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Nanoflakes of the cobaltous oxide as a thin film were deposited from a 100 mM cobalt (II) nitrate solution
potentiostatically at —1000 mV (vs. Ag/AgCl) onto a platinum electrode surface. Surface morphology of
the cobaltous oxide was studied by surface microscopy techniques (SEM, AFM and STM) and the elec-
trochemical behavior was evaluated in alkaline solution using cyclic voltammetry and electrochemical
impedance spectroscopy. Using cyclic voltammetry, the electron-transfer coefficient and the apparent

charge-transfer rate constant of various redox transitions were determined. The cobaltous oxide elec-

Keywords:

Cobaltous oxide
Nanoflake

AFM

ST™M

Impedance spectroscopy

trode represented prominent electrocatalytic activity toward the mediated electrooxidation of ascorbic
acid, glucose and methanol. In the Nyquist diagrams, different time constants appeared with relation to
different physicochemical processes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Metal and metal oxide nanostructured have become an area of
growing interest and importance in a wide range of fundamental
studies and technological applications, due to their unique size- and
shape-dependent activities, optical, electronic, magnetic, chemi-
cal, electrochemical and mechanical properties when compared to
their bulk counterparts [1]. These nanostructured materials rep-
resent comparable characteristic length scales with the critical
length scales of physical phenomena [2], quantum confinement
phenomena [3] and surface effects [4] which lead to size- and
shape-dependent kinetics and thermodynamics [5]. Herein, nanos-
tructured oxide materials have played important roles in corrosion,
catalysis, electrocatalysis, electroanalysis, fuel cells, and photonic
processes [5-8].

The preparation and characterization of cobalt oxides have
been extensively studied due to attractive applications in batteries
[9], supercapacitors [10], solar cells [11], catalysis [12], corrosion
protective coatings [13], magnetic nanostructures and magnetic
storage systems [14], electrochromic [15] and other devices [16].
Cobalt oxides have also been used in oxygen evolution [17] and
reduction [18] reactions, ion exchange process [19] and design
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of the modified electrodes aiming at applications in electrooxida-
tion of carbohydrates and thiols [20-22], hydrogen peroxide [23],
aspirin and acetaminophen [24], hydroquinone [25] and alcohols
[26]. In this regard, various methods of preparation, ranging from
spray pyrolysis [27], sonication assisted methods [28], sputtering
[29], thermal salt decomposition [30], powder immobilization [31],
vy-irradiation [32], sol-gel technique [33] to electrodeposition from
aqueous solutions [12,20,21,24,34] have been considered. Among
the approached methods mentioned above, those which attained
to nanostructured cobalt oxides are of the most interesting. This is
due to the superior physical and chemical properties of nanosize of
this oxide, compared to the polycrystalline counterpart [35]. Supe-
rior characteristics of nanostructured cobalt oxides can arise from
the enhancement of surface reactivity upon particle size decreasing
[36], presence of high degree of defects and disorders at the surface
[37]and nonstoichiometric phase [38], unique electronic structures
and higher activities for solid-state ion transport [39]. Nanostruc-
tured cobalt oxides were synthesized using different methods of
mechanochemical synthesis [40], reduction/oxidation route [32]
metal organic chemical vapor deposition [41], and chemical pre-
cipitation in the presence of poly(ethyleneimine) as a soft template
[42]. However, development of simple and template-free methods
for the synthesis of nanostructured cobalt oxides that present supe-
rior electrochemical behaviors has received continuous interest.

In this work, nanoflakes of cobaltous oxide using a simple
template-free electrodeposition procedure was synthesized and
characterized.
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2. Experimental
2.1. Chemicals and reagents

All chemicals used in this work including Co(NO3),-6H,0 were
of analytical grade from Merck and used as received. All solutions
were prepared by doubly distilled water.

2.2. Apparatus

Electrochemical measurements were carried out in a conven-
tional three-electrode cell contained 100 mM NaOH solution as
supporting electrolyte which powered by an electrochemical sys-
tem comprising of AUTOLAB system with PGSTAT30 and FRA2
boards (Eco Chemie, Utrecht, The Netherlands). CV data were
recorded in the analogue mode with a fast analogue scan genera-
tor (SCANGEN) in combination with a fast AD converter (ADC 750).
The system was run on a PC using GPES and FRA 4.9 softwares.
For impedance measurements, the frequency range of 100 kHz to
25 mHz was employed. The ac voltage amplitude used was 10 mV
and the equilibrium time was 5s. A dual Ag/AgCl-Sat’d KCI (from
Metrohm) [+197 mV vs. SHE] and a platinum disk were used as
reference and counter electrodes, respectively. The working elec-
trode was a platinum (Pt) electrode (modified with cobaltous oxide
or else, from Azar Electrode Co., Iran) exposing surface area of
0.0314cm?.

