. The GO/C0304-100 shows the
strongest signal interaction between GO and Co30y,, indicated
by the intensity of active mode A ,. As the Co increased, the
intensity of the active modes in Co30,4 decreased. Cobalt con-
tent was determined by TGA. The values obtained for the
rGO/Co50,4 composite were 62.03, 11, and 1.86 % at the three
different loadings of 100, 10, and 1 wt% with decomposition
temperatures of 355, 360, and 370 °C, respectively. The mea-
sured values of Co in the GO/Cos0,4 composites studied were
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materials, e Raman spectra of GO/Co30,4 composite materials, and
f Raman spectra of rGO/Co30,4 composite materials

65.02, 14.26, and 3.28 % at the three different loadings of 100,
10, and 1 wt% with decomposition temperatures of 345, 350,
and 370 °C. As such, the Co loading present in the samples
accelerated thermal degradation by temperature ranges of 15
and 25 °C due to the decrease in the percentage of carbon in
the composite materials [33]. The surface area of the GO-
based composite materials increased with Co weight percent,
with values of 51.10, 105.97, and 110.04 m* g~' for GO/
Cos;04 1, 10, and 100 wt%, respectively. This behavior can
be attributed to the hydrothermal reduction of GO [8] and the
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interaction of oxygen functionalities of GO with Co promot-
ing different adsorption with the support. The rGO/Co304
composites presented a different behavior when Co weight
percent increased. The specific surface area values reduced
from 332.80 m* g (rGO support) to 84.26, 76.24, and
57.49 m? g_l for rGO/Co0504 1, 10, and 100 wt%, respectively
(Supplementary material Table S2).

Electrochemical characterization
Cyclic voltammetry analysis

Figures 3 and 4 show the evaluation through cyclic voltamm-
etry of rate capability and electrochemical stability based on
the capacitance response calculated by Eq. 1. The electrochem-
ical behavior of the GO and rGO composite materials was
evaluated at various scan rates of 1, 2, 5, 10, 20, 40, 60, 80,
and 100 mV s '. Figure 3a shows the voltammogram for the
ECC composed solely of the GO support. The low capacitance
response and low electrochemical stability are attributed to the
resistive behavior of GO caused by oxygen functional sites
[34]. The square shape of the voltammogram characteristic of
ECCs was maintained through all scan rates. The presence of a
noticeable redox pair in GO/Co304-1 and 10 at potential values
of 0.72 and 0.63 V for oxidation and reduction respectively
improved the capacitance by Faradaic contribution. The redox
pair in the GO/Co304-1 and 10 ECCs can be associated with
an electrosorption process between oxygen functional sites in
the GO promoting the nucleation of Co* ions and the progres-
sive growth of Co304 microspheres. This phenomenon is

40

caused by an electrodeficiency of solvated oxygen groups in
GO and Co?" ions in the hydrothermal synthesis process. The
redox peaks can be associated with the reversible transition
between Co30,4 and CoOOH, as shown in reaction 1 [35].

Co0304 + OH + H,0 5 3CoO0OH + ¢~ Reaction (1)

The gradual incorporation of Co3;04 in GO showed an in-
crease in capacitance with values of 485 and 376 F g™' at
1 mV s ' for GO/Co304-1 and Co50,-10, respectively. As
the scan rate increased, the GO-based ECCs showed high
electrochemical stability with capacitance values of 224 and
205 F g ' at the highest scan rate of 100 mV s '. When the
Co030,4 loading reached a maximum value of 100 wt%
(Fig. 3d), the ECC showed a notable decay in capacitance of
42 F g " at 100 mV s . This decrease in capacitance can be
associated with the coverage of Co;0,4 on the GO support,
thus limiting the capacitance response. Figure 4 shows the
evaluation of rGO and rGO/Co;0,4 ECCs by cyclic voltamm-
etry. In contrast with GO, the rGO ECCs showed high capac-
itance values of up to 385 F g ' when the Co;0, loading
reached a maximum value of 100 wt% (Fig. 4d) along with
high scan rate capability as the square shape of the voltammo-
gram was maintained through all scan rates ranging from 1 to
100 mV s '. Capacitive enhancement was observed with
values of 705, 788, and 518 F g_1 at 1 mV s ! for the rtGO/
Co504-1, 10, and 100 ECCs, respectively. As shown by the
voltammogram, a low weight percent of Co;04 (Fig. 4b) pre-
sented the highest capacitance values at low scan rates, but
these values decreased rapidly down to 217 and 72 F g ' for

