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ABSTRACT: In this research, facile and low cost synthesis methods, electrodeposition at
constant current density and anodization at various applied voltages, were used to produce
hierarchical cobalt oxide/hydroxide nanoflakes on top of porous anodized cobalt layer. The
maximum electrochemical capacitance of 601 mF cm™ at scan rate of 2 mV s~ was
achieved for 30 V optimized anodization applied voltage with high stability. Morphology
and surface chemical composition were determined by scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) analysis. The size, thickness, and
density of nanoflakes, as well as length of the porous anodized Co layer were measured
about 460 + 45 nm, 52 + 5 nm, 22 + 3 um > and 3.4 = 0.3 um for the optimized
anodization voltage, respectively. Moreover, the effect of anodization voltage on the
resulting supercapacitance was modeled by using the Butler—Volmer formalism. The
behavior of the modeled capacitance in different anodization voltages was in good
agreement with the measured experimental data, and it was found that the role and

contribution of the porous morphology was more decisive than structure of nanoflakes in
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the supercapacitance application.
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1. INTRODUCTION

Energy production and storage are the most important issues
for human’s today economy and industry. The most promising
source of clean energy is sunlight acting in a sustainable way.
Examples include conversion of solar energy into chemical
energy by generation of hydrogen fuel”” and electricity by
photovoltaic devices.”* On the other hand, the energy storage
devices, such as rechargeable small-sized ion batteries™® and
supercapacitors (SCs),’”” are extremely being investigated in
past decade. SCs can store energy on the basis of both charge
accumulation (e.g, carbon base materials) and reversible
Faradaic reactions (e.g, metal oxides) on the surface.''1?
The former is called electric double layer capacitor (EDLC),
and the latter is named as pseudocapacitor. SCs have higher
power density and faster charge/discharge rate as compared
with conventional batteries.">'* However, a lower amount of
energy storage in SCs and their lifetimes in comparison with
rechargeable batteries are two key challenges for scientists.
Researchers are trying to increase the energy storage (i.e.,
capacitance and working voltage) and lifetime and, simulta-
neously, decrease the price of these kinds of capacitors. To
achieve these targets, materials, such as ruthenium(IV) oxide,"
manganese dioxide,"®'” cobalt oxide/hydroxide,'®™*® nickel(II)
oxide/hydroxide,21_23 FeOOH,** FeCo0,0,,* CoNiZO4,26
Ni;S,/Co5S,,>” and CoNi,S,*® have been employed as
supercapacitors in the past few years.”” Among them cobalt

-4 ACS Publications  © 2015 American Chemical Society

oxide/hydroxide has maximum theoretical pseudocapacitance
of about 3500 F g~'.**7>* Supporting Information Table S1
shows a summary review of the most cited papers on cobalt
oxide/hydroxide nanostructured materials synthesized by
different methods that have been published in past decade.
As shown in the table, various nanostructured shapes
(mesoporous, nanoflakes, nanotubes, nanowires, and etc.)
have been synthesized and their electrochemical characteristics
were investigated by different researchers in this period.
However, despite several published works on pure theoretical
semi-empirical aspects of supercapacitors;*>>® there is no
theoretical model on the effect of morphology on the
electrochemical capacitance of the nanostructured cobalt
oxide/hydroxide systems.

Recently, self-organized cobalt oxide nanoporous thin film
has been grown on cobalt (Co) foil by anodization method by
Schmuki’s group for the first time.”” They have overcome the
problem of oxygen evolution during the anodization process
and have found the optimum conditions for successful anodic
growth with high-aspect-ratio ordered nanoporous layers. In
here, we have used electrodeposition as a facile and low cost
method for formation of cobalt oxide/hydroxide layers
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containing nanoflakes on top. Then, the electrodeposited layers
were anodized resulted in layers containing nanoflakes on top
of the porous structure. The effect of anodization voltages on
the surface morphologies, chemical compositions and the
resulting electrochemical capacitances are all measured and
modeled. The proposed semi-empirical model described
experimental observations as well as the contribution of each
part (nanoflakes and porous anodized layer) in the overall
supercapacitance value.