Microstructure of the electrodeposited oxide was studied
using different surface microscopy techniques. Scanning electron
microscopy (SEM) was performed by a Tescan Vega Il HiVac
instrument, equipped with the energy dispersive X-ray elemental
analysis capabilities (EDX) to measure the chemical composi-
tion of the upper most layers of the electrode surface. Atomic
force microscopy (AFM) was performed in ambient conditions
using Nanosurf Mobile S instrument, operating in non-contact
mode. Scanning tunneling microscopy (STM) was done ex situ at
ambient temperature in air in constant current mode using NAMA-
STM instrument model SS2. Typical tunneling current and applied
voltages for STM imaging were 0.5nA and 1-2V, at scan rate
of 2Hz.

XRD (X-ray diffraction) patterns were measured by a Philips
X'Pert, The Netherlands, using Cu Ko radiation at 40 kV and 30 mA
in the 26 degree range from 10° to 90°.

2.3. Preparation of the nanoflakes of cobaltous oxide electrode

Prior to each electrode modification, traces of cobalt species
were removed from the Pt surface by soaking the electrode in nitric
acid (50%, v/v) for a few minutes. Successively, the electrode was
polished with 0.05 wm alumina suspension on a piece of chamois
leather, followed by sonication for 5min in an ultrasonic bath in
a 1:1 ethanol/redistilled water mixture. The electrode was then
transferred to the 1.0 M sulfuric acid solution. Potential in the range
of —250 to 1750 mV in a regime of cyclic voltammetry was applied
for 20 cycles. Afterward, the electrode was rinsed thoroughly with
distilled water and placed to the cell. Films of cobaltous hydroxide
(Co(OH);) were first electrodeposited on the Pt surface potentio-
statically from a 100 mM cobalt nitrate (II) solution at —1000 mV for
15s. The high negative potential applied to the working electrode
causes the electrolyte (water) to be decomposed into hydrogen gas
and the medium near the electrode to be locally alkaline. Subse-
quently, the cobalt (II) ions precipitate as cobalt (II) hydroxide. Then
the electrode was thoroughly washed with doubly distilled water
anddried in air at room temperature to obtain a CoO coating for XRD
and surface morphology investigations in air, and then, transferred
to the working cell as the working electrode for the electrochemical
investigations. The Pt electrode surface covered with nanoflakes of

cobaltous oxide is denoted as nano-CoO throughout the text. All
studies were carried out at room temperature.

3. Results and discussion
3.1. XRD

Fig. 1 shows a typical X-ray diffraction pattern of as synthe-
sized nanoflakes of the cobaltous oxide sample. Nanoflakes of the
cobaltous oxide were randomly oriented polycrystalline with main
diffraction peaks at the 26 values of 11°, 23°, 34°, 35°, 39°, 46°, 60°
and 61°, correspond to (003),(006),(100),(102),(105),(108),
(110)and (11 3) reflections, respectively [43].

3.2. Surface morphology

In order to investigate the surface morphology and the struc-
ture of the electrodeposited cobaltous oxide, different microscopy
methods were employed. Fig. 2 shows the scanning electron micro-
graphs of the bare Pt electrode surface (A) and nano-CoO electrode
surface with two different magnifications (B and C). The Pt elec-
trode surface has a smooth morphology, while relatively uniform
nanoflakes of cobaltous oxide are packed on the Pt surface. Tenu-
ous flakes growing on the entire surface consisting shaggy vertical
leaves are clearly seen in this figure. The dimensions of these flakes
can attain 800 nm, while they have an average thickness of around
20 nm. Fig. 3 shows EDX spectra of as deposited nanoflakes. Cobalt
and oxygen were the main detected elements and platinum was
also found as the substrate of the deposit. This indicates that the Pt
substrate was covered with the cobaltous oxide layer. It is difficult
to determine the Co/O ratio of the nanoflakes, because as a lighter
element, the intensity of the EDX detection for oxygen is uncertain.

In order to obtain further details of the surface structure, such as
thickness and roughness, AFM was used. Fig. 4 shows an AFM topol-
ogy of the surface of nano-CoO electrode corresponds to 2D (A) and
3D (B) images recorded over an area of 1000 nm x 1000 nm. The
2D image of nano-CoO electrode surface consists of flakes growing
on the entire surface. The existence of <30-nm thick sheet in the
cobaltous oxide film is clearly obvious in 3D AFM image which is
characterized by nearly knoll type projection in the z-direction. In
addition, a parameter commonly used to quantitatively character-
ize surface films is the surface roughness which can be represented
by the root-mean-square roughness (standard deviation of the
surface height within the given area). This parameter can be deter-
mined from AFM images. The root-mean-square roughness for the
cobaltous oxide film is obtained as 35.7 nm.
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Fig.1. Typical X-ray diffraction pattern of as synthesized nanoflakes of the cobaltous
oxide sample.
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(A)

500 nm

Fig. 2. SEM micrographs of the bare Pt electrode (A) and nanoflakes of cobaltous
oxide with two magnifications (B and C).

