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Abstract: In this work, alpha-cobalt hydroxide (Co(OH),) and cobalt/manganese layered double hydroxide (CoMn-
75-LDH) were synthesized using the Tower method. The alpha phase was confirmed for Co(OH), through XRD
analysis. Furthermore, the TEM images showed that the materials are formed by nanoparticles with an average size
of ~5 nm. Cyclic voltammetry and galvanostatic charge/discharge measurements were carried out and the CoMn-75-
LDH presented a superior electrochemical behavior to Co(OH),. The presence of Mn””" ions in the crystal structure
of CoMn-75-LDH, verified by XPS analysis, enhanced the electrical conductivity of the material, providing more
electroactive sites, as a result, the electrochemical performance of the material was improved. Electrochemical studies
showed that CoMn-75-LDH has a specific capacitance of 677 F g ' at current density of 0.5 A g compared to Co(OH),,
whose specific capacitance value was 268.7 F g ' at the same current density. In addition, the electrochemical signature
of Co(OH), revealed that the electrode material exhibits an extrinsic pseudocapacitive behavior instead of the typical
behavior of battery-type materials due to its nanostructured morphology. Also, electrochemical studies showed that the
charge storage mechanism for CoMn-75-LDH is controlled by both the capacitive and diffusion process.

Keywords: cobalt hydroxide, cobalt-manganese layered double hydroxide, energy storage mechanisms; pseudocapacitive
materials, electrode materials, nanoparticles

1. Introduction

The high demand for high-performance energy storage devices has become one of the great challenges of modern
society [1]. In this sense, supercapacitors [2—4] have become an important energy storage technology, thanks to their
rapid power delivery and capability, fast charging and robust cycle life [5], unlike classical energy storage devices such
as lead-acid and metal-ion batteries that have limitations such as low power densities and lower cycle life, although they
exhibit high energy densities. Among the materials used as positive electrodes of hybrid supercapacitors, it is possible
to highlight metal sulfides, metal oxides/hydroxides, and their composite materials based on conductive carbon [6—8],
showing a great potential in the development of new high-performance devices.

Based on the charge storage mechanisms, supercapacitors electrode materials are divided into two categories,
namely, electrochemical double layer capacitors (EDLCs) and pseudocapacitors [7]. In EDLCs, the charges are stored at
the electrode/electrolyte interface by forming electrochemical double layers, and the electrochemical signature of which
mainly arises from the potential independence of the surface density of charges stored at the interface of electrodes
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(a non-faradaic process) [9]. Typical examples of the electrodes used in EDLCs are carbon nanomaterials (graphene,
carbon nanotubes, so on) [10]. On the other hand, pseudocapacitive electrode materials such as RuO, and MnO, can
store charge via Faradaic electron transfer and non-Faradaic charge storage in the electrical double layer present at the
surfaces of these materials [11]. In contrast, battery-type materials such as NiO, Ni(OH),, PbO, and Co(OH), exhibit
quite different behavior when compared to supercapacitive materials due to the phase rule with solid-state diffusion-
controlled Faradic reactions [6].

Among those electrode materials, cobalt hydroxide has stood out due to its well-defined electrochemical behavior,
high theoretical specific capacitance (577 mAh g™") [12], and low cost, making it a viable option as electrode material
for batteries and supercapacitor devices [13]. However, its electrochemical reversibility and rate capability have been
hampered due to its low conductivity [14]. Thus, interesting approaches have been used in order to circumvent that issue
such as formation of composites with carbon-based materials and the obtaining of layered double hydroxides (LDH),
where the Co”" is partially replaced by other metallic ions (Mn’", A", and so on) [15, 16]. For instance, Wang et al. [17]
prepared a LDH based on cobalt and manganese on carbon cloth substrate. The results showed the electrode material
presented a specific capacitance of 450.4 F g ' at 20 A g, besides a capacitance retention of 94.2% after 2000 charge/
discharge curves. Bai and collaborators [15] synthesized Co/Mn-LDH nanowires and the electrode material presented a
specific capacitance of 582 F g ' at 0.5 A g’ and a rate capability of ~70%. Also, Gomes et al. [18] observed that nickel
hydroxide was stabilized in the alpha phase in the presence of Mn®' ions. In addition to CoMn-hydroxides, CoMn-
containing metal oxide have also been intensively reported as electrode materials for supercapacitor application due to
their high electrical conductivity relative to single component oxides and advantages of achievable mixed valences. In
fact, MnCo-electrode materials have attracted considerable interest in energy storage application since cobalt has a high
oxidation potential, whereas manganese can have multiple oxidation states and exhibit higher capacity [1].