Fig. 3 Cyclic voltammograms
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Fig. 4 Cyclic voltammograms
for capacitance response a rGO,
b rGO/C0304-1, ¢ rGO/Co304-10
d rGO/Co0304-100 ECCs at
various scan rates (1, 2, 5, 10, 20,
40, 60, 80, and 100 mV s

Capacitance (F g")

Capacitance (F g)
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rGO/C0504-1 and 10 when the scan rate increased. The grad-
ual incorporation of Co304 improved the rate capability
(Fig. 4d), with the calculated capacitance decreasing by
36 % as the initial scan rate of 1 mV s ' increased to
100 mV s '. The rate capability in ECCs is governed by the
contributions of electrolyte diffusion, the adsorption of the
charges at the electrode-electrolyte interface, and the charge
transfer process in the bulk of the electrode [36]. Figure 5
compares the rate capability based on the calculated capaci-
tance between the GO/Co5;0, and rGO/Co;04 ECCs at the
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Fig. 5 Scan rate capability for a GO/Co;04 1, 10, 100 wt% and b rGO/
Co304 1, 10, 100 wt% ECCs, at various scan rates (1, 2, 5, 10, 20, 40, 60,
80, and 100 mV s ")

Potential (V)

scan rates evaluated. The integration of Co;04 for both GO
and rGO carbonaceous supports showed two different behav-
iors. For the GO/Co504 ECCs, the gradual increase in Co30y4
weight percent decreased the capacitance from 224 to
205 F g ' and down to 42 F g ' for GO/C030,4-100. For the
rGO/Co;0,4 ECCs, the incorporation of high Co;0, weight
percent enhanced the scan rate capability and electrochemical
stability, with the calculated capacitance being maintained
with low variation throughout the entire scan rate range.

Evaluation of Co loading in composite material
by galvanostatic charge/discharge cycling

Figure 6 shows the GCD profiles of the GO- and rGO-based
composite material ECCs. Both the rGO- and GO-based
ECCs exhibited a shape deviating from the triangular
charge/discharge profile characteristic of ECCs. The deviation
is attributed to the faradaic contribution of Co304. ESR cal-
culated by Eq. 3 presents values of 0.113 © for rGO/Co304-
100 and 0.172 € for GO/Co0304-1 at 60 mA gfl. These values
suggest a minimal IR drop and good charge/discharge perfor-
mance. As the charge density increased, the Cy, calculated by
Eq. 2 decreased. GO/Co304-1 presented a maximum Cj, of
397 F g ' at 60 mA g ', and this was reduced to 194 F g!
when the charge/discharge rate increased to 1 A g~'. For rGO/
C0504-100, the increase in Co;04 weight percent enhanced
the Cy;, with a maximum value of 452 F g 'at60mA g 'and
it presented good C, retention when the current was increased
to 1 A g '. This effect induced by Co;0, weight percent also
agrees with the CV profiles obtained for both ECCs with
different carbonaceous supports. Figure 7a shows the charge
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Fig. 6 Galvanostatic charge/discharge profile of GO and rGO
composites with 100, 10, and 1 wt% Co30y at 0.06 A g '

density effect on Cg, at a charge/discharge rate between 0.03
and 1 Ag . Cyp, decreased by 55 % for the GO-based ECCs,
while the capacitance loss due to the charge density in rGO-
based ECCs decreased 31 % for the rGO/Co3;0,4-100 ECC.
The stability through the charge/discharge rates is associated
with the low ESR given by the electronic conductivity of the
rGO carbonaceous support. Figure 7b shows the efficiency of
the ECCs (Eq. 6). The rGO/C0304-100 and GO/Co304-1
ECCs presented high C values of 95 and 93 % respectively
at the high charge/discharge current of 1 A g~'. An activation
process in the ECC is produced by the low charge/discharge