STM technique is a powerful tool to analyze surface charac-
teristics of thin films grown electrochemically. This technique has
higher imaging resolution than AFM, and it will favor the finer fea-
tures of flake structure. An STM topology of nano-CoO electrode
surface recorded over an area of 4242 nm x 3850 nm is depicted in
Fig. 5. Vertical sheets of cobaltous oxide film are obviously seen
in the 2D image of the electrode surface (Fig. 5A). The 3D image
shows that these sheets have an average height of about 100 nm,
the length of a few hundreds nanometer and a thickness of around
30nm (Fig. 5B). The mean distance between two neighbor sheets
is about 50 nm. This morphology exposes maximum surface area

X-ray intensity

5
Energy /Kev

Fig. 3. EDX spectra of the nanoflakes of cobaltous oxide.

that is proper for catalytic purposes and can increase the current
efficiency.

3.3. Cyclic voltammetry

Typical cyclic voltammogram of nano-CoO electrode, trans-
ferred to a 100 mM NaOH solution recorded in the range of —250
to 700mV at a potential sweep rate of 50mVs~! is shown in
Fig. 6, main panel. During the potential sweep in positive direc-
tion, two oxidation peaks at about 350 mV (I'a) and 620 mV (Ila)

(A)

(B)
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Fig.4. 2D (A)and 3D (B) AFM images of the deposited nanoflakes of cobaltous oxide
on the Pt electrode surface.
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Fig.5. 2D (A) and 3D (B) STM images of the deposited nanoflakes of cobaltous oxide
on the Pt electrode surface.

were observed. The cathodic peaks at 113 mV (Ic) and 520 mV (IIc)
correspond to the reduction of the various cobalt oxide species
formed during the positive sweep. One further point observed in
the voltammogram shown in this figure is that peak I'a is sharper
and the corresponding charge is 18% higher, compared to peak Ic.
Preliminary, this peak may contain two strongly overlapped peaks.
Fig. 6, inset A, shows the derivative voltammogram (time deriva-
tive of current vs. potential) of the voltammogram represented in
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the main panel. As observed, the derivative voltammogram con-
tained a broad peak located at potential of peak I'a. This indicates
that peak I'a is really comprised two overlapped anodic peaks
(denoted as Ial and Ia at lower and higher potentials, respec-
tively). Appearance of three anodic peaks in the voltammogram
for cobalt oxide-based electrodes has been reported previously
[12,19-21,24,34].The electrochemical behavior of the cobalt oxides
is relatively complex and several oxidation states included in dif-
ferent cobalt oxide species, such as spinel Co(ILIII) oxide (Co304),
cobaltous oxide (CoO), cobaltic oxide (Co,03), cobalt oxyhydroxide
(CoOOH), cobalt dioxide (CoO, ) with various crystallographic forms
[19-21], are formed during potential sweep. In addition, physi-
cal and chemical status of the electrodeposited cobalt species are
strongly affected by hydration effects due to their impact on the
Gibbs energy values of the redox transitions [20]. However, there
is not a consistency in the literature on the entity of peak Ial: some
authors have related it to the adsorptive oxidation process of oxy-
gen containing species of water/hydroxide ions on the cobalt oxide
surface [12,21] according to the following equations:

OH™ — OHqs+e~ (1)

(2)

while for some authors, this peak was found as a single anodic
peak [19], or accompanied with a cathodic counterpart [20,34]. In
both later cases, this peak located before the transition Ia/Ic and it
has been related to the oxidation of Co(II) species according to the
following equation:

H20 — OHadS + H* + e

3Co(OH), + 20H™ — Co304 + 26~ +4H,0 (3)

Anyway, peak lal appeared in the voltammograms as a well-
defined peak in some cases [19-21,34], did not appeared in some
others [44], and here, it strongly overlapped with peak Ia and
it seems that the interpretation of adsorbing oxygen containing
species for this peak is more reliable. It seems that the appearance
and the redox potential of this peak strongly depend on the com-
position of electrodeposition solution, electrodeposition route and
the sweeping potential rang.