2. EXPERIMENTAL SECTION

2.1. Electrodeposition. Cobalt (Co) layers were electrodeposited
on copper (Cu) foil substrates by galvanostat mode using a
conventional three-electrode cell configuration and by a galvanostat/
potentiostat (Autolab PGSTAT302). The solutions contained 0.5 M
CoCl, (Sigma-Aldrich, > 98%) and 0.5 M H;BO; (Sigma, 99.5%). The
applied current density and the growth time were fixed at 28 mA cm™
and 2000 s, respectively. The copper electrodes were etched prior to
each experiment using a diluted nitric acid (Merck, 60%) solution for 1
min. The counter and reference electrodes were platinum (99.99%
purity, 1.5 X 1.5 cm?® sheet) and Ag/AgCl. The thickness of all
electrodeposited cobalt layers was measured 16 + 1 ym using SEM
images (see Supporting Information, Figure S1).

2.2. Anodization. Porous nanostructures were synthesized by
anodizing the electrodeposited cobalt layers under different applied
voltages ranging from S to 50 V for 7 h. The electrolyte solution
contained a mixed ethylene glycol (EG) with glycerol (Gly) solvent
(volume ratio of 1 to 3), 2 M deionized (DI) water, and 0.54 M NH,F.
The temperature of electrolyte was reduced to about 6 &+ 1 °C by an
ice bath to prevent oxygen evolution reactions on the film/electrolyte
interface during the growth.>* Otherwise, the anodized cobalt layers
will be dissolved due to anodization at room (or higher) temperature
into the electrolyte and disordered structure will be formed (see
Supporting Information Figure S2). The geometric surface area of
each sample was 0.25 + 0.02 cm”.

2.3. Characterizations. The size and morphology of the prepared
cobalt oxide/hydroxide films and their surface chemical compositions
were characterized by scanning electron microscopy (SEM, TESCAN-
VEGA3-SB) and X-ray photoelectron spectroscopy (XPS), using
monochromatic AIK,, radiation source (1486.6 eV), respectively. All
binding energy values were calibrated by fixing the C (1s) core level to
the 285.0 eV. In addition, all of the peaks were deconvoluted using
SDP software (version 4.1) with 80% Gaussian—20% Lorentzian peak
fitting. The accuracy in binding energy measurements was 0.1 eV. It
must be noted that all samples were characterized by using SEM and
XPS just after the initial electrochemical activation step by cyclic
voltammetry (100-cycle at 200 mV s™%).

2.4. Electrochemical Measurements. The electrochemical
properties of the samples were studied using galvanostat/potentiostat
system (Autolab, PGSTAT302) and cyclic voltammetry (CV),
chronopotentiometry (CP), and electrochemical impedance spectros-
copy (EIS) techniques. Similar to synthesis step, the counter and
reference electrodes were platinum (99.99% purity, 1.5 X 1.5 cm?
sheet) and Ag/AgCl. In addition, 1 M KOH aqueous solution was
used as the electrolyte for these experiments. An initial electrochemical
activation step had been performed for all working electrodes before
collecting data (100-cycle activation at 200 mV s71).*® The specific
electrochemical capacitances (capacitance per geometric surface area)
of the prepared nanostructures were calculated from the recorded CV
curves based on the equation
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where C,, J(V) and v are the specific electrochemical capacitance (mF

cm_z), current density response (mA cm_z), and scan rate (V s_l),
respectively. V; and V; represent the initial and final voltages,

respectively. The Coulombic efficiency (17) was calculated from the
galvanostatic charge/discharge tests by using the relation®
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where t. and t; represent the time of charge and discharge,
respectively. The energy density (E) and power density (P) was
estimated by the following equations:
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AV is the potential window. EIS measurements were also carried out
by applying an AC voltage with S mV amplitude in a frequency range
from 0.01 Hz to 100 kHz at 0.5 V applied voltage.