current (30 mA g ') and occurs due to the low diffusion of the
electrolyte in the bulk of the material showing high values of
Cefr [37]. As current density increased together with the Co
loading in the composite materials, the C.gr decreased due to a
rapid charge transfer process. Figure 7c shows the Ragone
plot for the given specific energy density (Eq. 4) and specific
power (Eq. 5) for the GO- and rGO-based ECCs. GO-based
ECCs showed an increase in the specific energy density as the
Co30,4 weight percent increased with values of 34.54, 45.05,
and 51.44 W kg ' at 30 mA g '. Although, the energy density
is proportional to Co;04 weight percent in the ECCs, it de-
creased rapidly together with the charge/discharge rate to
26.59, 16.63, and 12.73 W kg ' at 135 mA g ' for the GO/
Co504 1, 10, and 100 wt% ECCs, respectively. On the other
hand, the Co30,4 weight percent in the ECCs is proportional to
the specific power output, presenting values of 439.11,
439.52, and 800.85 W h kg™ for the GO/Co30, 1, 10, and
100 wt% ECCs respectively at 135 mA g . The contribution
of Cos04 weight percent is given by the increase in surface
arca along the GO-based ECC materials (Table S2
Supplementary material). rGO-based ECCs showed an in-
crease in specific energy density as the Co;O,4 weight percent
increased, with values of 27.18, 28.87, and 33.38 W kgfl at
30 mA g, decreasing to 8.58, 11.64, and 22.88 W kg ' at
1A g_1 for the rGO/Co304 1, 10, and 100 wt% ECCs, respec-
tively. Specific power increased to 23.41 kWhkg 'at1 A g™’
for the rGO/Co0304-1 ECC. In terms of overall performance,
the rGO-based ECCs showed higher specific power output

Fig. 7 Summarized data from 800

galvanostatic charge/discharge 700 _(a)! ««««««« rGO/Co,0,- 1
cycling. a Calculated specific ¢ O 1GO/CO,0,- 10 ol S °
capacitances at different charge 600 % =0 1G0/C0,0,- 100 -
. . o .- GOICO.0-1 85 L L)
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Fig. 8 Nyquist diagrams. a GO/ 8 (@)  Experimental Fit 200 (b) Experimental Fit
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than the GO-based ECCs as the charge/discharge rate in-
creased. Figure 7d presents cyclability performance through
2500 galvanostatic charge/discharge cycles at 30 mA g '
within a working voltage window from 0 to 1 V. The GO/
C0304-1, TGO/CO304-1, GO/CO304-10, and TGO/CO304-
100 ECCs were evaluated. The ECCs evaluated maintained
a capacitance retention of 85 %, which demonstrates the good
cycling stability of the composite as an active material with no
significant loss retention. The number of cycles analyzed
exceeded the average battery life cycle. The different behav-
iors can be explained as follows: the larger area of the GO
support offers more sites for the growth of Co microspheres in
comparison with GO with a low specific area, although the
presence of functional sites by chemically oxidized GO en-
hances the energy density, possibly by the electrosorption of
Co”* ions creating an in situ reduction of Co3O4 microspheres
in the carbonaceous supports. These results are encouraging
for the use of low area functionalized carbonaceous supports
(GO), given that low specific surface materials by themselves
do not represent a viable option in terms of electrochemical
performance for ECCs, as suggested by the electrochemical
characterization by cyclic voltammetry. However, the electro-
chemical performance was improved through the synthesis of
a composite material by introducing a metal oxide material.
The galvanostatic charge/discharge analysis indicated that the
addition of Co;0, offers an interesting insight, with the GO/

0 10 20 30 40

0 20 40 60 80 100 120 140 160 180 200
Z(Q)

50 60 70 80
Z(Q)

Co304 1 ECC exhibiting 38 % less Cy, compared with the
rGO/Co30,4 100 ECC. Based on this finding, two approaches
are suggested: (1) the utilization of functionalized GO with a
low area and rGO with a large area and no chemical functional
sites for higher energy densities and (2) the use of rGO for
high power output applications.