The redox transitions I and Il have formal potentials of 170 and
500 mV which derived from cyclic voltammograms recorded at low
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Fig. 6. Typical cyclic voltammogram of nano-CoO electrode in 100 mM NaOH solution in the range of —250 to 700 mV recorded at a potential sweep rate of 50mVs-1.
Inset A: The derivative voltammogram (time derivative of current vs. potential) of the voltammogram represented in the main panel. Inset B: The second and 50th cyclic
voltammograms of nano-CoO electrode in 100 mM NaOH solution at a potential sweep rate of 50mVs~'.
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Fig. 7. (A) Cyclic voltammograms of nano-CoO electrode in 100 mM NaOH solution. Potential sweep rates from inner to outer are: 2, 5, 10, 15, 20, 40, 60, 80, 100, 120, 140,
160, 180, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, and 900 mV s~'. (B and C) Plot of E,, vs. log v for cyclic voltammograms depicted in A panel for anodic peaks (a)
and cathodic peaks (b) for Co(II)/Co(III) (B) and Co(III)/Co(IV) (C) transitions. (D-G) The dependency of anodic (D and E) and cathodic (F and G) peak currents on the potential
sweep rate at lower values of 2-80mVs~! (D and F) and on the square roots of sweep rate at higher values of 100-900 mV's~' (E and G) for Co(II)/Co(1ll) transition. (H-K)
The dependency of anodic (H and 1) and cathodic (J and K) peak currents on the potential sweep rate at lower values of 2-100mV s~! (H and J) and on the square roots of

sweep rate at higher values of 120-900 mV s~! (I and K) for Co(1I1)/Co(IV) transition.

potential sweep rates (vide infra). They can be attributed to the
Co(II)/Co(I1I) (Ia/Ic) and Co(III)/Co(IV) (Ilc/lla) redox transitions in
solid state of cobaltous oxide crystal, respectively. The solid-state
redox reactions occurring in transitions I and Il can be represented
as follows [19-21]:

C0304 +OH™ +H,0 — 3CoOOH + e~ (4)

(5)

Inset Bin Fig. 6 shows the second and 50th cyclic voltammograms of
nano-CoO electrode in a 100 mM NaOH solution. As observed, the
peak current related to the Co(Il)/Co(Ill) transition in 50th cycle
decreases slightly (5.5%) and the peak potential shifts to nega-
tive values about 3% upon potential sweeping, while the current
and potential of the Co(IIl)/Co(IV) transition show no considerable
changes. This indicates that the nanoflakes of cobaltous oxide offer
very good electrochemical stability in the solution.

Cyclic voltammograms of nano-CoO electrode in 100 mM NaOH
solution recorded at different potential sweep rates in a wide range
0f2-900 mV s~ ! are shown in Fig. 7A. Well-defined peaks with mid-
peak potential of 170 and 500 mV appear in the voltammograms
and the peak-to-peak potential separation (at the potential sweep
rate of 5mVs~1)is 59 and 24 mV for Co(I1)/Co(III) and Co(III)/Co(IV)
redox transitions, respectively. The peak-to-peak potential sepa-
rations deviated from the theoretical value of zero and increases
at higher potential sweep rates. This indicates a limitation in
the charge-transfer kinetics arising from the chemical interaction
between the electrolyte ions and the modifier film, the lateral inter-
action of the immobilized redox couples present on the surfaces,
dominated by electrostatic factors, coupled diffusion-migration

CoOOH + OH™ — C00, +H,0 + e~

processes in the bulk of film and/or the presence of non-equivalent
sites in the film. In addition, the average value of full width at half
height for peakIais ~66 mV. This value is lower than the theoretical
value for noninteracting, one-electron surface sites of 90 mV [45].
This was attributed to attractive site-site interactions [46-48]. On
the other hand, for peak Ila, this value is ~126 mV which is higher
than 90 mV. Therefore, repulsive site-site interactions dominated
for transition IL.

The kinetics of charge transfer across the cobaltous oxide film,
which is accompanied with ion penetration across the film/solution
interface, can be investigated by cyclic voltammograms repre-
sented in Fig. 7A. Laviron derived a general expression for the linear
potential sweep voltammetric response in the case of surface-
confined electroreactive species at small concentration [49]. The
expression for peak-to-peak separation (AEp)>200/nmV where n
is the number of exchanged electrons, is as follows:

. 1-«
Epa=EY +XIn [ - 5} (6)
/ o
Epc=EY +YIn [ﬂ )
Inks = asIn(1 —as) + (1 — as) Inog
RT nF AEp
—In (nFu) —as(1 *WS)T (8)

where X=RT/(1 —as)nF, Y=RT|/asnF, m=(RT[F)(ks/nv), Ep, and
Epc are the anodic and cathodic peak potentials, respectively, and
o, ks and v are the electron-transfer coefficient, apparent charge-
transfer rate constant and potential sweep rate, respectively. From
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Fig. 8. (A) Cyclic voltammograms of the bare Pt electrode in 100 mM NaOH solution in the absence and presence of 5 mM ascorbic acid, glucose and methanol. The potential
sweep rate was 50mVs~!. (B) Cyclic voltammograms of nano-CoO electrode in 100 mM NaOH solution in the absence and presence of 5mM ascorbic acid, glucose and

methanol. The potential sweep rate was 50 mVs~1.