Based on what was mentioned previously, this work shows that CoMn-75-LDH presents high electrochemical
performance, when compared to Co(OH),, besides the charge storage mechanism is controlled by both the capacitive
and diffusional processes as confirmed by Cyclic Voltammetry (CV), Galvanostatic Charge-Discharge (GCD),
and Electrochemical Impedance Spectroscopy (EIS). In addition, Co(OH), electrode material exhibits an extrinsic
pseudocapacitive behavior rather than an electrochemical signature typically of battery-type materials, due to its
nanostructured morphology (nanoparticles with an average size of ~5 nm) and short diffusion pathways as confirmed by
its electrochemical signature.

2. Experimental Section

All chemicals were of analytical grade and used without further purification. n-butanol (CH,(CH,),OH), cobalt
acetate tetrahydrate ((CH;COO0),Co-4H,0) and manganese acetate tetrahydrate ((CH;COO),Mn-4H,0) were purchased
from Sigma-Aldrich. Potassium hydroxide (KOH) and anhydrous glycerin (HOCH,CH(OH)CH,OH) were acquired
from Synth Chemicals. All aqueous solutions were prepared with ultrapure deionized water from a MilliQ purification
system (DI-water, (p >18.2 MQ cm).

2.1 Synthesis of Co(OH), and CoMn-75-LDH

The cobalt-manganese layered double hydroxide in the molar ratio Co:Mn 75:25, here denoted as CoMn-75-LDH
was obtained through the Tower method [19, 20]. The cobalt acetate (4.2 mmol) and manganese acetate (1.4 mmol)
were solubilized in 15 mL of anhydrous glycerin under constant stirring at room temperature. Then, 11.2 mmol of KOH
(solubilized in n-butanol) were added into the mixture reaction and kept under stirring for 6 hours. The choice of a molar
ratio Co:Mn 75:25 instead of 1:1 was based on work reported by Chen [21], where it was observed that an excessive
addition of manganese to the structure of the electrode material lead to poor electrochemical activity. For comparison
purposes, Co(OH), was synthesized using the same procedure. The reactions have been simplified in the equations
below.

Co*" + 20H- + yH,0 — Co(OH),'yH,O (or Co(OH),)
Co* + Mn*" + 20H- + yH,0 — CoMn(OH),"yH,O (or CoMn-LDH)
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2.2 Characterization

The amount of Co and Mn ions, as well as the molar ratio Co:Mn present in the samples were determined through
Inductively Coupled Plasma — Optic Emission Spectrometry (ICP-OES) using a Perkin Elmer Optima 7300 DV model.
In order to carry out the X-ray Diffractions patterns (XRD), the colloidal suspensions of the materials were deposited
on glass coverslips and heated at 240 °C for 30 minutes to remove the organic solvents from synthesis. The XRD were
obtained using a Shimadzu DRX-6000 with Cu source radiation (Ka = 1.5418 A, 40 kV and 30 mA) in the 20 range of
5 —70°. The grain size of Co(OH), and CoMn-75-LDH were determined through Debye-Sherrer equation,

Particle size = 0.9 A / BcosBb )

where, ) is the wavelength of the Cu (Ka) X-ray radiation (1.541 A), B is the full width at half maximum of the
003 diffraction peak (determined by the Gaussian function), and 6 is the Bragg angle.