3. RESULTS AND DISCUSSION

3.1. Structure Characterization. As reported by Schmu-
ki’s group,37 in the anodization method, it is essential that the
rate of oxide formation by O*~ (K,,) must be in equilibrium
with the rate of etching of oxide by F~ (Kg,,) for an ordered
porous structure. This condition is occurred at optimum
applied voltage, water content, and fluorine concentration, as
well as electrolyte temperature.’”***" In here, all these
parameters have been optimized by a systematic careful study
(see for example Supporting Information Figure S2 and Figure
S3). For saving spaces only the effect of anodization voltage on
the prepared samples will be reported in the main text. The
SEM images of the non-anodized and anodized samples at
different applied voltages are shown in Figure 1. It exhibits a
uniform structure with interconnected hierarchical nanoflakes,
which have anisotropic morphology on the surface.*>*

Figure 1. SEM images of the non-anodized (a) and anodized samples
at different applied voltages: (b) S, (c) 10, (d) 20, (e) 30, (f) 40, and
(g) SO V. Inset: Cross section view of the corresponding samples. (h)
A typical photograph of a sample.

According to image analysis, the structural parameters of the
prepared films were measured and results summarized in Table
1. The density of nanoflakes (1) was estimated about 27 ym™>
and 20 pum~* for the non-anodized and anodized samples
prepared in range of 10 < V < 30 V, respectively. On the basis
of our data analysis, it was decreased to about zero by
increasing the anodization voltage from 30 to 50 V. The inter
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Table 1. Morphological Characteristics of the Prepared
Films

film flake
anodization thickness | flake size d  thickness w  flake density
voltage (V) (um) (nm) (nm) n (um=2)
0 465 + 35 133 £ 21 27 £ 4
5 09 £02 410 + 35 3+6 21+ 3
10 12 +02 375 £+ 30 S2+5 19+3
20 20+ 03 315 + 30 49+6 18+3
30 34 +03 460 + 45 S2+5 22+ 3
40 24 +£03 445 + 45 S4+7 13+2
50 20+03 0

space between nanoflakes is too large (much greater than OH~
ionic radius of 0.110 nm) which can act as an appropriate
channel for ion diffusion through the porous layer. Moreover,
the thickness of porous anodized layer (I) was increased to 3.4
+ 0.3 um by increasing the voltage up to 30 V, while, it was
decreased to 2.0 + 0.3 um by further increasing the anodization
voltage to 50 V. The reduction of n and [ were attributed to the
dissolution of the surface cobalt oxide into the electrolyte by
chemical attack of the fluorine (F~) ions.*” Hence, the
optimum anodization voltage was obtained at 30 V, which
led to the thickest porous layer accompanied by uniformly
distributed nanoflakes. For higher applied anodization voltages,
K was found higher than K, leading to a lower surface area.
It is worthy to note that the size of nanoflakes (d) for the
sample prepared at 30 V was 460 + 45 nm, which was the
maximum value among all the anodized samples prepared in
different voltages. The size of nanoflakes was measured and
varied from 300 to 500 nm for all samples. The thickness of the
nanoflakes (w) was also about 133 and SO nm for the non-
anodized and anodized samples, respectively (Table 1). The
action and presence of F~ ions were responsible for reduction
of thickness of the nanoflakes at higher anodization voltage.*

It is well established that the morphology of a nanostructure
plays an important role for chemical accessibility of OH into
the solid porous phase (by controlling the diffusion process),
but at the same time, it has to provide the surface with high
degree of activity which is crucial in supercapacitance
applications.** The sample prepared at 30 V applied
anodization voltage possessed the maximum surface area. In
addition, as the porous layer formed by action of O*~ there
must be no barrier for diffusion or field-assisted drift of OH™
ions through the solid porous phase. (It will be shown that the
reactions are surface controlled.) Therefore, this sample can be
considered as an eflicient electrode under our experimental
condition for supercapacitance applications.