these expressions, os can be determined by measuring the vari-
ation of the peak potential with respect to the potential sweep
rate, and ks can be determined for electron transfer between the
electrode and the surface deposited layer by measuring the AEp
values. Fig. 7B and C shows the plot of (Ep a — EY) with respect
to the logarithm v for transition I and II, respectively. It can be
observed that for potential sweep rates >100mV s~!, the values of
(Ep — E®) are proportional to the logarithm of the potential sweep
rate indicated by Laviron. Using the plots and Egs. (6)-(8), the
value of as was obtained as 0.31 for Co(II)/Co(Ill) transition and
0.35 for Co(III)/Co(IV) transition. In addition, the mean values of k;
were obtained as 0.6 and 0.99 s~ for Co(II)/Co(III) and Co(III)/Co(IV)
redox transitions, respectively. These values are higher than that
reported for the cobaltous oxide nanoparticles [24], reflecting a
higher reactivity for the cobalt species with nanoflake shape. All
these kinetics parameters have also summarized in Table 1.

The anodic and cathodic currents for both Co(II)/Co(Ill) and
Co(IlI)/Co(1V) transitions in voltammograms represented in Fig. 7A
are proportional to the potential sweep rate at low values
of 2-80mVs~! (Fig. 7D and F) for Co(I)/Co(Ill) transition and
2-100mVs~! (Fig. 7H and ]) for transition Co(Ill)/Co(IV). These
results are attributed to the electrochemical activity of immobi-
lized redox couples at the electrode surface. From the slope of the
lines and using the equation [50]:

22

Ip = (r:mFT> VAT (9)
where A is the electrode surface area, I'* is the surface coverage
of the redox species and I, is the peak current, and also taking
the average of both cathodic and anodic currents, the total sur-
face coverage of the electrode with the modifier film of cobalt was
derived as 1.05 x 107 molcm~2 for Co(Il)/Co(Ill) transition and
7.04 x 10~8 mol cm~2 for Co(III)/Co(IV) transition. These values are
also reported in Table 1. It should be expressed that the values of
I'*s are different for two transitions: it may be due to limitation
in conversion of redox species to each other and/or resistance to
transformation of interlayer species to the other ones.

In the high range of potential sweep rates of 100-900 mV s~!
(Fig. 7E and G) for Co(II)/Co(Ill) transition and 120-900 mV s~!
(Fig. 71 and K) for transition Co(Ill)/Co(IV), the peak

Table 1

The electron-transfer coefficient and apparent charge-transfer rate constant of var-
ious redox transitions cobalt film obtained from cyclic voltammograms recorded at
different potential sweep rates.

Redox transition os ks/s™! I'* x 108 /mol cm—2 Reference
Co(II)/Co(III) 0.31 0.60 10.5 This work
Co(IID/Co(1V) 03 022 0.336 7]

Co(II)/Co(IV) 035 0.99 7.04 This work

current-potential sweep rate dependencies are of square root
forms, signifying the dominance of diffusion processes as the rate
limiting steps in the total redox transitions of the modifier film.
These diffusion processes which also occurs during the redox
processes of other transition metal oxides [24,51-55], may be due
to the charge neutralization and ion exchange between two ionic
conductors of modifier film and the adjacent solution.

In order to inspection the electrocatalytic reactivity of the
nanoflakes, electrooxidation of ascorbic acid, glucose and methanol
as model compounds was investigated on nano-CoO electrode sur-
face using cyclic voltammetry. Fig. 8A shows cyclic voltammograms
of 5mM ascorbic acid, glucose and methanol in the running elec-
trolyte using a bare Pt electrode. In the voltammograms, methanol
and glucose represent weak oxidation signals; no well-defined
anodic peak appeared in the voltammograms. Ascorbic acid is oxi-
dized on the bare Pt surface and represents an anodic peak with
a peak potential of ~550 mV. Fig. 8B shows cyclic voltammograms
of 5mM ascorbic acid, glucose and methanol in the running elec-
trolyte using nano-CoO electrode. In these voltammograms, in
the presence of ascorbic acid and glucose, the anodic currents of
both Co(II)/Co(IIl) and Co(III)/Co(IV) transitions and also the asso-
ciated anodic charges increased dramatically. Subsequently, the
cathodic currents and the corresponding charges of these transi-
tions decreased. Therefore, ascorbic acid and glucose are oxidized
on the surface of nano-CoO electrode via a surface mediation elec-
tron transfer in two steps by two active catalysts of Co(Ill) and
Co(IV) moieties. Moreover, these compounds are oxidized on the
nano-CoO electrode surface at very lower potentials with respect
to the bare Pt electrode. In the case of the methanol, however, only
the anodic current of Co(IIl)/Co(IV) transition is increased follow-
ing by a decrease in the corresponding cathodic current. While,
the anodic and cathodic currents of Co(Il)/Co(IIl) transition remain
unchanged. Therefore, methanol is oxidized only by active catalyst
of Co(IV) moiety which is generated at more positive potentials.
These results indicate that these model compounds are oxidized
on the nano-CoO electrode surface in an electrocatalytic manner.
The electrocatalytic oxidations of ascorbic acid and glucose can be
represented as:

Red — Ox1 + e~ (10-1)
followed by:

0x1 — Ox2 + e~ (10-2)
being the sum of:

Co(Il) — Co(IIl) + e~ (11-1)
Red + Co(Ill) — Ox1 + Co(II) (12-1)
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and

Co(Ill) — Co(IV) + e~ (11-2)
Red/Ox1 + Co(IV) — Ox1/0x2 + Co(Ill) (12-2)
and methanol being oxidized as:

Co(lll) — Co(IV) + e~ (11-2)
Red + Co(IV) — Ox + Co(III) (12-3)

The electrocatalytic oxidation of these model compounds confirms
the applicability of the stable cobaltous oxide electrode toward
the oxidation of different classes of electroreactive compounds and
makes it proper for the miniaturized sensing devices.

3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy can access relax-
ation phenomena over many orders of magnitude and has been
employed for the study of the kinetics of the charge-transfer pro-
cess into and across the electroreactive films [51-54,56,57].

The processes occurred in the course of redox transition
of metal oxide are a combination of electron transfer at the
oxide/solution interface, slow diffusion of interstitial ions in the
solid lattice of metal oxide, flipping-flopping of ion across the
oxide/solution interface and fast ion transport in the bulk of solu-
tion [39,46,48,56,58,59]. Accordingly, the Faradaic current which
passes through the cobaltous oxide/solution interface is a function
of hydroxide ion concentration and the potential at this interface
and two potential steps of §E1: through the bulk of oxide and 8E-:
at the cobaltous oxide/solution interface dominate. Therefore, the
Faradaic impedance is:

8E, SE;
= 5i + A (13)
and the flux of charged species at the cobaltous oxide/solution
interface (using the Taylor’s series expansion and Laplace trans-
formation) is [59]:

Zs

‘Sjion _ é:ion (14)
SE2 1+ Gionlcoth[d(jw/Dion)*>1/(iwDion)"]

In this equation:
%—ion = bilon kgon (Cion - Cion,min) - Cion,solnbi:,}lki;},(cion,max - Cion)

(15)

Gion = kilon eXp[bi]on(E - Eo)] + k'il exp[b‘i] (E_EO)]Cion,soln (16)

on on

where the subscript ion represents the solid-state diffusing ion.
d is the mean diffusion length (equals to the thickness of the
nanoflakes of cobaltous oxide), Dj,, is the diffusion coefficient
of hydroxide ion through the oxide, w is the angular frequency
of ac the imposed sinusoidal signal, j=.,/—1 and EV is the formal
potential. Also, Cion min and Cionmax are minimum and maximum
concentration sites available for insertion of hydroxide ion in the
oxide structure, respectively, Gion soIn i the ion concentration in the
bulk of solution, and Cj,, is the concentration of occupied sites in
the oxide. In these equations, & is negative/positive for the inser-
tion/deinsertion of hydroxide ion.

Nanoflakes of cobaltous oxide have very small thickness and
therefore, E; is negligible in comparison with §E,. So, the equation
of Faradaic impedance (Eq. (13)) is reduced to:

7 SE; 1 1+ (Gion Tion COth(jwTion )0'5) (17)
£ .05
d(jwTion)

- Tlf_ ngon

where T, = d2/Djo,, is the time constant of the diffusion process.

One another approach which can be used to interpret the
impedance response is the model of the wave transmission in a
finite-length RC transmission line [56] which was used for a porous
electrode or an electroreactive film [60]. In this expression, the
Faradaic impedance is:

oot Cer )05
Zg = Ret + Zpow = Ree + Rew 4 ctnh % (18)
(joReLw Crrw )™

where R is the charge-transfer resistance, Rgyw analogizes the
resistance of the diffusion of a species through a finite length and
Crw describes the capacitance of the finite space. By comparing
Eqgs. (17) and (18), it can be deduced that:

2

Tion = RELwCrLw = D (19)
on
d Ret
_L - (20)
Gion Tion Rerw
1
&ion = FRet (21)

Nyquist diagrams using nano-CoO electrode in 100 mM NaOH solu-
tion in a wide range of dc-potential were recorded. As the bias of the
system is systematically varied, different signatures were observed
in the Nyquist diagrams and different processes dominated the
electrochemical characteristics of the film. These behaviors were
modeled by the dominance of different components in electrical
equivalent circuits (vide infra). The Nyquist diagrams will be better
interpreted if constant phase elements (CPEs) were replaced with
the pure capacitances for the capacitive semicircle which the cen-
ters were deviated from real impedance axis. The impedance of this
element is [61]:

Zcpg = (22)

To(jw)"
which Ty is constant phase element coefficient and n is constant
phase element exponent. nn is equal to unity for perfect capacitance.