The surface chemical analysis of Co(OH), and CoMn-75-LDH was carried out by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific K-alpha), where spectra survey (full range) and high-resolution spectra
of cobalt and manganese were acquired. The morphology of the materials was investigated by Transmission Electron
Microscopy (TEM, Jeol JEM-2100 FEG). The samples were prepared on copper grids (TedPella) dispersing 3 uL of
Co(OH), and CoMn-75-LDH nanoparticles previously diluted in water.

2.3 Electrochemical measurements

The FTO glass (fluorine tin oxide) substrates with 1.0 cm” area, delimited with a scotch tape, were previously
cleaned before their surface modification with Co(OH), and CoMn-75-LDH. The colloidal suspensions (25 pL) were
deposited on the FTO surface using the spin-coating technique (1000 rpm for 1 minute). After that procedure, the
FTO substrates modified with Co(OH), and CoMn-75-LDH were heat-treated at 240 °C for 30 minutes in an oven to
eliminate the organic solvents from synthesis.

The electrochemical behavior of Co(OH), and CoMn-75-LDH was evaluated by CV, GCD curves, and EIS.
The electrochemical measurements were carried out using an AUTOLAB AUT84605 potentiostat/galvanostat with
impedance module and a three electrodes system, where the working electrode is an FTO glass modified with Co(OH),
or CoMn-75-LDH, reference electrode (Ag/AgCl (KCI 1 mol L™") E = 0.222 V vs. SHE) and a Pt wire as an auxiliary
electrode in alkaline medium (KOH 1 mol L™). The CVs were recorded applying a potential from —0.15 V to +0.25
V and the GCD curves were acquired using different specific currents (0.5 — 15 A g ). The specific capacitance of the
materials was determined through the following equation [22, 23]:

it
AV 2)

where, C is the specific capacitance (F g '), i was the specific discharge current (A g '), At was the discharge time
(s), and AV was the change of potential during the discharge process. The Nyquist and Bode spectra were recorded
applying a DC potential of +0.25 V vs. Ag/AgCl (KCI 1 mol L") and frequency range from 10,000 Hz to 0.01 Hz with
a superimposing sinusoidal AC perturbation with amplitude of = 0.01 V.

3. Results and discussion
3.1 Chemical and structural analysis

The Co:Mn molar ratio for CoMn-75-LDH was obtained through ICP-OES, and it was found 76.6:23.4 in good
agreement with the expected values. Despite the slight discrepancy from the stoichiometry, we decided to maintain the
CoMn-75-LDH nomenclature assumed so far.
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Figure 1. XRD patterns of Co(OH), and CoMn-75-LDH (A). Survey XPS spectra (full range) of Co(OH), and CoMn-75-LDH samples (B) and Co 2p
high-resolution XPS spectra of Co(OH), and CoMn-75-LDH (C) and Mn 2p high-resolution XPS spectra of CoMn-75-LDH (D).

The X-ray diffraction patterns for samples are shown in Figure 1A, where is possible to observe the presence of
diffraction peaks at 10.50° and ~60° (Co(OH),) and 10.48° and ~60° (CoMn-75-LDH), besides a halo in the 26 region
from 15° to 40° as expected for a diffractogram of a material deposited on glass coverslips substrates. The peaks found
at low angle regions can be assigned to the 003 reflection plane, being attributed to the alpha phase, in accordance with
JCPDS card 38-0547, while peak around 60° can be related to the 110 reflection plane. In addition, the basal distances
determined through the Bragg equation for Co(OH), (8.42 A) and CoMn-75-LDH (8.44 A) are in agreement with the
literature [24-26]. Also, the average grain size for Co(OH), and CoMn-75-LDH was determined through the Debye-
Scherrer (Equation 1), and the values found were respectively 7.36 nm and 7.08 nm. Although, some small peaks can
be observed in the region 20 from 18 to 40° to CoMn-75-LDH, those peaks are not related to any manganese oxides or
reagents that were used in the synthesis.