3.2. Surface Chemical Composition. To determine
surface chemical composition and oxidation state of the
samples, XPS measurements were performed. XPS survey
spectrum analysis of the films (see Supporting Information
Figure S4) reveals that only Co, O, C, a trace amount of Cl, and
metallic Cu presented on the surface. The carbon was
originated from the air pollution and/or CO/CO, adsorption
on the surface of the samples. Figure 2 shows the O (1s) and
Co (2ps,) XPS spectra of [Co;0,],[Co(OH),],_, samples
before and after anodization at different applied voltages (10,
30, and S0 V). The O (1s) peaks at 529.9 and 5312 eV
attributed to oxygen in Co;0, and Co(OH), compound
(Figure 2a). It is obvious that the samples had tendency to shift
to Co(OH), phase as the applied voltage increased.

Co(OH),
C0,0,

0 (1s) (a)

Intensity (a.u.)

Non- Anodize

536 534 532 530 528 526
Binding energy (eV)

(b)

Intensity (a.u.)

Non- Anodized
(SP2)

Binding energy (eV)

Figure 2. O (1s) (a) and Co (2p5,,) core levels (b) XPS spectra of the
non-anodized and anodized samples at different voltages. I-IV are
correspond to Co;0, phase at 779.8 eV, Co(OH), phase at 781.5 eV,
asymmetry compensation for cobalt oxide/hydroxide phase 781.3 and
782.3 eV, respectively. Satellite peaks for cobalt hydroxide and cobalt
hydroxide is shown by (SP1) and (SP2).

Besides, the Co (2p/,) spectra was deconvoluted to four
main peaks were related to** (I) Co;0, phase at 779.8 eV, (II)
Co(OH), phase at 781.5 eV, (IIT) 781.3 €V, and (IV) 782.3 eV
(Figure 2b). The two latter peaks were considered to
compensate asymmetry in cobalt oxide/hydroxide phase in
deconvolution of Co (2ps,,). Two strong satellite features at
786.1 eV or 789.5 are indicative of a film dominated by
Co(OH), or Co;0, phases, respectively.*>~* By analysis of the
deconvoluted curves, the quantity of x in the [Co;0,],[Co-
(OH),],_, was calculated 57 + 2% for the non-anodized 50 +
5%, 34 + 3% and 32 + 3% for anodized samples at 10, 30, and
50 V, respectively (Supporting Information Figure SS). Hence,
the surface composition of the non-anodized sample was
[C0304]0.57[Co(OH),]0 43 and it transformed to
[C030,4]032[Co(OH), ]y s after applying anodic voltages at SO
V.

3.3. Electrochemical Analysis. Figure 3a shows the typical
CV curves of the cobalt oxide/hydroxide nanostructures at the
scan rate of 20 mV s~ from —0.1 to 0.55 V potential ranges.
Three redox peaks were clearly observed at about 0.08, 0.28,
and 0.46 V, which corresponded to the conversion between
different cobalt oxidation states according to the following

reactions: > #8730
Co(OH), + OH™ — CoOOH + H,0 + e~ (3)
Co;0, + H,O0 + OH — 3CoOOH + e~ (6)
CoOOH + OH™ — CoO, + H,0 + ¢~ 7)

The presence of cobalt oxide/hydroxide phases shown in CV
curves was also verified by our XPS data. It is obvious that the
anodic current density of the sample prepared at 30 V applied
voltage was higher than the other ones. Hence, this sample
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Figure 3. (a) CV curve of the prepared sample at constant scan rate of
20 mV s for different anodization voltages and (b) the CV curves of
the optimum sample (V30,) at different scan rates. Inset: Peak current
density of the V3% versus scan rate.

exhibited the maximum electrochemical output as a super-
capacitor. Besides, the CV curves of this sample were
investigated at different scan rates v (Figure 3b). By increasing
v, the oxidation and reduction peaks shifted continuously to
higher and lower potentials, respectively, leading to a larger
potential separation between them. The linear behavior in the
J,—v diagram implied that the electron transfer processes were
surface controlled.>** In addition, it should be noted that the
contribution of Cu substrates was negligible (less than 1%) as
compared with obtained result.