In the Nyquist diagram recorded at the dc-potential of 110 mV
(Fig. 9A), two capacitive depressed semicircles appeared (indicated
by arrows). The dc-potential of 110 mV is around the onset poten-
tial of anodic peak Ia. At this potential, the reactions occurred in
the course of peak Ia being to start (reactions (1), (2) and (4)). The
high-frequency semicircle can be attributed to the Co(II)/Co(III)
transition and the low-frequency one to the adsorption reaction
of oxygen containing species. This sequence of relation is due to
the corresponding higher time constant for adsorption processes
at the electrode surfaces, compared to the adsorbed-free redox
transitions [62]. The adsorption processes usually represent capac-
itive semicircle which appear at lower frequencies in the Nyquist
diagrams [62]. Another point in this Nyquist diagram is that the
diameter of high-frequency semicircle is relatively low, which indi-
cates that the rate of redox transition of Co(II)/Co(III) is very high.
This fact which was also confirmed by cyclic voltammetry (vide
supra and see Table 1), is due to the high reactivity of special
nanoflake structure. An electrical equivalent circuit model was
employed for the analysis of this Nyquist diagram which is shown in
the inset of Fig. 9A and the fitted Nyquist diagram using this equiva-
lentcircuitis also shown. In this circuit, Rs, CPEq;, Ret, CPE, 45 and R, g
are the solution resistance, a constant phase element describes the
double layer capacitance, charge-transfer process of Co(II)/Co(III)
redox couple and constant phase and resistance elements describe
the low frequencies adsorption response.

At dc-potential of 140 mV (Fig. 9B), the diameter of the low-
frequency semicircle is lowered. This is due to the potential
dependency of the adsorption process of oxygen containing species
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Fig. 9. Nyquist diagrams recorded for nano-CoO electrode in 100 mM NaOH solution and the corresponding electrical equivalent circuits at various dc-offset potentials: (A)
110mV, (B) 140 mV, (C) 180mV, (D) 210 mV, (E) a, 250 mV; b, 290 mV; ¢, 320 mV; d, 360 mV; e, 390 mV; f, 430 mV; g, 470 mV; h, 500 mV; i, 540 mV, and (F) a, 570 mV; b,

610mV; c, 650 mV.

at the cobaltous oxide surface. Also, one additional signature is
being to start at very low frequencies. At dc-potential of 180 mV
(Fig. 9C), similar pattern to that observed at 140 mV is observed,
otherwise that the diameter of semicircles are so decreased and
the very low-frequency response is revealed to be a capacitive
response. This near vertical line at low frequency is related to the
well-known redox capacitance behavior of cobalt oxides [63]. The
electrical equivalent circuit compatible with the Nyquist diagrams
shown in Fig. 9B and C and the fitted Nyquist diagrams using this
equivalent circuit are represented. In this circuit, Rs, CPEg and Rct
are the solution resistance, a constant phase element describes the
double layer capacitance, charge-transfer process of Co(II)/Co(III)
redox couple. Also, CPE,4s and R,4s are constant phase and resis-
tance elements describe the adsorption process and CPEc describes
the low-frequency linear tail.

The dc-potential of 210 mV is so positive that causes the redox
transition Co(II)/Co(III) to be occur with a high rate and the capaci-
tive semicircle related to this process is eliminated from the Nyquist
diagram recorded at this dc-potential (Fig. 9D). In Fig. 9D, the

adsorption process (reactions (1) and (2)) is continued to be occur
faster and faster; a small semicircle related to this process is flowed
by the vertical line response. Nyquist diagram recorded at this dc-
potential can be modeled by the electrical equivalent circuit shown
in the inset. In this circuit, Rs, CPE, 4 and R, 4 are the solution resis-
tance and constant phase and resistance elements describe the
adsorption process and CPE¢ describes the low-frequency capac-
itive response.

In a wide dc-potential range of 250-540 mV, two linear parts
observed in the Nyquist diagrams (Fig. 9E). A high-frequency linear
response with a slope of ~4 is followed by a near vertical line at
low frequencies. Therefore, it can be related to a coupled process
of mass transport by diffusion and charge accumulation in the film.
The mass transport process can be an ion exchange process which
is occurred to guarantee the charge neutrality of the film and it has
beenreported that the entity of diffusing species in the bulk of redox
transitions is the hydroxide ion [19]. The signature of impedance
response in this figure is a typical behavior of supercapacitances
[63] which is a characteristic of coupled diffusion-accumulation
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Values of the equivalent circuit elements obtained by fitting the experimental results in the Nyquist diagrams represented in Fig. 9E, the corresponding relative errors, values

of the diffusion coefficient of hydroxide ion and the electrode capacitance at each bias.