The chemical composition and elemental valence states of Co(OH), and CoMn-75-LDH were determined
through the XPS technique (Figure 1B —1D). The survey XPS spectra of samples confirmed the existence of Co, Mn,
O, C elements (Figure 1B). In addition, the presence of element K was detected for the sample CoMn-75-LDH since
this sample did not undergo the same purification process as Co(OH),, and that element comes from the KOH of the
synthesis.

The Co 2p high-resolution XPS spectra for samples (Figure 1C) present two peaks related to spin-orbit doublets Co
2p1/2 and Co 2p3/2 at 796.32 eV and 780.5 eV (Co(OH),) and 795.59 ¢V and 779.71 eV (CoMn-75-LDH), in addition
to two satellite bands around 801.78 eV and 784.45 eV (Co(OH),) and 800.87 eV and 783.76 eV (CoMn-75-LDH),
confirming the existence of Co’ ions in the samples [27, 28]. The spectral profile of CoMn-75-LDH in the region of
Mn 2p transition showed two peaks attributed to spin-orbit doublets Mn 2p1/2 and Mn 2p3/2 at 652.93 eV and 640.9
eV (Figure 1D). In addition, the fitting peaks at 640.76 eV and 643.37 eV are related to existence of Mn>" and Mn™",
respectively. The presence of Mn in different valence states can enhance the electrochemical performance of CoMn-75-
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LDH since Mn ions can increase the electronic conductivity of the electrode material [29].
The nanostructure of the hydroxides was evaluated by TEM and High-Resolution TEM (HRTEM), and images are
displayed in Figure 2.

Figure 2. TEM and High-Resolution TEM images of Co(OH), (A, C and E) and CoMn-75-LDH (B, D and F) nanoparticles.

As shown in Figure 2A-2B, the nanoparticles of Co(OH), and CoMn-75-LDH are well dispersed, with spherical
shape, and without evidence of the agglomeration process. Nanoparticles with approximately ~5 nm diameter can be
view in HRTEM images (Figure 2C and 2D), respectively for Co(OH), and CoMn-75-LDH. In addition, interference
fringes related to the diffraction planes can be observed in expanded HRTEM images (Figure 2E and 2F), where the
inter-slab distance found to Co(OH), and CoMn-75-LDH were of 0.25 nm and 0.22 nm, respectively. These inter-slab
distance values are lower than those found in the literature for Co(OH), [30, 31]. That discrepancy may be related to
the in-situ conversion of metal hydroxides into metal oxide nanoparticles (Co-oxide and CoMn-oxide) during electron
microscopy imaging as consequence of the high vacuum in the sample chamber and by the local heating of the electron
beam, which can facilitate the dehydration/dehydroxilization process of the samples [18, 32].

3.2 Electrochemical behavior of electrode materials

To understand the electrochemical behavior of Co(OH), and CoMn-75-LDH electrodes, CV, GCD curves, and EIS
measurements were performed. The CVs were recorded in a potential range from —0.15 V to +0.25 V in an alkaline
medium (KOH 1 mol L") using a scan rate of 50 mV s '
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Figure 3. Cyclic voltammograms of Co(OH), (black line) and CoMn-75-LDH (red line) films obtained at 1000 rpm, using a scan rate of 50 mV s~

The electrode nanomaterials present distinct electrochemical profiles and both of them presented a pair of waves
related to Co**" redox process, and the Epa/Epc were found at +0.12/+0.076 V (Co(OH),) and +0.082/—0.014 V
(CoMn-75-LDH). The electrochemical profile presented by Co(OH), and CoMn-75-LDH in the Figure 3 can be
attributed to the corresponding electrochemical reaction,

Co(OH), + OH— <> CoOOH + H,O + e~
Co, Mn (OH), + OH— < Co, Mn OOH + H,O + e~

The CoMn-75-LDH containing 25% of Mn’" ions presented an ipa 2-fold higher (1.85 mA) than Co(OH), (0.86
mA). Therefore, the improvement of the electrochemical behavior of CoMn-75-LDH in comparison of Co(OH), can
be attributed to the isomorphic substitution of Co”" by Mn*”*" ions in the lattice structure of cobalt hydroxide since
manganese can transport more electrons than cobalt ions and thus increase the conductivity and the capacitance of the
material [17]. In addition, it is possible to confirm that CoMn-based electrode material is a layered double hydroxide
instead of mixed hydroxide since it was not observed two pairs of wave, related to Mn(OH), and Co(OH), in the cyclic
voltammograms (Figure 3), as reported by D. Bélanger & G. Laperricre [33].