Figure 4 shows the specific capacitance as a function of
anodization voltages and scan rates. The capacitance of the
non-anodized sample was measured 44 mF cm™2, and it

& 500 { ccanrate=2mv s
£
G 400 -
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£ 300 |
[
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E 200 -
8 100
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© o . T r . .
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5 400 | (3)10V  (6)40V ( )
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Figure 4. Specific capacitance as a function of the applied anodization
voltages (a) and scan rates (b) in different voltages.

11175

reached to a maximum value of 458 mF cm™ for the optimum
sample (V30;) because of its higher surface area (or higher
active mass density of about 2 mg cm™*). Considering Table 1,
by increasing the applied voltage to higher than 30 V, the flakes
started to disappear, and the thickness of the anodized porous
layer was decreased. Subsequently, the capacitance of the films
decreased to 229 mF cm™ for the sample anodized at 50 V
anodic voltage. Moreover, it should be noted that the
capacitance of the Viovy sample was higher as compared to
others for the all scan rates examined in this study (Figure 4b).

The charge/discharge curves of the porous nanoflake
C0;0,/Co(OH), electrodes were evaluated by galvanostatic
charge/discharge cycles at a constant current density of 10 mA
em™? in —0.2—0.55 V potential range, which is presented in
Figure 5. The slow potential decays in this potential range were

- 0.6 (1) Non-Anodized
o (2) 5V
2’ 0.4 (3)10Vv (a)
3% (4)20v
< (5)30V
@ (6)40V
; 0.2 (7)50 v
Y
g o
2

-0.2 T T Y T T

0 10 20 30 40 50
Time (s)
;@140 -
£ 120 - e 521 mFemt (b)
2100 4* 517 mFem?
< " 100
7] 4 P
& 80 4 458 chmzﬁ %
S 60 - = 8o fi_‘/‘\\‘
s s 70
<
5 40 4 60
S 50  Vanea=30V 0 10 20 30 40 50
§ i= 100 mA/cm? Anodization voltage (V)
0 T

0 1000 2000 3000 4000
Cycle Number

Figure S. (a) Charge/discharge curves at constant current density 10
mA cm™ and (b) capacitance retention of the optimized sample (30 V
applied voltage) as a function of cycle number obtained by
galvanostatic charge/discharge mode at 100 mA cm 2 Inset:
Coulombic efficiency versus applied anodization voltage.

attributed to surface redox reactions which were in agreement
with the result of CV tests.’® The V30V, sample had 27.1 + 0.1
and 25.2 + 0.1 s charge and discharge time interval acquiring
the maximum electrochemical capacitance. The Coulombic
efficiency (17) was calculated by charge/discharge curves for
each anodization voltage and the result is shown in inset of
Figure Sb. 7 was maximum for the V3ovy sample with 92% and it
implied that the surface reactions were reversible as compared
to other voltages. The durability of the V3ov; sample was
measured by galvanostatic charge/discharge mode for 4000
cycle number (Figure Sb). Capacitance retention was increased
to about 126% after 1000 cycles for the optimum sample
because of surface chemical activation of the electrode via
increasing the contact area between the electrode and the
electrolyte during cycling.”®** Then, it was highly stable for
2000 cycles with specific electrochemical capacitance value of
about 601 mF cm™. After 3000 cycles, a drop was observed
which is because of dissolution of active material by OH™ ions
during cycling at the interface of porous layer and compact

solid phase (see Supporting Information Figure S6). Besides,
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the energy density and power density of the Vioy sample was

obtained at about 0.4 Wh m™ and 56 W m™ at current density
of 10 mA cm™?, respectively. The energy density was reduced
to about 35% of the first value when electrode worked at 10
times higher power density (see Supporting Information Figure
S7). Further, the performance of this sample will be lower than
expected when they will be used in a full device.>*