Bias/mV Rs/Q2 Wo — R (Rpw )/ 2 W, —1/s W-n Dion x 10" [cm? 57! W, — C (Cpw)/mF
250 121.3 (0.52%) 31.39 (8.0%) 0.13 (8.9%) 0.46 (0.24%) 3.08 414
290 119.8 (0.5%) 28.17 (8.1%) 0.08 (8.9%) 0.47 (0.19%) 4.95 287
320 1182 (0.51%) 28.4 (7.8%) 0.060 (8.5%) 0.47 (0.16%) 6.63 212
360 120.1 (0.52%) 29.34 (7.6%) 0.05 (8.1%) 0.478 (0.15%) 7.92 1.72
390 119.5 (0.46%) 26.13 (7.7%) 0.041 (8.3%) 0.48 (0.14%) 985 1.55
430 119.1 (0.48%) 31.41 (6.9%) 0.053 (7.5%) 0.48 (0.15%) 7.47 1.70
470 120(0.40%) 36.61 (5.6%) 0.11 (6.1%) 0.48 (0.19%) 3.60 3.03
500 119.6 (0.43%) 37.11 (6.0%) 0.17 (6.5%) 0.48 (0.23%) 236 457
540 120.3 (0.46%) 30.66 (7.3%) 0.13 (8.0%) 0.47 (0.22%) 2.98 437

process. The slope of the linear tail at high frequencies is higher
than a pure Warburg line (unity) and that in low frequencies is
lower than a pure capacitance (infinity). However, based on Eq.(18),
the theoretical impedance response should be a line with a slope
of unity followed by a vertical line; open circuit terminus Warburg
impedance. Therefore, both parts of impedance curves in Fig. 9E
are deviated from the ideal ones. This behavior can be explained
in terms of anomalous diffusion [64]: higher slope than unity
observed for semi-infinite diffusion when the diffusing species wait
after each jump for a period drown from a broad power-law dis-
tribution. The effect is that some diffusing species stick for a long
time in diffusion path and diffusion becomes slower. The electrical
equivalent circuit compatible with these Nyquist diagrams and the
fitted Nyquist diagrams are shown. In the circuit, Rs and W, are the
solution resistance and the open circuit terminus Warburg element.
The values of the electrical element components of this equivalent
circuit were obtained by a fitting procedure and reported in Table 2.
Using Eq. (18) and the values of the circuit elements, the values
of the diffusion coefficient of hydroxide ion in the cobaltous oxide
flakes, D;op, Were obtained and are reported in Table 2. The diffusion
coefficient of hydroxide ion is potential-dependent and changes
smoothly and represents a sharp maximum at 390 mV. Similar
behavior for the dependency of solid-state diffusion coefficient on
the electrode potential has been reported elsewhere [65,66]. At dc-
potential of 390 mV, the diffusion coefficient is the highest and the
ion movement is occurred with the highest rate. Therefore, the ion
accumulation has the minor effect and the capacitance value of the
electrode is the lowest (see Table 2).

Another point in the Nyquist diagrams recorded in the
dc-potential range of 250-540 mV is that interestingly, no capac-
itive semicircle is observed related to the Faradaic process of
Co(III)/Co(1V) transition. It seems that the rate of this process is too
fast to dominate in the impedance response. This is also confirmed
by the higher value of apparent charge-transfer rate constant
for this redox transition obtained from cyclic voltammetry (see
Table 1). Therefore, nanoflakes of cobaltous oxide are potentially
a best supercapacitor in the potential range of 250-540 mV which
with a negligible resistance represent redox capacitance behavior.

At dc-potential 570-650mV, the high-frequency linear
response is followed by a capacitive semicircle at low fre-
quencies (Fig. 9F). The high-frequency response is related to the
response of the electrode material. The low-frequency response
is related to the oxygen evolution reaction occurred at this highly
positive potential range. Upon increasing dc-potential from 570
to 650 mV, the charge-transfer resistance of the oxygen evolution
reaction decreases upon potential becomes more positive. The
equivalent circuit shown in the inset was used to interpret the
Nyquist diagrams recorded at this potential range. In this circuit,
Rs and W are the solution resistance and a Warburg element, while
CPEy; and R¢t represent a constant phase element describes the
double layer capacitance and charge-transfer process of oxygen
evolution process.

4. Conclusions

A nanostructured cobaltous oxide film was prepared by elec-
trodeposition on the surface of a Pt electrode without using any
hard or soft template. The simplicity and short time of prepa-
ration are the main advantages of this synthesis procedure. The
kinetic parameters of the redox processes such as electron-transfer
coefficients, apparent charge-transfer rate constants and diffu-
sion coefficient were obtained. A careful interpretation of the
impedance data obtained at different dc-offset potentials allowed
the separation of different processes dominated: charge-transfer
processes and mass transport of hydroxide ion via diffusion. The
cobaltous oxide nanoflakes represent very fast electron-transfer
rate without any suffering from limitation in the charge-transfer
processes. They can act as an electron shuttling mediator and rep-
resented good electrocatalytic reactivity toward some important
compounds due to their unique structure. It can provide potential
applications in electrocatalysis and electroanalysis.
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