The galvanostatic charge/discharge measurements were performed on Co(OH), and CoMn-75-LDH using different
specific currents (0.5, 1.0, 2.0, 5.0, 10.0, and 15.0 A g ') in a potential window from + 0.0 to + 0.25 V. All those GCD
curves for Co(OH), and CoMn-75-LDH are displayed in Figure 4A—4B. As it can be seen in Figure 4C, CoMn-75-LDH
electrode exhibited charge/discharge times higher than Co(OH),. Indeed, CoMn-75-LDH presented a discharge time of
339 s, whereas Co(OH), showed a discharge time of 135 s at specific current of 0.5 A g ', indicating that CoMn-75-LDH
electrode can store more energy than Co(OH), electrode. Furthermore, the specific capacitances of the nanomaterials
were determined using the Equation 2 and the values are plotted in Figure 4D. The CoMn-75-LDH electrode showed
with a specific capacitance of 677 F g ' at 0.5 A g ' and a good rate capability of 72.8%. Despite, the Co(OH), shows a
rate capability (70.1%) very similar to CoMn-75-LDH, the specific capacitance was 2.5-fold (268.7 F g ' at 0.5 A g ")
lower than those values reached for CoMn-75-LDH.
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Figure 4. Galvanostatic charge/discharge at various specific currents (0.5 — 15 A g™') for Co(OH), (A) and CoMn-75-LDH (B). Comparison of charge/
discharge curves between Co(OH), and CoMn-75-LDH at 0.5 A g' (C). Specific capacitance at different specific currents (D), cycling durability test
at 7 A g”' for 5000 cycles (E) and capacitance retention (F) for Co(OH), and CoMn-75-LDH.

In order to evaluate the cyclic stability of the Co(OH), and CoMn-75-LDH electrodes, cycling tests were
performed for 5000 consecutive charge/discharge cycles at 7 A g . The results plotted in Figure 4E showed that CoMn-
75-LDH electrode presented the high specific capacitance (330.1 F g'') in comparison to Co(OH), electrode (163.4 F
g ) at the end of 5000 cycles. As for the capacitance retention, Co(OH), retained 82.6% of its initial capacitance value,
whilst CoMn-75-LDH retained 70.6 % after 5000 charge/discharge cycles, as shown in Figure 4F. A possible reason for
the capacitance retention of CoMn-75-LDH be lower than Co(OH), can be related to leaching of the electrode material
to the electrolyte solution since our electrode material is binder-free. In fact, it was observed that some material from
electrode settled down at the bottom of the electrochemical cell after 5000 charge/discharge cycles.

Also, the electrochemical performance of CoMn-75-LDH was compared to other electrode materials based on
CoMn reported in the literature, as shown in Table 1. Although the works present a specific capacitance and capacitance
retention higher than CoMn-75-LDH, it is worth observing that our electrode material was submitted to 5000 charge/
discharge cycles, while the other electrodes were submitted at most 2000 charge/discharge cycles, excepted the
MnCo,0, electrode material reported by Li et al. [34] that was submitted to 4000 charge/discharge cycles. However, the
specific capacitance reached by the MnCo,O, electrode material was lower than CoMn-75-LDH.