Figure 6a shows Nyquist plots of the non-anodized and
anodized samples exhibit a typical semicircle at tested frequency

75
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Figure 6. (a) Nyquist plots of non-anodized and anodized samples.
The inset is the equivalent circuit. (b) The fitted normalized
capacitances and charge transfer resistances versus applied anodization
voltage. The geometric surface area of each sample was 0.25 + 0.02
cm?,

region. The average values of the ohmic resistance of the
electrolytes and cell components (R,) was 6.1 + 0.1 Q.
Meanwhile, the semicircle corresponds to parallel RC elements,
the charge transfer resistance (R,), and the constant phase
capacitance (CPE).>® The radii of the semicircles were
decreased by increasing the applied voltage indicating better
charge transfer process for higher anodization voltages. The
fitted values of the capacitances and R, are shown in Figure 6b.
The behavior of the fitted capacitance (CPE constant was 0.85
+ 0.02) which was obtained by EIS experiment showing a good
agreement with the electrochemical data. The smallest and
highest normalized capacitance of about 35 and 546 mF cm™>
were obtained (by EIS analysis) for the non-anodized and V33
samples, respectively.

4. SEMI-EMPIRICAL MODELING

For further understanding the nature and physics of optimized
supercapacitance, we have used a semi-empirical model. Figure
7 shows schematic representation of the nanostructured layers.
The following assumptions were made in this model: (1) Only
faradaic reactions occurred and double layer charging was
ignored as a result of EIS fitting. (2) Both Co;0, and Co(OH),
composition had about the same electrochemical ca};acitance
(their theoretical capacitances are about ~3500 F g™*). 0732 (3)
No charge carrier accumulation occurred on the solid phase
because the rate-determining step (RDS) is the OH™ ion

oH o# . lon
’ transfer

Faradic
reaction

Charge
" carrier
transition

2. Porous anodized
layer: ~1-3 ym

Electrodeposited Co layer

Figure 7. Schematic representation of the chemical reactions and
charge carrier processes of cobalt oxide/hydroxide nanoflakes on
anodized layer. Regions: (1) Nanoflakes and (2) ordered anodized
layer. The C; is the electrochemical capacitance of each layer.

diffusion process (see Supporting Information). (4) The
porosity of the prepared samples did not have any limiting
effect on the diffusion processes and the reactions are surface
controlled. (5) The porosity of the anodized layers was
homogeneous. Hence, the current, i, as a function of the
potential is given by Butler—Volmer equation®"

i= io[eaa/}Fn/RT _ e—acﬁPn/RT] (8)
where iy, 7, B, F, R, and T are the exchange current, activation
overpotential (V), number of electrons involved in the
electrode reaction, Faraday constant (96485 C mol™),
universal gas constant (8.31 J mol™" K™'), and temperature
(K), respectively. @, and a, are anodic and cathodic charge
transfer coefficients. By dividing the total effective surface area
of the prepared electrodes into two regions, (1) nanoflakes and
(2) ordered anodized layer (Figure 7), we can consider the
overall current of the electrode as following:

i=1i +i, 9)

On the other hand, total specific capacitance of the electrode,
C%%!(v), has a linear relation to total current and i is proportion
to electrochemical active sites (v is the scan rate in CV tests).
Therefore, C*!(v) can be written as a summation function of
total electrochemical active sites (s;) of each part