Electrochemical impedance spectroscopy analysis

Figure 8 shows the Nyquist diagrams for the GO/Co30,
(Fig. 8a) and rGO/Co304 ECCs (Fig. 8b) and the proposed
equivalent circuit (Fig. 8c). The electrochemical impedance
spectroscopy analysis was carried out at equilibrium at 0 V
vs. OCP with a signal amplitude of 10 mV for the composite
ECCs. The proposed equivalent circuit is composed of three
elements: an electrolytic resistance provided by R;; followed
by a series subcircuit in a parallel arrangement composed of a
constant phase element CPE; and a second resistor R,; which
corresponds to the impedance arc in the kHz to Hz frequency
range; followed by a second, series-connected CPE, in the
low-frequency zone (<1 Hz), which represents the diffusion
effects in the bulk of the composite materials. Fitting results
obtained with Zview® software are shown in Table 1. The
equivalent circuit component values present good fitting of
the experimental data to the proposed equivalent circuit
(Fig. 8c) with x? values between 2 10> and 6 107>, The

Table 1 Summarized equivalent

circuit component values for the ECC R, CPE,-T CPE,-P Ry CPE,-T CPE,-P X

PEIS analysis of the ECCs at 0 V ) (uF) (x) (D) (mF) ()

vs. OCV in the frequency range

from 300 kHz to 0.01 Hz GO/Co304-1 0.40 1372 0.81 1.21 900 0.85 223107
GO/Co304-10 0.33 308.6 0.72 15.63 347 0.81 657107
GO/Co0304-100 0.49 709.0 0.84 60.54 153 0.55 6.86 107
1GO/Co304-1 0.41 204.3 0.73 15.90 86 0.85 423107
rGO/Co;04-10 0.55 179.6 0.74 102.10 73 0.65 378 107
rGO/Co;0,4-100 0.98 845.0 0.62 2.28 147 0.85 220107
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Ohmic electrolyte resistance agrees with the ESR values cal-
culated by galvanostatic charge/discharge in both sets of
ECCs. CPE;-T values are in the order of microfarads and
higher than 200 uF, corresponding to pseudocapacitance giv-
en by both storage mechanisms (ECDL and Faradaic contri-
butions) [38], except for the GO/Co304—1 ECC, which may
suggest that ECDL is the major storage mechanism. CPE-T is
associated with the charge accumulated at the electrode-
electrolyte interface [39]. The phase angle CPE;-P indicates
non-ideal capacitive behavior with values around o = 0.8 [40].
R, is attributed to the charge transfer resistance processes in
the ECCs, showing values up to 60.54 € for the GO/Co304—
100 ECC. The increase in resistance is caused by the low
electrical conductivity of Co;0, coupled with the GO support.
In the low-frequency region the second CPE, is associated
with electrolyte diffusion in the bulk of the composite mate-
rials [41]. CPE,-P showed higher values than CPE-P
(x = 0.851). The transfer component CPE,-T is related to
the capacitance in the bulk of the material [42], showing
values of up to 900 mF, and this is associated with the specific
surface area of the rGO-based composite and the Faradaic
contribution from the metal oxide [43]. For the GO-based
ECCs, a low weight percent of metal oxide enhanced the
electrochemical behavior and for the rGO-based ECC a high
weight percent of Co;04 enhanced performance. Their behav-
iors agree with the electrochemical characterization by cyclic
voltammetry and galvanostatic charge/discharge.

Conclusions

Composite materials with different carbonaceous supports and
different cobalt oxide loadings were successfully synthesized
through a facile hydrothermal process. The EECs based on the
composite materials showed an excellent rate capability ac-
cording to the CV analysis and stable electrochemical behavior.
The rGO/Co30,4 ECCs presented better specific power output
and better energy density behavior at the current densities eval-
uated up to 1 A g~'. Meanwhile, the GO/Co;0, EECs exhib-
ited higher energy density values of 34,45, and 51 W hkg ™" as
the Co;0, increased from 1 to 100 wt%, respectively. This
result offers an insight into the different mechanisms by which
metal oxides grow at different carbonaceous supports, with
oxygen functional sites in the case of the GO and with a large
specific area in the case of rGO, and how these characteristics
present different behaviors when evaluated as ECCs.
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