Table 1. Electrochemical performance of CoMn-based electrode materials

Electrode material Specific capacitance (Fg') Retention (%) Cycles Specific current (A g™') Ref.
MnCo,0, 350.90 94.0% 4000 2 [34]
MnCo,0,@RGO 334.0 98.0% 2000 1 [35]
CoMn-LDH/CC 450.4 94.2% 2000 20 [17]
CoMn-LDH 427.0 91.6% 2000 5 [36]
CoMn-75-LDH 330.1 70.6% 5000 7 This work
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It is noteworthy that the electrochemical signature shown in the galvanostatic charge/discharge curves for Co(OH),
and CoMn-75-LDH (Figure 4A-4C) does not resemble battery-type materials, as reported in literature [11]. In order to
shed light about the mechanisms behind the charge storage for Co(OH), and CoMn-75-LDH electrode nanomaterials the
law power was used. In this sense, it is possible to determine whether the contribution for charge storage in the samples
is from the surface- or diffusion-controlled process, as following equation:

i=a 3)

where i is the current (mA), v is scan rate (Vs ') and a and b parameters are constants.

According to equation 3, when the b value is equal to 0.5, the electrochemical process is controlled by a semi-
infinite linear diffusion process (i = av"’), due to insertion/extraction of ions, whereas, when the b value is equal to 1, the
process is characteristic of a surface-controlled behavior (i = av). While, the former is more common for battery-type
materials, the latter is observed to capacitive and pseudocapacitive materials. Thus, the surface- or diffusion-controlled
process can be determined based on the b value, extracted from the linear relationship between log i and log v.

In Figure 5A and 5B are displayed the electrochemical behavior of hydroxide nanomaterials (Co(OH), and CoMn-
75-LDH) in different scan rates (5 — 50 mV s ). It is possible to observe that the shape of CVs was not affected with the
increase of the scan rate, however it was noted a slight potential shift of anodic and cathodic peaks towards the positive
and negative potentials, respectively, as can be seen for Co(OH), (Figure 5SA) and CoMn-75-LDH (Figure 5B). Those
potential shifts may be related to a limitation in the electron transfer kinetics caused by the diffusion of the ions inside
the films or even by the protons diffusion between the hydroxide immobilized in the electrode surface and the electrolyte
solution [37].
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Figure 5. Cyclic voltammograms of Co(OH), (A) and CoMn-75-LDH (B) at different scan rates (5 — 50 mV s™), the inset in (A) and (B) is Logarithm
relationship between anodic and cathodic current vs scan rate. Nyquist plot (C) and Bode phase (D) for Co(OH), and CoMn-75-LDH, the inset in (C)
is Nyquist plot at high frequencies and equivalent circuit.
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The parameter b was determined for Co(OH), (Figure 5A) and CoMn-75-LDH (Figure 5B) and the b values found
were 1.13 for both anodic and cathodic peak current (Co(OH),) and 0.87 and 0.88 respectively for anodic and cathodic
peak current (CoMn-75-LDH). The b = 1.13 value obtained for Co(OH), indicates a pseudocapacitive behavior for
charge storage mechanism. Similar results were reported by Kumar and Bag [38], where the b value was larger than
1 for 3D perovskites electrode materials, being attributed to an induced field caused by ion migration, modifying the
net potential across the active layer of the electrode material. Thus, the typical electrochemical signature for Co(OH),
(battery-type) can change and acquiring a behavior of extrinsic intercalation pseudocapacitance [39]. This behavior has
been reported by Dunn et al. [40, 41] when a conventional battery material is engineered at the nanoscale an “extrinsic
pseudocapacitive” behavior emerges. However, in the bulk phase, the same materials show a battery-like behavior [39,
42]. In fact, the nanostructured battery-type materials lead to fast redox kinetics due to the short diffusion pathways and
sometimes suppresses the phase transformations, which changes their electrochemical signatures from battery-like to the
pseudocapacitive-like behavior, presenting quasi-rectangular cyclic voltammetry and quasi-triangular charge/discharge
curves [39].

With an increase of 25% of Mn®" ions in the lattice structure of Co(OH),, the CoMn-75-LDH presented a b value
lower than Co(OH),. As the b parameter has an intermediate value between 0.5 and 1.0, it means that the charge
storage mechanism is controlled by both diffusion and pseudocapacitive process. Both pseudocapacitive and diffusion
contributions for charge storage in the a-CoMn-75-LDH is very interesting since they offer advantages of both of them
in a single material, which can rise the potentialities of the mixed hydroxide as promising electrode material in the
storage energy devices.