W) = D) s = KWAT + K0V, (10)
i 10

where K;(v) and K,(v) are coefficients that indicate the weight
factor of each region involved in total electrochemical
capacitance as a function of scan rate (Figure 7). These
parameters will be calculated by initial inputs from experimental
results. These weights are parameters were substituted for
unknown quantity e.g. porosity of each part. The A$¥ and V, are
effective surface area of the region 1 and volume of the region
2, and they can be written in terms of quantities that obtained
from our SEM images. A$" is proportional to outer surface area
of nanoflake region and thus flake density can be written as A"
= nS (n(d/2)* + 1/2x d w). In the model, we considered a
semicircular shape for all the nanoflakes and each of them had
two lateral surfaces. The quantity S = 0.25 cm® is the total
geometric surface area of the samples. V, is proportional the
amount of matter which was anodized or the thickness of
anodized layer: V, = S I. Hence, the total capacitance of the
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proposed model was considered by gathering together the
following equation:

7 7

cetly) = Kl(l/)nS(Zdz + zalw) + K,(v)SI an

By inserting the initial inputs, the weight factor, we
determined K;(v) and K,(v) at each scan rate. For example,
at scan rate of 2 mV s}, (I) I = 0 and C*™ (2) = 44 mF cm ™2 at
V = 0 (non-anodized sample), K; () was calculated, and at (II)
n =0, C%?2) =229 mF cm™ at V = 50 V, and therefore,
K;(v) was obtained. Figure 8a showed that power-law behavior
was observed with exponents: —0.1 and —0.3 for K;(v) and
K,(v), respectively.

7 1.5
_ z(a)
&6 & 1.2 «~
£ K,=4.9 v X
w 5 L 09 £
£ o
- w
- 4 - 0.6
¥ €mneees K;=31.5 V03 ~E;
@3 L 0.3 X
X
n
2 . - , . 0.0
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Scan Rate (mV S)
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Experiment
10 20 30 40 50

Anodization voltage (V)

Figure 8. (a) Coefficient K; and K, (both multiplied by geometric
surface area) plotted as a function of scan rate. (b) The modeled and
experimental capacitance as a function of applied anodization voltages
at scan rate of 2 mV s~

To evaluate the model, at scan rate of 2 mV s™}, the modeled
capacitance and the measured experiment data for each applied
voltage were plotted and the results are shown in Figure 8b.
The behavior of the modeled capacitance was completely
consistent with experimental data especially at higher
anodization voltage. It is obvious that the contribution of the
anodized layer was more pronounced than the nanoflakes in
supercapacitance amount (because the ratio K,/K; > 1 cm™).
Therefore, a thicker porous Co oxide/hydroxide can be more
effective than other facial nanostructures in supercapacitance
applications. Of course, the ordered nanosheets (e.g, with
micrometer length in size or higher d) can be competin§ with
porous structures because of their large surface area.'”'® In
addition, the authors propose that the effect of porosity can be
applied in the above equation (eq 11) as a correction factor for

modifying the model.
5. CONCLUSIONS

In summary, metal cobalt layers had been electrodeposited on
copper substrates. These prepared layers were anodized at
different applied voltage to form cobalt oxide/hydroxide
nanoflakes on top of the porous layers. The thickness of
porous layers and shape and density of nanoflakes were tuned
and investigated by SEM images resulted in determination of

optimized electrode formed at 30 V anodization voltage (Vioy

with maximum surface area (or higher active mass density of
about 2 mg cm™?). The XPS analysis revealed that by increasing
anodization applied voltage, the surface chemical composition
had also shifted to cobalt hydroxide phase. The maximum
electrochemical capacitance was calculated based on analysis of
CV curves and resulted in supercapacitance of 601 mF cm™ at
scan rate 2 mV s~ for the V2O, electrode. The effect of
anodization voltage on formation of Co;0,/Co(OH),
electrode was modeled and found that the contribution of
porous layer was more decisive than nanoflakes structure in
supercapacitance application. Finally, the prepared nano-
structured cobalt oxide/hydroxide electrode can be introduced
as a low price and highly stable supercapacitor in energy storage
realm.
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