The electrochemical properties of FTO substrates modified with Co(OH), and CoMn-75-LDH can be better
understood through EIS measurements, where is possible investigate ion diffusion and charge transfer on the electrode/
electrolyte interface, as shown in Figure 5C. The equivalent circuit is shown as an inset in Figure 7C and the resultant
EIS data were simulated and fitted by the components of resistance, impedance, and capacitance such as solution
resistance (R,), charge transfer resistance (R,), the Warburg impedance (Z,), pseudocapacitance (Cpseudo) and double
layer capacitance (C,) [43]. Rs can be obtained by the high-frequency intercept on the real axis[44].

Through the Nyquist plots of Co(OH), and CoMn-75-LDH electrodes is possible to observe a small semicircle at
high frequencies region (inset in Figure 5C), corresponding to very fast charge transfers process of the electrochemical
reaction. Also, it can be identified a near vertical shaped line (with inclination of ~90°) at low frequency regions, in
accordance with Warburg diffusion related to the diffusion of electrolyte within the pores of the electrode [45] with a
faster ion diffusion rate. These characteristics are suggestive of favorable kinetics for rate capability performance [46].
Besides, from analyses of the Bode phase plots of Co(OH), and CoMn-75-LDH electrodes exhibited in Figure 5D,
both hydroxide-based electrodes have a strong contribution derived from a pseudocapacitive electrochemical behavior
that occurs at low frequencies (ideal capacitor shows the phase angle of 90°) [46]. In fact, it was verified the strong
capacitive behavior in the low-frequency range characterized by an exponent (n) of the constant phase element (CPE)
of 0.757 for the Co(OH),, a value greater than that obtained for CoMn-75-LDH (n=0.531), as expected its greater
pseudocapacitance.

Table 2. Electrochemical performance of CoMn-based electrode materials

Samples R, () R, () Cay (0F) Ca (0F) Cpscudo (uF)
Co(OH), 12.90 2.00 7.01 8.28 16.36
CoMn-75-LDH 12.50 4.00 14.10 10.00 496.61

According to the proposed equivalent circuit (inset in Figure 5C), it was possible to obtain some parameters, which
are listed in Table 2. The Co(OH), presented a charge transfer resistance (Rct) of 2.0 ohms, whereas CoMn-75-LDH
presented a value of 4.0 ohms. The increasing of Rct value for CoMn-75-LDH can be related to the coexistence of two
energy storage mechanisms (capacitive- and diffusion-controlled process), as confirmed by the presence of additional
constant phase elements in the proposed equivalent circuit (CdI2). In addition, the pseudocapacitance of materials was
determined, and the values for Co(OH), and CoMn-75-LDH were respectively 16.4 uF and 496.6 pF, in concordance
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with previous studies (CV and GCD curves). Those results demonstrate that the isomorphic substitution of Co®” by
Mn*"*" jons in the lattice structure of Co(OH), contributed to a better energy storage performance of CoMn-75-LDH
electrode.

4. Conclusion

In summary, nanomaterials based on a-cobalt hydroxide and cobalt/manganese layered double hydroxide were
synthesized using the Tower method. Surprisingly, electrochemical studies revealed that the Co(OH), presented an
extrinsic intercalation pseudocapacitance behavior instead of purely faradaic (classic battery-type material behavior).
As for CoMn-75-LDH, it was observed that both the surface and diffusional processes contribute to the charge storage
mechanism. In addition, the isomorphic substitution of Co’" by Mn>"*" in the lattice structure of Co(OH), contributed to
improving the electrochemical performance of the material as compared to Co(OH), pure. In fact, the mixed CoMn-75-
LDH presented a specific capacitance of 677 F g™ at 0.5 A g~ (2.5-fold higher than Co(OH),) and a good rate capability.
Besides, even after 5000 consecutive cycles of charge/discharge, the CoMn-75-LDH retained 70.6% of its initial specific
capacitance, being a promising electrode material for hybrid supercapacitor device.
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